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DISCLAIMER

The technical note series of the Department of Atmospheric Sciences
of the Oregon State University is intended as an informal documentation
series, not as publications. It is not intended to be a journal to
burden library shelves. Its purposes included formulation of ideas, rapid
communication of results to colleagues before publication so their comments
can be used, and a place to dispose of negative results and ideas not
quite good enough to publish.

The editor attempts to help a little, but recognizes that, in view of
the purposes, the writing will often be informal and unpolished. The
responsibility for the contents rests entirely with the author.

The author invites comments.



Foreword

The authors have special interest in the application of the energy budget
concept to the exchange of energy at the earth's surface as a means of evaluating
microclimate and its influences on biological processes. The material reported
here represents such an approach applied to certain characteristic landscape
types in the high, semi-arid plateau of central Oregon, lying east of the
Cascade Range. The results are concerned primarily with evaluation of micro-
climate; they are arranged into two complementary but self-contained volumes.
The first volume, by Lloyd W. Gay, discusses comparisons among the energy
budget results obtained over surfaces of bare pumice, meadow, forest and
marsh. The second volume, by H. Richard Holbo, provides a detailed examination
of the theory, field techniques, and energy transfer processes at a pumice
desert surface. There is some overlap between the two volumes to permit each
to stand alone. The results should help to encourage the development and
application of the energy budget concept to a wider range of surface conditions
and to a variety of different types of investigations.



Abstract

The energy exchange characteristics of four common landscape types in the
high semi~arid plateau in central Oregon, east of the Cascade Range, were
evaluated during the summers of 1969 and 1971. The surfaces studied were pumice,
meadow, forest, and marsh.

A portable environmental data acquisition system was developed for sampling
micrometeorological variables with a high degree of precision. The construction
and operation of the system is described.

The system was deployed for various periods during mid- to late summer
at the four experimental sites. Clear weather periods were selected for analysis
in order to examine the energy exchange processes at a time of maximum activity.
The mean energy budget components for two such clear days were (cal/cm?day) :

Q* G H AE
Pumice 226 -5 ~188 - 33
Meadow 351 -9 19 -361
Forest 384 -10 =219 ~155
Marsh 325 22 60 -407

where Q* is net radiation, G is change in stored heat, H is convection, and
AE is latent heat.

The maximum latent energy transfer occurred over the marsh and meadow;
these surfaces were plentifully supplied with water. Latent energy transfer
was enhanced at both sites by the advection of energy from the warmer
surroundings. The large heat capacity of the marsh played an important role
in maintaining evaporation throughout the night hours.

The studies revealed that the forest was a very effective energy exchanger.
Though only moderate latent energy transfer occurred there, convection was the

largest, resulting in the maximum total transfer of all the surfaces studied.

The results provide a basis for estimating maximum rates of evapotranspiration
from the surfaces that are commonly found in central Oregon.

ii



Acknowledgements

Dr. H. Richard Holbo played an important role in the development of the
environmental data acquisition system that is described in this Volume. He
also directed the field studies carried out at the pumice desert and at the
Malheur Lake marsh. John Hyde contributed to the success of the field studies
at Malheur Lake. Dr. Patrick H. Cochran was a very helpful cooperator in the
pumice desert studies; the soil heat flux calculations there are derived from
his measurements of pumice thermal properties.

The work upon which this publication is based was supported for the major
part by funds provided by the U.S. Department of Interior, Office of Water
Resources Research, as authorized under the Water Resources Research Act of
1964, and administered by the Water Resources Research Institute, Oregon
State University. Support for the pumice desert study was also provided by
the Pacific Southwest Forest and Range Experiment Station, Portland, under
Supplement No. 58, Project FS-PNW-1203. The marsh studies at Malheur Lake
received support from the U.S. Corps of Engineers, Walla Walla, Washington,
through contract DACW 68-72-C-0032. The Oregon State University Graduate
Research Fund provided assistance for the development of the counter system
used in measuring wind velocities at the marsh site.

iii



Contents of Volume 1

Foreword

Abstract
Acknowledgements
Contents of Volume 1
Contents of Volume 2
List of Figures

List of Tables

List of Symbols

1. The Surface Energy Budget

1.1 Introduction
1.2 Objectives
1.3 Energy Budget Concepts

1.3.1 Basic Model

1.3.2 Bowen Ratio

1.3.3 Aerodynamic Approach
1.4 Discussiocn
1.5 Literature Cited

2. Environmental Instrumentation

2.1 The Data Acquisition System

The Mobile Laboratory

The Digital Recorder

Sensors

Cables and Connectors

Instrument Supports

System Operation

Summary

Equipment Source Footnotes

Literature Cited
eramic Wick Psychrometer

The Psychrometer Design

Reference Junction Considerations

Temperature and Vapor Pressure Calculations

Calibration

Field Use

Summary

Literature Cited
ounter with Interface for Use with Digital Data
uisition Systems
.1 Digital Transducers
2 The Counter and Interface Design
3 Construction
.4 Assembly
.5
6
o7

N
. S
o e e

NNMNNMNNNN
.

0
.

2.2 Th

1]

.
.

NOUVUEPEWNEFEOWOSNSOAUV S WN -

2.3

.
pQQNNNNNNN

0

Summary
Equipment Source Footnotes
Literature Cited

wwwwwww

NNNNNNN}}NNNNNNNHNN

iv

ii
iii
iv
vi
vii

=
t
-

L L T
UL WWN

o e iy

v
=

PrYTPY
I i
HHWOWON~NOED DWW

| J U U N |
=
SN

ll\)NNNNNII\)NNNNNN
=
o o

2-17

2-18
2-18
2-19
2-22
2-24
2-24
2-25
2-26



3. Data Handling and Processing

3.1
3.2

3.3

3.4
3.5

Data Handling Philosophy
Data Handling Facilities
3.2.1 Recording Equipment

3.2.1.1 Paper Tape Punch

3.2.1.2 Strip Printer
3.2.2 Processing Facilities
Data Processing Routines
3.3.1 Checking, Listing and Editing of Raw Data

3.3.1.1 TAPE 1
3.3.1.2 TAPE 2

3.3.2 Transformation into Engineering Units
3.3.3 Integration of Transformed Data
3.3.1 INTEG 1
3.3.2 LISTING
3.3.3 PLOT
Computation of Energy Budgets

3.3.4.1 COMPUTE

3.3.4.2 Plots of Energy Budgets
Data Processing Costs
Literature Cited

3.
3.
3.

3.3.4

4. Microclimate Measurements

4.1
4.2
4.3

4.4
4.5

Experimental Sites

Field Measurements

4.2.1 The Pumice Site Measurements
4.2.2 The Meadow Measurements
4,2.3 The Forest Measurements
4.2.4 The Marsh Measurements
Measurement Accuracy

4.3.1 Accuracy of Recorded Values
4.3.2 Tests of the Experimental Design
Summary

Literature Cited

5. Results and Discussion

5.1
5.2

5.3

5.4

5.5

Radiation Budget Results
Radiation Budget Discussion
5.2.1 Shortwave Exchange

5.2.2 Longwave Exchange

5.2.3 Allwave Exchange

Energy Budget Results

5.3.1 Pumice Desert Energy Budget
5.3.2 Meadow Energy Budget
5.3.3 Forest Energy Budget
5.3.4 The Marsh Energy Budget
Energy Budget Discussion

5.4.1 Magnitudes

5.4.2 Phase Relationships
Literature Cited

6. Conclusions

w
I
=

w
i

i
WWWN NP

w w Ww
I [}

Wwiwwwww
I & 1 1

|
(@ RN SRE, RV, IR, RN L S L N VORI

=

I
e AN A2 I % I S )

i
I~

I
I~

i
[Ey—
~5 On

4~26

i
i

i i
O~~~ OO O

1

NN 00 0
= O oo w

7
=



Contents of Volume 2
The Energy Budget of a Pumice Desert
H. Richard Holbo
INTRODUCTION
FUNDAMENTAL CONSIDERATIONS OF THE ENERGY BUDGET
EXPERIMENTAL METHODS
ENERGY BUDGET RESULTS
CONCLUSIONS

BIBLIOGRAPHY

APPENDICES
I: Symbols and Definitions
II: Data Tabulation
ITI: Analytical Equations

IV: The Uncertainty of Measurement and Analyses

vi

30
54
86

95

102
105
109

113



Fig.

Fig.
Fig,
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-1.

2-2.

2-3.

2-4,

2-5.

2-6.

2-7.

2-8,

2-10.

2-11.

44,

4-5.

List of Figures

Mobile laboratory, OSU Environmental Data Acquisition
System.

Digital data logger used in the OSU System.
Energy balance research site.
Thermocouple cable and connector system.

Psychrometers deployed for Bowen ratio estimates of
evapotranspiration.

Energy balance instrumentation above a young Pinus
contorta forest 7 m in height.

A cutaway view of Lourence's ceramic-wick design
(from Lourence, 1967).

Mean temperature and vapor profiles at the pumice
test site.

Mean temperature and vapor profiles at the pumice
test site.

The basic ‘circuit of the counter and interface,
illustrated for one l-decade accumulator.

Block diagram of the counter and interface, arranged
to totalize 4~decades of data from each of 12
anemometers.

Pumice site and psychrometer mast.

Anemometer mast, pumice site.

Radiometers, meadow site.

Energy balance instrumentation, meadow site,.
Similarity tests of the pumice desert data, July 17,
1969. A. Temperature and vapor pressure. B.
Temperature and wind.

Similarity tests of the pumice desert data, Sept. 4,
1969. A. Temperature and vapor pressure. ‘B.
Temperature and wind.

Similarity tests of the meadow data, July 28, 1969.

A. Temperature and vapor pressure. B. Temperature
and wind.

vii

2-2

2-2

2-5

2-5

2-5

2-10
2-15
2-15
2-20
2-20

4-2

4-2

4-18

4-19

. 4-20



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

4-8.

4-10.

4-11.

4-12.

5-8.

Similarity tests of
Temperature and

A.
and

Similarity plots at
Temperature and

A.
and

Similarity plots at
Temperature and

A.
and

wind.

wind.

wind.

the meadow data, July 31, 1969.
vapor pressure. B. Temperature

the forest site, August 21, 1969.
vapor pressure. B. Temperature

the forest site, August 27, 1969.
vapor pressure. B. Temperature

Similarity plots at the marsh, August 21, 1971. A.
Temperature and vapor pressure. B. Temperature and
wind.

Similarity plots at the marsh, August 23, 1971. A.
Temperature and vapor pressure. B, Temperature and
wind.

The diurnal course of

at the pumice site.

The diurnal course of

at the meadow site.

The diurnal course of

at the forest site.

The
the

The
the

The
the

The
the

The
the

diurnal course
marsh site.

diurnal course
pumice site.

diurnal course
meadow site.

diurnal course
forest site.

diurnal course
marsh site.

of

of

of

of

the

the

the

the

the

the

the

the

radiation budget components
radiation budget components
radiation budget components
energy budget components at
energy budget components at
energy budget components at
energy budget components at

energy budget components at

viii

4-21

4-22

4-23

4-24

4-25

5-2

5-5

5-10

5-12

5-14

5-17



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

4-1.

4-2.

4-5, .

4-6.

4-7.

4-8.

4-9.

5~1.

5-2.

5-3.

5-4.

5-5.

5-6.

List of Tables

Microclimate Measurements at the Pumice Site, July
17, 1969.

Microclimate Measurements at the Pumice Site,
September 4, 1969. :

Microclimate Measurements at the Meadow Site, July
28, 1969.

Microclimate Measurements at the Meadow Site, July
31, 1969.

Microclimate Measurements at the Forest Site,
August 21, 1969.

Microclimate Measurements at the Forest Site,
August 27, 1969.

Microclimate Measurements at the Marsh Site,
August 21, 1971.

Microclimate Measurements at the Marsh Site,

August 23, 1971.

Estimate of Data Errors for Typical Values. Holbo,
1972,

Mean radiation budgets for the four sites.

The energy budget components at the pumice site,
July 17, and September 4, 1969,

The energy budget components at the meadow site,
July 28 and 31, 1969.

The energy budget components at the lodgepole forest
site, August 21 and 27, 1969.

The energy budget components at Malheur Lake, August
21 and 23, 1971.

Mean energy budgets for the experimental sites.

ix

4-9

4-10

4-11

4~12

4~13

4~15

5-6

5-9

5-11

5-13

5-16

5-18



List of Symbols
Symbol Definition

psychrometric constant °C !

atmospheric radiation flux density, cal/cm®min
specific heat of air, cal/cm®C

day; displacement, cm

exponent; water vapor flux density, gm/cmZmin
electrical output of drybulb, mV

electrical output of wetbulb, mV

soil heat flux density, cal/cm?min

hour; sensible heat flux density, cal/cm?min
Hertz, sec 1

diffusivity coefficient

eddy diffusivity for water vapor, cm? /sec

eddy diffusivity for sensible heat, cm?/sec
eddy diffusivity for momentum, cm?/sec

global radiation flux density, cal/cm?min
reflected global radiation flux density, cal/cm?min
net global radiation flux density, cal/cm?min

§ §-§EFEFLF:N ﬁ jam CEBEF’M U_Q E >

Lg longwave radiation flux density leaving the surface, cal/cm?min
Ly longwave radiation flux density, incoming, cal/cmZmin
L+ longwave radiation flux density, outgoing, cal/cm?min
L* longwave radiation flux density, net, cal/cm?min

M model; minute; mega- (1,000,000)

N number

p polarity

Q4 allwave radiation flux density, incoming, cal/cm?min
Q+ allwave radiation flux density, outgoing, cal/cm?min
Q* allwave radiation flux density, net, cal/cm?min

Ri Richardson number

T temperature, °C or °K

Td drybulb temperature

Tr temperature of reference junction

Tw wetbulb temperature

A voltage

VAC voltage, alternating current

| end of word

X data digit

e vapor pressure, mb

e, saturation vapor pressure, mb

g acceleration due to gravity, 980 cm/sec?

k Von Karman's constant

mV millivolt

n, number of drybulb junctions in psychrometer

n number of wetbulb junctions in psychrometer

p atmospheric pressure, mb

r coefficient of reflectivity, longwave radiation

rL+ reflected longwave radiation flux density, cal/cm?min
u windspeed, cm/sec

X code for bad character in data list

z height above a reference plane, cm

z, roughness length, cm



Symbol Definition

albedo; coefficient in the stability correction function
Bowen ratio .

exponent in the stability correction function

an operator denoting a finite difference

emissivity for longwave radiation

potential temperature, °C

latent heat of fusion, cal/gm

latent heat flux density, .cal/cm?min

density of air, gm/cm3

'O;>"<Dm >=< e

xi



1. THE SURFACE ENERGY BUDGET

1.1 Introduction;

Evapotranspiration, the process by which water is evaporated from the soil
and through vegetation, plays a major role in the hydrologic cycle. The process
is of particular interest to hydrologists because it represents a loss of moisture
that might otherwise appear as streamflow. The magnitudes of this loss are indicated
in a summary of available data expressing evapotranspiration as a percentage of
the annual precipitation (Baumgartner, 1965). The percentages range from 30
percent for bare soil, 40-45 percent for non-irrigated cereals and vegetables,
70 percent for forests, and 75 percent for lakes, to greater than 100 percent
for irrigated crops.

These figures emphasize the importance of vegetation in the evapotranspiration
process. Our Pacific Northwest region is both well-vegetated and well-watered,
with high volumes of timber and streamflow. Such a combination suggests that evapo-
transpiration might be significantly reduced through modification of vegetation
during timber harvesting operations (U. S. Senate, 1960). For example, the water-
shed studies of Rothacher (1970) have revealed that the water yield may increase
460 mm (18 inches) following clear-cut logging in the Oregon Cascades.

A reduction in evapotranspiration should augment discharge during lowflow
periods in the summer. However, Rothacher (1970) reported that 80 percent of
the increased yield occurred during the October to March rainy season, partly
as a result of greater soil moisture storage in the cutover areas at the end
of the dry summer. Thus far, few studies have sought to determine basic evapo-
transpiration information for this region. Knowledge of how the evapotranspiration
Process operates over a range of conditions is essential if water yield considerations
are to affect decisions on land management.

During the past two decades, there has been confirmation that water and the
latent energy that it represents may be considered as interchangeable entities.
A growing awareness of this interchangeability has contributed to acceptance
of the concept that evaporation is simply a form of energy conversion. Indeed,
in many cases it has been found easier to measure the energy converted in the
evaporation process than to measure the water loss directly.

More recently, investigators have begun to consider the importance of
meteorological transfer processes in the establishment of a characteristic micro-
climate. Many of these studies of dynamic processes that control the transfer
of heat, water vapor, and momentum between plant canopies and the atmosphere
are reviewed by Miller (1965), who places the contributions of the surface properties
and of the processes into perspective.

Widespread practical interest in the evaluation of evapotranspiration is
thus complemented by fundamental considerations of the processes of energy transfer
at the surface of the earth.

1.2 Objectives.

The School of Forestry initiated a five-year study of wildland evapotranspiration
in 1966 as part of its program in forest hydrology. The Water Resources Research
Institute has provided the major financial support of this study. It comprised
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one aspect of the Institute sponsored project A-001-OREG, entitled "The Hydrology
of Water Yield Prediction'.

The goal of the evapotranspiration study is an evaluation of water use by
different classes of watershed vegetation within Oregon. This will provide a
basis for determining the feasibility of water supply augmentation by vegetation
manipulation. The objectives of the study are to:

1. Evaluate evapotranspiration under different climatic regimes, using energy
balance techniques,

2. Test and revise models now used to estimate the energy components that
comprise the surface energy balance.

3. Develop and improve instruments and observational techniques used to
measure the parameters needed for evaluation of the energy balance.

The purpose of this discussion is to show the means, methods, and direction
of our research in contributing to the above goals.

The energy balance concept provides the basic research tool for this work.
Energy balance methods offer advantages in sensitivity; they are non-destructive
and thus permit repeated sampling at a given site (Federer, 1970).

We shall now examine how the evapotranspiration process fits into the fundamental
concept of a balance of energy at the earth's surface. In subsequent chapters,
the specific methods used in this study will next be discussed with respect to
theory and to the design of experiments undertaken. Finally, the application
of the method will be illustrated with the analysis of data obtained over four
surfaces with contrasting energy balance regimes: a non-vegetated pumice desert;
a lush, wet meadow; a young lodgepole pine forest; and a large, shallow, fresh-
water marsh.

1.3 Energy Budget Concepts.

Let us examine the energy budget concept. Energy must be available in order
for water to change phase from liquid to vapor in the evaporation process. An
equivalent amount of energy will be released when the vapor condenses back into
the liquid phase. A specific amount of "latent energy of vaporization'" is required
for the phase change. The value is precisely known as a function of temperature
and pressure; 585 calories per gm is an approximation that will be suitable for
our discussion.

Energy balance theory links energy to evapotranspiration. '"Energy balance"
is a descriptive term that simply refers to an accounting of the energy that is
gained and lost to the surface of interest. Such an analysis is derived from
the widely accepted principle of conservation of energy. Simply stated, this
says that the sum of incoming energy will balance the outgoing energy, plus any
changes in energy storage at the site.

The application of this principle to measurements of energy budgets over
natural surfaces requires that the forms and quantities of energy crossing the
boundaries of the experimental site be identified. Let us now examine a basic
model of the energy fluxes that are normally encountered over natural surfaces.
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1.3.1 Basic Model.

The model can be written for forests and other natural surfaces as

Q*+ H+ AE+ G =0 [1-1}

where Q* represents the net exchange of radiation, H and AE are respectively

the net turbulent exchanges of sensible and latent heat between the surface and

the atmosphere, and G is the net change of stored sensible heat in the soil and
biomass. The storage term, G, in Equation [1-1] is positive when energy is conducted
to the exchange surface; the other terms will be positive when their "sense" is
directed downward toward the exchange surface.

Some minor components of the surface energy balance have been omitted from
Equation [1-1] for simplicity. Probably the most important of these is photosynthesis.
It is generally acknowledged that in vegetation the photochemical fixation of
energy by photosynthesis is usually less than a few percent with respect to Q%
(Baumgartner, 1965). Thus it may be neglected in our treatment. Several other
smaller components are discussed by Budyko (1956, p. 6-7); these are primarily
of theoretical interest and need not be considered here.

Net radiation is the residual of four radiation fluxes at -a surface. It
is equal to the incoming shortwave and longwave minus the reflected short- and
longwave, and the emitted longwave. However, the residual net radiation term
also represents the net transformation of energy from radiative to non-radiative
forms. This concept is basic to formulation of the surface energy balance.

The partitioning of net radiation into the three fluxes of convective, latent,
and stored energy poses the basic problem in the energy budget. This partition
can be estimated by a variety of methods. Those used here include the Bowen ratio
and an aerodynamic model.

1.3.2 The Bowen Ratio.

The Bowen ratio method is frequently used to estimate H and AE. It
assumes a similarity exists in the exchange processes that control the diffusion
of heat and the diffusion of vapor from the surface into the atmosphere. Because
of this similarity, measurements of wind above the surface need not enter into

the analysis. Instead, the estimates are based upon measurements of temperature
and vapor concentration gradients. The basic method was proposed by Bowen (1926).
The following derivation is similar to those available in many review articles

(Webb, 19653).

The flux of sensible heat into the air is proportional to the temperature
gradient above the surface. Likewise, the flux of vapor is proportional to the
vapor concentration gradient above the surface. This can be expressed in Equations
{1-2a and 1-2b] as

H = -K' 36/dz [1-2a]

AE = -K" 3e/dz [1-2b]
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where K' and K" are the respective proportionality coefficients for convection
and for water vapor transfer, and 96/0z and %e/9z are the respective gradients
of potential temperature and of vapor pressure with height above the surface.
The negative sign is conventional heat transfer notation that insures positive
transfer proceeds in the upward direction.

Potential temperature is used to eliminate the effects of pressure on air
temperature. The potential temperature gradient can easily be approximated, if
each observed air temperature (T) is first transformed by addition of the product
of the adiabatic lapse rate (~0.01°C/m) and the height of that sensor above a
common reference plane.

Additional constants can be factored out of the coefficients of proportionality
to yield

- . 1-3
K pCp KH [ a]
.622p
"o . 1-3b
K o A KE [ 1

where p (gm/cm3) is the density of the air, C_ (cal/gm°C) is the specific heat

of the air, p (mb) is the pressure of the atmgsphere, and 2 (cal/gm) is the latent
energy of vaporization of water. The 'transfer" coefficients and apply
respectively to sensible and latent energy; written in the form of Equations

[1-3a and 1-3b], both coefficients have units of cm?/sec.

With two exceptions, all of the quantities in Equation [1~1] are either known

constants, can be measured directly in the case of net radiation and the soil
heat storage, or they can be estimated from measured temperature and vapor pressures
as shown in Equations [1-2] and [1-3]. The exceptions are the two transfer coefficients

and . These coefficients can be determined if they are numerically equal.
Although this is a point of speculation among micrometeorologists, the coefficients
are generally considered to be equal if the exchange surface is homogeneous, i.e.,
there is not a patchy distribution of wet and dry spots (Tanner, 1963). Confirmation
of this view is given by Dyer (1967), Swinbank and Dyer (1967), and Denmead and
McIlroy (1970).

When appropriate conditions prevail, and KH = KE = K, then Equations [1-1],
[1-2], and [1-3] can be combined to yield

~\E

@Q*+G) /[1+ (Cpp/.622A)(KH/KE)A9/Ae]

@Q* +6)/ 1 +8) [1-4]

where A8/Ae is the ratio of the difference in potential temperature and in wvapor
pressure over the same distance Az near the surface, and B is the Bowen ratio of
sensible to latent energy over the surface (Tanner, 1960).

The energy balance components may thus be evaluated from periodic measurements
of Q*, G, T, and e, using the Bowen ratio analysis as a simplification. The periodic
evaluations of the components can then be integrated into hourly and daily totals,

If the instrumentation used for the necessary measurements is sufficiently portable
to permit sampling different sites, the energy balance response of various surfaces
can be deduced from repeated measurements of relatively short duration.



1.3.3 Aerodynamic Approach.

The Bowen ratio method assumes equality of the transfer coefficients
and K.. In a different approach, a number of aerodynamic models have been
develope& from consideration of the gradients of temperature (or vapor) and wind

speed. We shall consider the form discussed by Holbo (1971).

The gradient of wind speed near the surface can be incorporated into the
basic transfer models (Eqs. [1-2] and [1-3]) in a form summarized in Sellers (1965):

H = —pcpk2(Ae Au/ (A1nz)2)¢ [1-5a]
AE = —p4§%§ Ak?2 (Ae Au/(Alnz)?)¢ [1-5b]

where k is Von Karman's constant (k~0.4) and the gradients of potential temperature,
windspeed and vapor with height are represented by the respective incremental
approximations of A6/Alnz, Au/Alnz and Ae/Alnz.

The factor ¢ is a function of the stability of the atmosphere near the surface.
It represents the ratio of the transfer coefficient for heat (or vapor) to an analogus
transfer coefficient for momentum, . When the temperature stratification in
the atmosphere is adiabatic or neutral, the value of this ratio (and of ¢) is unity.
This condition is often met over freely evaporating surfaces. When a temperature
gradient exists, however, the transfer of momentum will be enhanced in unstable
(lapse) conditions, and suppressed in stable (inversion) conditions and the ratio
will depart from unity. '

A correction for these circumstances in provided by the model
o = (1 - oRi)Y [1-6]

where o and y are constants, and Ri is the Richardson number (Richardson, 1920).
The Richardson number expresses the relative contributions to transfer of the
bouyancy effects due to heating, and of the frictional effects due to wind. It

is approximated by
Ri = (g/6)(A8/8z)/(bu/bz)? [1-7]

where g is the acceleration due to gravity, & is the mean potential temperature
of the air layer, Qﬁ/Az approximates the vertical gradient of potential temperature
with height, and Au/Az approximates the vertical gradient of horizontal wind speed.

A range of values have been reported in the literature for a and y. The values
appropriate for a given experiment appear to be related to the heights chosen for
measurement, and to the roughness of the exchanging surface. Holbo (1971), for
example, estimated o = 34 and vy = 0.55 for a relatively smooth, pumice desert

site.

1.4 Discussion.

Energy balance research into the processes that affect the hydrologic cycle
has a bearing on many questions of water supply, consumption, and conservation.
With respect to evaluation techniques for water supplies, energy balance studies
should be involved in determining the effects of land and forest management practices
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on water quantity and quality; the definition of water requirements and consumptive

use of various agricultural crops and trees under varying conditions, including 4
proper rate and timing of irrigation; the development of low-flow prediction techniquesf
and the development of simulation models for water yield characteristics and prediction.
Energy balance theory could play an important role in determining the potential |
of forest land irrigation. Such studies have fundamental relevance to the role

of plants in the water cycle, and to 'the effects of conser@ati@n practices upon

yield from agricultural watersheds. Further, in contrast to empirical techniques,

energy balance theory allows the generalization of research results to areas other

than those where the experiments have been carried out.

Measurement of the latent energy term has been the goal of most of the past
energy balance research (Tanner, 1960, Rosenberg, et al., 1968). There is also
a growing awareness that the relationships among the components of the energy budget
are important in defining the microclimate of plant communities. Previous research,
reviewed by Miller (1965) and by Reifsnyder (1967), has identified gross differences
in energy budgets for diverse classes of surfaces (bare soil, low crops, high crops,
forest) with different water availability (arid, water limiting, irrigated, free
water), and in areas with different climatic regimes.

There are good reasons for the energy balance differences that have been reported.
The absorption of radiation depends upon physical properties (such as albedo)
of surfaces as different as water, soil, and vegetation. Absorption depends also
upon the geometrical considerations of slope, aspect, and latitude. The net conversion
of absorbed radiation into other energy forms depends upon such surface properties
as heat capacity, conductivity, diffusivity, and roughness with respect to air
movement . ’

The conversion is also affected by environmental characteristics such as the
availability of water and the geographical proximity of area with different energy
absorption and conversion efficiencies (de Vries, 1963). For example, forests
are found to have a high potential for converting net radiation into latent energy
(Baumgartner, 1956; Denmead, 1964; Dzerdzeevski, 1963; Rauner, 1960, 1966).

The basic problem in evaluating the surface energy balance is therefore twofold:
the first problem is to determine the amount of net radiation converted into latent
energy and into sensible energy in the soil, plants, and air; the second is to
interpret the relation among characteristics of the surface and the observed energy
budget.

We have defined the models that are to be used in the energy balance evaluation.
We shall next describe the field instrumentation, and then examine the contrasts
that are apparent among four experimental sites with different surface characteristics:
a pumice desert, a wet meadow, a lodgepole pine forest, and a marsh.
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2. ENVIRONMENTAL INSTRUMENTATION

Virtually all energy budget studies are involved to some degree in the development
of specialized instrumentation. The work undertaken here has proven to be no exception
in this regard. However, we have endeavored to use standard equipment and components
where ever possible in order to minimize the time required for development.

The results of studies such as this must be interpreted with regard to the
instrumentation and data techniques that are used. Since our solutions to certain
measurement problems may prove useful to other workers elsewhere, it appears appropriate
to describe our environmental instrumentation. This is most easily accomplished
by grouping the material into three categories. The first . is a general description
of the environmental data acquisition system used in this work. The second is
a discussion of the design of the psychrometer sensors used to measure the parameters
of air temperature and vapor concentration. The third deals with our solution
for the problem of accumulating and recording the pulses generated by cup anemometers.

2.1 The Data Acquisition System.*

A number of environmental data acquisition systems have been described in
recent years. Some of these systems have been mobile (Clayton and Merryman, 1960;
Valli, 1966), but most have been fixed installations (Allen, 1970; Backlund and
Perttu, 1971; Fritschen and Van Bavel, 1963; Reifsnyder, 1962). Fritschen (1970)
has reviewed specific requirements for data systems employed in microclimate research.
These systems have sought to combine the attributes of precision, convenience
in application, and ease in data processing. The performance of these and similar
systems has continued to improve with the development of new instruments and increased
experience in field operation.

This section describes an environmental data collection system that has been
developed at Oregon State University for energy budget research. The configuration
of this mobile, self-contained system will be described, and the performance evaluated.
The system is designed for flexibility in order to meet the needs of a variety
of environmental studies.

The data acquisition system includes a laboratory, recorder, sensors, signal
cables and instrument supports. The system is mobile, self-contained, and capable
of a high degree of precision. It has been tested during several field seasons
in different types of environmental studies (Gay, 1970; Gay, Stebbins, and Black,
1971). However, the primary use has been for energy balance studies over different
natural surfaces.

2.1.1 The Mobile Laboratory.

The mobile laboratory houses the recorder, provides office space in the
field, and storage space for the transportation of sensors, cables, and instrument
supports. The 8xl2~foot truck-mounted van in Figure 2-1 is insulated and air conditione
to maintain a stable enviromment for recording. The air conditioner must be equipped

with an "easy start' compressor for satisfactory operation with a generator in
the field. An Onan 2500 watt generator1 in a weather-tight housing and equipped

*Based on é paper by L. W. Gay, presented to the National Conference on the Forest,
Weather, and Associated Environment, Atlanta, Georgia, May 18-20, 1971.
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Fig. 2-1. Mobile laboratory, 0SU Environmental
Data Acquisition System. The 8X12 ft air
conditioned van is truck mounted for mobility.

Fig. 2-2 (above, right). Digital data logger used

in the OSU System. The capacity is 90 analog

and 12 digital channels. The resolution is 0.1 micro-
volt and the maximum scan rate is 5 channels per
second. Output is by paper-tape punch and strip
printer.

Fig. 2-3. Energy balance
research site. Parameters
measured include net and
total allwave radiation,
incoming and reflected
global radiation, soil
heat flux, and 6 levels

of wind speed, air
temperature and

humidity.
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to operate with LPG fuel has proven very satisfactory in our use.
2.1.2 The Digital Recorder.

Some considerations in the selection of digital recorders are outlined
by Buckley (1969). The recorder in our system is shown in Figure 2-2; it is a
Vidar 5202 unit? with both punched and printed tape output. The integrating voltmeter
has a resolution approaching 0.001 percent (0.1 microvolt), an input impedance
in excess of 10 megohms on all ranges, an overall effective common-mode rejection
in-excess of 150 dB for all frequencies with up to 1,000 ohms source imbalance,
and an auto-ranging accessory to select among the six decade ranges that span
+10 mV to #1000 V. The maximum scan rate is 5 channels per second, with a 166~
2/3 millisecond integration period. The crystal oscillator timebase clock will
initiate scans at selectable intervals from 1 min to 10 days.

The present system capacity includes 100 channels for analog, and 12 channels
for digital inputs. The digital inputs are continually recorded on an electronic
counter that totalizes 4 decades of BCD data (up to 9,999 counts) from each of
12 anemometers. The electronic counter is interfaced to the digital recorder so
that the pulse totals can be recorded and the counters reset during each data
scan. 'The details of construction and operation of the counter and interface
will be presented in detail in section 2.3 of this chapter.

2.1.3 Sensors.

The sensors used with the system respond to the common environmental
parameters of radiation, temperature, water vapor concentration, windspeed and
wind direction, and soil heat flux. The sensors are deployed in Figure 2-3 in
a typical energy balance study of mean temperature, vapor, and windspeed profiles
over a wet meadow.

Upright and inverted Kipp pyranometers3 are used to measure incoming and reflected
shortwave radiation. Total incoming and net allwave radiation is measured with
polyethylene-shielded, CSIRO" pyrradiometers and net pyrradiometers.

Temperatures are measured with copper-constantan thermocouples, referenced
against a heated (65°C) Pace reference junction5 with a capacity of 48 circuits.
Soil and pyrradiometer reference temperatures are measured with individual thermocouples
Air temperatures are measured with two series-comnected thermocouple junctions
in aspirated psychrometers that were constructed after the basic design of Lourence
and Pruitt (1969), as modified by Gay (1972). The psychrometers utilize four-
junction thermopiles and a ceramic-wick wet-bulb element in the evaluation of the
water vapor concentration in the atmosphere. The design will be discussed in detail
in section 2.2. The rate of change of soil heat storage values are measured with
small NIL heat flux disks®, connected 5 in series to yield an output of about
2.5 mV per cal/ cm®min.

The wind speed measurements are made with standard Thornthwaite sensitive
anemometers’, connected to the recorder through the electronic counter and interface
(Gay and Holbo, 1970) described in detail in section 2.3. The Thornthwaite amplifier,
power supply, and electromechanical counters are replaced in this application by
the counter and interface. Wind direction is indicated by an analog signal derived
from a simple, rotary, voltage divider.
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2.1.4 Cables and Connectors.

The cables and connectors must provide flexibility for a variety of
experimental setups, be easy to lay out, be weatherproof and yet not degrade the
signal quality. The connectors should provide continuity of the individual shields,
and the connector pins should be gold- or silver-plated to minimize thermal offsets.

The basic cabling design provides for multiconductor cables to run from the
recorder to the vicinity of the instruments. From that point, twisted, shielded
pairs of wires run to each instrument. Small connectors® link the signal cables
to the recorder, and large connectors’ link the multiconductor cables to the bundle
of individual signal pairs which then plug into small connectors? at each instrument.
The multiconductor cables are made up in 75 m (250 ft) lengths for convenience;
additional extension cables may be added as needed. The basic design groups six
instruments per set of cables for convenience, so that one cable can handle a group
of radiometers, or a six~level psychrometer or wind profile mast. Actually, any
number of instruments can be deployed within the capacity of the cable system.

The thermocouple cable system shown in Figure 2-4 contains 12 shielded, twisted
pairs of copper-constantan that link the two-junction thermopiles in six psychrometers
to the heated reference junction. Interconnection to the individual pairs is made
with a copper-constantan terminal strip in a weather resistant junction box10.
Copper-constantan jack plugs are used to connect the individual pairs to the dry-
bulb thermopile at each psychrometer. These simple connectors are not waterproof,
but can be made so with vinyl tape. '

The main cables are easily spooled in and out with a simple cable winding
drum.

2.1.5 Instrument Supports.

The instrument support system must also provide for a variety of instrument
configurations. The 6~unit mast at the meadow site in Figure 2-3 is a typical
configuration for measurements over bare soil or low vegetation. The light, guyed
mast of l-inch pipe is similar to that described by Lourence (1967). The key
feature is an inexpensive, "split-rail cross" clamp!! that grips the psychrometers
at right angles to the mast at any desired level.

The psychrometers can be readily deployed for measurements of temperature
and vapor concentration at only two levels, as required for Bowen ratio estimates
of evapotranspiration, with the aid of inexpensive, roof~top antenna tripods12
pictured in Figure 2-5. The temperature and vapor profiles over a forest, however,
must be sampled at a scale quite different from that of bare soil or low vegetation.
The support mast shown in Figure 2-6 over a lodgepole pine forest in central Oregon
is a standard TV tower!2 that is erected in 10-foot sections. Two of the "split-
rail cross' clamps are used to hold each of the psychrometers and the anemometer
support arms to one face of the triangular tower.

2.1.6 System Operation.

The use of the system in the field is enhanced by the compatibility of
the components, especially the cables, connectors, and instrument supports. Two
men can set up the system for an energy balance study as pictured in Figure 2-

3 in about half a day. Additional time is required for more complex surfaces,
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Fig. 2-4. (right) Thermo-
couple cable and connector
system. Copper and
constantan terminal strips
are used to connect the
individual signal pairs

to a 12-pair, multiple-
conductor cable that is

75 m long. All circuits
are shielded.

Fig. 2-5. (below, left). Psychrometers deployed for Bowen ratio estimates of
evapotranspiration. Measurement heights are at 40 and 80 cm.

Fig. 2-6. (below, right). Energy balance instrumentation above a young Pinus
contorta forest 7 m in height. The tower supports instruments for measurement
of wind direction, the radiation exchange components, and 6 levels of
temperature and humidity.
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such as forest, or a marsh.

The equipment has generally operated well in the field measurement program.
Our use has emphasized high precision measurements over short periods that extend
to perhaps 10 days in length, with maintenance taking place as needed between sampling
periods. The paper-tape punch has given difficulties in the field, and broken
solder joints in the electronic equipment have also given periodic problems. This
latter problem appears related to movement of the laboratory from one site to
another. It has also proven prudent to monitor a known input, such as from an
ice-bath, to provide a continual check on the stability of both the temperature
measuring system and the digital recorder.

No particular difficulties have been encountered in operating from portable
generators in the field. The recorder used here is rather insensitive to fluctuations
in line voltage and/or frequency. However, the performance is noticeably improved
if the entire system is grounded at ome point, usually near the generator for
convenience, in accordance with standard low-level circuit practice.

Ease in data handling is one of the major advantages offered by digital data
recording equipment and most computer centers can routinely process the output
of the recorders. However, we have found it necessary to edit the data to insure
an error-free record before applying transformations. The errors encountered have
generally been related to performance of the sensors rather than to problems in
the recorder. A visual inspection of the transformed data is also made before
the integration and analysis programs are applied. Digital recorders do offer
many advantages in speed, accuracy, and data handling convenience. However, continued
care and attention has been found to be essential in both the collection and the
processing of the environmental data.

2.,1.7 Summary.

An environmental data acquisition system developed at Oregon State University
includes a recorder, a mobile laboratory, a power source, sensors, signal cables,
and instrument supports. The operation and configuration of the system is described.

The self-contained system combines mobility with an exceptionally high degree
of precision. The heart of the system is a digital recorder with up to 100 analog
inputs at a maximum rate of 5 per second; the maximum resolution is 0.1 microvolt.
The recorder also contains a unique, expandable, 12-channel digital scanner that
is designed for anemometers and other sensors that have a pulse output.

The sensors measure radiation, temperature, water vapor concentration, conductive
heat flux, and wind run. The system cables, connectors, towers and instrument
supports are designed for use in adverse weather, and for ease and flexibility
in installation. Two men can set up the system in half a day for a typical energy
balance study. The system is truck-mounted in an 8x12-foot, insulated van.

The design of this particular system is well-adapted for environmental studies
that require high resolution measurements over the relatively short period of 5
to 10 days. The components and their configuration have been intensively field
tested over several field seasons in studies of radiation exchange, seedling environment
and the forest energy budget. The present form of our system should be of interest
to others concerned with the collection of environmental data.
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2.1.8 Equipment Source Footnotes
Note: Sources are cited for reader's convenience and no endorsement is implied.

1. Onan Series LK. Onan Corp., 2315 University Ave. S. E., Minneapolis,
Minnesota 55414.

2. Vidar 5202 D-DAS. Vidar Corp., 77 Ortega Ave., Mountain View,
California 94040.

3. Model CM-2. Kipp and Zonen, Delft, Holland.

4, Model E~1, Swisstecco, Pty, Ltd., 26 Miami St., Hawthorne,
Victoria, Australia.

5. Pace Engineering Co., 13035 Saticoy St., North Hollywood,
California 96105.

6. NIL HFIC Disk. National Instrument Laboratories, 12300 Parklawn
Drive, Rockville, Maryland 20852.

7. Wind Profile System. Thornthwaite Associates, Route 1, Centerton,
Elmer, New Jersey 08318.

8. Miniature Side-mounting Connectors JF-2P-2S-AB. Winchester
Electronics, Main and Hillside Aves., Oakville, Connecticut 06779.

9. Amphenol Connector Division, Amphenol-Borg Electronics Corporation,
1830 South 54th Ave., Chicago, Illinois 60650.

10. Thermo-electric Corporation, Saddlebrook, New Jersey 07662.
11. Hoellander Mfg. Co., 3841 Spring Grove Ave., Cincinnati, Ohio 45223.

12. Rohn Mfg. Co., 310 Quincy St., Reno, Nevada 89502.
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2.2 The Ceramic~Wick Psychrometer#*

The temperature and the concentration of water vapor are two parameters that
define the state of the atmosphere at a point. Measurements may be crude for
climatological purposes, but they must necessarily be precise for micrometeorological
profile analyses that seek to evaluate the transfer of energy at the earth—atmosphere
interface.

Wet-bulb psychrometry has remained the most common technique for evaluating
atmospheric moisture under the conditions normally encountered in micrometeorology.
A variety of designs has proven useful in the field. 1In 1967, Fred J. Lourence
described a new thermocouple psychrometer that combines to an unusual degree the
attributes of precision, simplicity, ruggedness, and portability (Lourence, 1967;
Lourence and Pruitt, 1969). A unique feature of this psychrometer is a porous
ceramic wick as the wet-bulb element. The simplicity of construction of this design
also enhances its application in micrometeorological studies. Surprisingly, despite
its many attractive features, confirming reports on the use of the Lourence psychrometer
have not appeared elsewhere.

The objectives of this section are to describe my experience in the construction
of the Lourence psychrometer, along with observations on its use in the field.
Some modifications have been made in the original design. These, however, are
primarily for convenience and to provide flexibility in use.

2.2.1 The Psychrometer Design.

The specific design and construction details of the Lourence psychrometer
have been described elsewhere by Lourence (1967), Lourence and Pruitt (1969)
and Gay (1972), so only a summary need be given here to point out modifications
introduced in my construction.

The basic structure is of standard, 1-inch, polyvinyl chloride (PVC) pipe.
This material is light and strong, and the fittings that are available make friction
joints that can easily be disassembled for servicing. The PVC pipe that connects
the psychrometer and the aspiration fan also serves as the main support arm for
the instrument. Figures 2-3, 2-5, and 2-6 show a number of psychrometers deployed
in the field. The water reservoirs are mounted vertically, and the dry- and wet-
bulb elements are contained within a cylindrical sunshield, oriented horizontally.

The dry- and wet-bulb design is straightforward. The arrangement and dimensions
of Lourence's thermopile are shown in Figure 2-7. The thermopiles in our unit are
made of 36-gauge, copper-constantan thermocouple wire with nylon insulation on
each wire, and an over-all nylon sheath. The two-junction, dry-bulb thermopile
is referenced against a heated (65°C) junction that may be located some distance
from the psychrometer. A second thermopile, but containing four junctions, is wound
between the dry bulb and the wet bulb, so that the wet-bulb depression can be
read directly. All thermocouple wires run within the tubes that support the dry
bulb and the wet bulb. The cables leading from each psychrometer thus include
two copper-constantan pairs to connect the dry-bulb junctions with the reference
junction, and one copper-copper pair to carry the output signal from the wet- and
dry-bulb thermopile. The signal cables have been described in paragraph 2.1.4,
and pictured in Figure 2-4.

*Based on a paper by L. W. Gay, presented to the Symposium on Psychrometry
in Water Relations Research, Utah State University, Logan, Utah, March 17-19, 1971.
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Figure 2-7.

OQUTPUT WIRES 1-PAIR COPPER-COPPER WETBULB
DEPRESSION WIRES, 5-PAIR DRYBULB THERMOPILE
WIRES TO REFERENCE BATH
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ORYBULS THERMOPILE ONE SET TO ICE REFERENCE
ONE SET TO WET-BULS ELEMENT

A cutaway view of Lourence's ceramic-wick design
(from Lourence, 1967).



The respective outputs of my dry bulb and wet bulb are about 80 and 160
microvolts per degree Celsius, as compared with Lourence's output of 200 microvolts
per degree Celsius. This reduced output is a factor to be considered when selecting
a recorder for the psychrometers. The reduction in junctions in my psychrometers
is not intended to make construction easier, but rather to facilitate interconnection
between the dry-bulb thermocouples and the system reference junction.

The thermocouple junctions must be carefully insulated from each other. This
sometimes becomes a problem in the wet-bulb element. The most satisfactory technique
is to insulate each junction separately with a short length of the nylon insulation
sheath; this sheath is then fused with a match (Tanner, 1963) to give a water-—
resistant seal. The junctions can be bundled into one compact mass using an over-
all sheath of shrinkable tubing. We prefer not to use silastic sealing compounds
on the wet-bulb thermopile because of possible contamination of the porous ceramic
wick. The dry-bulb junctions are encapsulated with epoxy within a 0.79 cm (5/16
in.) stainless steel sleeve.

The porous ceramic wet-bulb element is connected directly to the water
reservoir by tubing. The water reservoir is an integral part of the psychrometer
in our construction and its 150 ml capacity is adequate for daily operation in
the field. Because it is mounted above the element, a positive head is applied
at all times. The ceramic wicks are easily removed for cleaning or replacement;
they are inexpensive and readily available.!l

The dry-bulb time constant (time to achieve about 63 percent of a step-change
in temperature) averaged 58 seconds. This compares with a wet-bulb time constant
of 72 seconds. Surprisingly, these constants are only about 1/3 as large as those
reported by Lourence and Pruitt (1969) despite our larger (0.79 cm) dry-bulb sleeve.
The phase relation between the dry and wet elements was judged satisfactory for
the evaluation of time-averaged temperature and vapor profiles.

The entire psychrometer unit can be removed from the main support pipe. The
thermocouple elements also unplug from the horizontal radiation shield to expose
the ceramic wick for inspection or replacement. The simple but effective radiation
shield is constructed of polystyrene foam, 2.54 cm (1 in.) in thickness; the outer
surface is covered with aluminized mylar tape for maximum rejection of radiant
energy (Fuchs and Tanner, 1965). The cylindrical shield is mounted on a 30.5
cm (12 in.) length of PVC tubing that has been lined with aluminum foil tape to
minimize radiative transfer to the cooled wet-bulb element. A similar foam shield
also reduced heating and cooling of the water reservoir. Connectors for the signal
cables are mounted beneath the water reservoir.

Aspiration can be achieved with a variety of suitable blowers. I used surplus
28 VAC squirrel-cage blowers with a #2 housing, cemented to a PVC pipe flange
which serves as a convenient connector. Twenty volts maintains an aspiration velocity
of 6 m/s which is well above the required minimum of about 4 m/s. Voltage drop
along the blower power cable must be considered with long cable runs. The low
voltage reduces the shock hazard to personnel working with the psychrometers in
the field.

-In summary, the psychrometer construction described here differs from Lourence's

lR&g Ceramics, 2552 Cottage Way, Sacramento, California 95825. Approximate
cost in 1970: $8 per dozen.
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design in the following respects: use of a lightweight, foam, radiation shield;
an integral water supply with a positive head; connectors for the dry-bulb and
wet~bulb circuits; fewer circuits in each thermopile (a qualified disadvantage);
and a larger dry bulb for a longer time constant.

2.2.2 Reference Junction Considerations

An electrically heated reference junction offers several advantages over
the traditional ice~bath reference. The major advantages are: the ability to
operate for extended periods in a field environment where an ice supply and
requisite cleanliness may not be available; and the ease with which thermocouple
circuits may be combined, terminated, and changed, by the gold-plated screw
terminals provided on the heated junction. The disadvantages include the need
for power, and possibly some reduction in reference temperature stability.

The Pace reference junction with a capacity of 48 separate, shielded copper-
constantan thermocouple circuits will accomodate up to 12 psychrometers. The
cost of such a junction is about $500. The nominal operating temperature of
150°F can be set down to 149°F, which is conveniently equal to 65°C. The junction
heater draws a maximum of 180 watts at 120 VAC. The specifications are +0.05°C
for long-term stability and for the spatial variability on the terminal board.
Our experience verifies this value for long-term stability, but suggests that
the spatial variability is no more than 0.01°C.

Such a heated junction can be enclosed in an insulated, weather—proof case
and operated near the psychrometers, with only copper-copper lines necessary to
carry the signal back to the recorder. However, the reference temperature has
achieved maximum stability when housed in the air-conditioned laboratory near the

recorder. This sometimes requires a long run with the thermocouple cable and therefore

special attention must be given to the thermocouple cables and connectors.
2.2.3 Temperature and Vapor Pressure Calculations

The dry-bulb temperature (T,) and the wet-bulb temperature (T ) must
. . . w
be determined to evaluate the vapor pressure of the air (e) with the psychrometer.

The dry bulb is referenced to a heated (65°C) junction, so the resulting
signal is negative for all dry-bulb temperatures below 65°C. The electrical output
of the dry-bulb thermopile (E,), expressed in millivolts, can be converted to
temperature (in °C) by the fo?lowing cubic equation:

Td = [(0.0438Ed/nd - 0.4377) Ed/nd + 22.7] Ed/nd + Tr
[2-1]

where n, is the number of thermocouple circuits in the dry-bulb thermopile, and
T is tge temperature (in °C) of the reference junction. In my system, n, = 2
and T_ = 65°C. Equation [2-1] is a regression relation derived from the sgandard
copper-constantan output tables, but based on a reference temperature of 65°C
instead of 0°C.

The wet bulb is referenced against the dry bulb, and, because the wet bulb
is ordinarily at a lower temperature than the dry bulb, the output of this thermopile
is negative. The electrical output of the wet-bulb thermopile (E ), expressed
in millivolts, can be combined with the dry-bulb output to evalua¥e wet-bulb
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temperature (°C) by a modification of Equation [2-1]
T, = [(0.0438 (Ed/“d + Ew/nw) ~ 0.4377) (Ed/nd + Ew/nw + 22.7]
(Bg/ng + E /n ) + T [2-2]

where n is the number of circuits in the wet~bulb thermopile. In my system,
n_ =4,
w

The dry-bulb and wet-bulb temperature may thus be calculated for a system
of copper~constantan thermopiles with a heated reference junction, if the number
of thermocouples is known for each thermopile, an electrical output is measured,
and the reference temperature is known or measured. Before applying Equation
[2-1], however, one should confirm that the copper—-constantan wire conforms to
the standard output tables.

The vapor pressure of the air (in mb) can be calculated from Td and TW (in
°C), using the empirical psychrometric equation ‘

e=e_ - Ap(Td - Tw) [2—3]
where e_ is the saturation vapor pressure (mb) at the wet-bulb temperature T

(°cy, Asis a psychrometric constant, and p is the atmospheric pressure (@b).”

The psychrometric constant varies with temperature, aspiration speed, and radiation
load. Lourence and Pruitt (1969) present convincing experimental evidence that

an appropriate expression for this constant in their psychrometer is

A=6.97 x 10 (1 + 0.00115 T). [2-4]

Equation [2-4] is of the same form as the generally accepted constant for mercury
thermometers when the aspiration velocity is between 4 and 10 m/s (List, 1966,

p. 365), but it is about 5.5 percent greater. Examination of Lourence and Pruitt's
experimental data indicates that the measured gradients of vapor pressure above

a surface are little affected by the choice of either psychrometric constant.

The absolute values are shifted somewhat, however.

Standard tables can be used for evaluation of the temperatures, and the vapor
pressure as linear interpolation will be adequate for many purposes. An adjustment
must be made with standard psychrometric tables (List, 1966) to account for the
psychrometric constant in Equation [2-4]. The reduction of a large number of
observations, however, is most easily done in the computer.

The value of e (in mb) in Equation [2-3] can be calculated conveniently
by Murray's (1967) formulation of Teten's approximation

e, = 6.1078 exp (17.2693882 Tw/ (Tw + 237.30)) [2-5]

for all T > 0°C. Equation [2-5] is within 0.1 percent agreement of the internationally
accepted Boff-Gratch formulation for temperature above freezing. The constants

in Equation [2-5] change if frozen wet bulbs are to be considered, but such modification
is not appropriate for the Lourence psychrometer because freezing destroys the

ceramic wicks.

The vapor concentration of the air (e), expressed as partial pressure of
the water vapor in mb, is thus calculated from a combination of Equations [2-3],
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[2-4], and [2-5], once T, and T, are known in °C.

d
2.2.4 Calibration

The philosophy adopted here in calibration is that the differences between
instruments are more important than the absolute values. In other words, sensitivity
is of more importance than is absolute accuracy. This is important because such
factors as the connectors, amplifier drift, and reference junction offsets introduce
bias into the data. The measured differences between instruments will not be
affected, however, if the same bias is applied to each of them,

The relative accuracy of the dry-bulb sensors can be determined easily with
a stirred bath and a temperature standard. The absolute differences among twelve
dry-bulb sensors, as measured with the digital recorder, were around 0.01°C.

Vapor pressure calibration is not as convenient, for observations must be
made with the psychrometers under aspiration. The aspiration requirement makes
it difficult to obtain a suitable source of air with uniform temperature and moisture
properties, to make relative comparisons of one instrument against another. Further,
standard instruments required to assess absolute accuracy are lacking.

Absolute comparisons were made in the laboratory between the Lourence psychrometer
and the "standard" Assmann psychrometer. The Assmann psychrometer is rather crude;
its general acceptance as a standard appears related more to the ease in standardizing
construction than to the accuracy of its readings. The comparisons established
that absolute values determined with the ceramic wick psychrometer agreed with
the Assmann measurements, but with substantial scatter.

Next, comparisons were made of three psychrometers, operated as a closed system
within a climate-controlled growth chamber. Over a range of temperature between
6°C and 25°C, dry-bulb sensors that were within 0.01°C of each other in the stirred
bath tests, diverged as much as 0.1°C. With vapor pressures ranging from 6 to
15 mb, the differences among Lourence psychrometers in this chamber were as large
as 0.1 mb. These differences, however, appear to result from insufficient mixing
within the chamber rather than from differences among instruments. Other available
evidence suggests that the accuracy of the instrument is greater than indicated
by these tests.

Let us examine indirect evidence of the precision in the psychrometers under
the conditions of our pumice test site on September 4, 1969. The mean air temperature
and vapor pressure profiles are plotted in Figure 2-8 for the hour 1030-1130,
Pacific Daylight Time, as measured at 20, 40, 80, 160, 240 and 320 cm above the
surface. The hourly means are based on 12 samples made at 5-minute intervals.
Both profiles show a linear decrease with the logarithm of height, and the wet-
bulb depressions were about 7°C under the conditions of measurement. The linearity
and similarity of the temperature and vapor profiles indicate precision of around
0.05°C and 0.05 mb.

The necessity of replicating humidity observations is well illustrated in
similar data collected at the same site on August 13, 1969 and plotted in Figure
2-9. The mean air temperature profiles for the 1730-1830 hour are much warmer
than in the previous example, although the decrease with the logarithm of height
again approaches linearity. The wet-bulb depressions were also greater, and averaged
some 15°C during this hour.
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Examination of the vapor pressure profile, however, clearly reveals that the
160 cm psychrometer is in error. In practice, readings from this malfunctioning
instrument would be deleted before an analysis was begun.

Figure 2-9 confirms that psychrometer measurements must be replicated to
assure that the vapor measurements are valid. Precision operation of a wet-bulb
psychrometer is not routine, even with a good system and the best of intentionms.
Profile measurements at three or more heights do provide a basis for acceptance
or rejection of a given vapor measurement. If measurements are made at only two ]
levels, as required in a Bowen ratio analysis, then several replications should
be made.

Our concern is with biased readings, rather than random errors of measurement.
The bias normally encountered in wet-bulb psychrometry tends to increase the estimate
of vapor concentration, and in general, the instruments with the lowest vapor
concentrations may be presumed to be operating the most satisfactorily.

2.2.5 Field Use

Bubbles will sometimes develop for no apparent reason in the water supply
tube leading to the porous ceramic wick; this is probably what caused the error .
evident in Figure 2-9. Boiling the distilled water to remove gas has helped minimize =
this problem. Some of the ceramic tubes appeared to be less porous than others;
the wall thickness, for example, varied from lot to lot. We simply discard ceramic
elements that appear to have excessively thick walls.

Although no gradual deterioration of the ceramic wicks has been apparent,
we ordinarily change the elements about every 3 days. Catastrophic failures can
occur in operation. Because of the high elevation of the experimental sites in
central Oregon, the wet-bulb temperature often dropped below 0°C on clear summer
nights, and the ceramic elements froze and cracked. Our experience confirms that
this design, despite its other advantages, is not suitable when wet-bulb temperatures
fall below 0°C.

2.2.6 Summary

Psychrometers for micrometeorological research should be sensitive, durable,
portable and simple to operate. 1In 1967, Fred J. Lourence of the University of
California-Davis reported on his development of a thermocouple psychrometer that
possessed these characteristics to an unusual degree. The unique feature of Lourence'
design was a ceramic wet-bulb element that showed promise of eliminating the wick- ’
feed problems not explicitly brought out that are commonly encountered in wet-
bulb psychrometry.

This paper described our comstruction and tests of the Lourence psychrometer,
along with observations on performance during two field seasons. Our minor modificatio-
of Lourence's original design include the addition of an integral water supply
and a new sunshield. Also, our construction has fewer thermocouple junctions and
a heated reference, to enhance the ease with which the psychrometers can be combined
into a measurement system handling up to 12 psychrometers. The system components
include the psychrometers, the heated reference junction, cables and connectors,
instrument supports and the recorder.

Our experience confirms that the ceramic wet bulb design of Lourence offers
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advantages of simplicity in construction and reliability in use. When used with
care and appropriate recording equipment, the psychrometer can define the gradients
of temperature and water vapor concentration in the atmosphere with precision
approaching 0.05°C and 0.05 mb. This is adequate performance for the evaluatlon
and analysis of mean profiles within the atmospheric boundary layer.
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2.3 A Counter With Interface For Use With Digital Data Acquisition Systems

Digital data loggers are now commonly used for periodic recording of analog
data from a variety of transducers. However, the less expensive data loggers
are not designed to handle inputs that are already coded in digital form. This
limitation may pose vexing problems. For example, in meteorological studies it
is often necessary to record data both from digital transducers, such as pulse-
generating cup anemometers, and from analog transducers such as bridges and
thermopiles.

The pulses generated by a digital transducer can be accumulated and recorded
periodically. However, custom interfacing of available counters to the data system
is expensive. We have therefore designed and constructed a suitable counter unit
for this purpose, using TTL integrated circuit modules and printed circuits of
our own design (Gay and Holbo, 1970). The counter consists of a signal conditioner,
an accumulator unit, and an interface that allows the data to be recorded with
a standard digital data acquisition system. The signal conditioning and interfacing
circuits adapt the accumulators to our specific transducers and data system. Though
the counter design is oriented to our requirements, its principles can readily
be applied to similar problems involving other digital transducers and data
acquisition systems.

The development of integrated circuits and their use as building blocks has
greatly simplified the problem of designing digital equipment. We hope that our
experience will encourage others to undertake construction of their own specialized
instruments, particularly when they are not available commercially. In many cases,
the favorable price differential between "shop-built" and commercial instruments
will also enter into the decision of whether to build or to buy.

2.3.1 Digital Transducers.

Anemometers commonly used in micrometeorology yield a pulse train, rather
than an analog, output. There are two reasons for the popularity of pulse output
anemometers. The first is sensitivity. Friction of the pulse generator can be
made appreciably less than that of analog signal generators and thus the accuracy
will be enhanced at low wind velocities. The second is that a count of pulses
over a time interval will provide an average wind velocity for the interval. This
integrated average has important sampling advantages for measuring a parameter
as variable as that of wind velocity.

The anemometer? in our system uses a photoresistor to minimize friction in
the pulse generator. The anemometer support arm contains a small light bulb arranged
so that a shutter connected to the anemometer shaft will alternately make and break
the light beam incident upon the photoresistor. Several different circuits can
be used to develop a pulse as the photoresistor cycles from low resistance in
the light stage to high resistance in the dark stage. The shutter is arranged
so that one revolution of the cups completes one light-dark cycle. The calibration
of the cups is such that 10 Hz is the maximum pulse frequency expected; this corresponds
to a wind velocity of 1455 cm sec !.

The characteristic of the anemometer that is important for our design is the
relatively low frequency of 10 Hz or less. At these frequencies, four decades,
or 9,999 pulses, would be ample capacity for 10 minute sampling periods. Another
factor to be considered is the number of anemometers to be employed in a specific
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study. Our experiments require as many as 12 anemometers.

Let us pause briefly at this point to consider alternatives to the electronic
counter unit that we have constructed. We used electromechanical counters to
totalize anemometer pulses in the past, and recorded the data on photographs.  This
is unsatisfactory in the long run because of data handling and collation problems.
Another possibility is to use one of a variety of digital-to-analog converters
in order to convert the pulse totals into an analog form acceptable to the standard
data logger. However, our experimental measurements seek to distinguish small

differences in wind velocity when the average may be quite large. The small percentage

errors associated with analog-to-digital conversion may in such cases exceed loss

of precision associated with the initial conversion to analog and the subsequent
conversion back to digital form in the voltmeter. Our efforts have thus been directed
toward accumulating the pulses and adapting the data logger to serve as the recorder.

There are several possible choices in type of counter. The maximum pulse
frequency is well within the capability of stepping switches or other electromechanical
counters. However, because of the advantages of size and versatility, we decided
to construct electronic accumulators. The electronic accumulators were easily
made compatible with our data logger.

2.3.2 The Counter and Interface Design.

Design of the counter unit took into account the relatively simple and
inexpensive circuits available in TTL integrated circuit modules3. 1In addition,
the counter was designed to be an external unit so that direct modifications would
not be needed on the data logger.

Basically, the counter is placed between the data logger's digital voltmeter
and the coupler. Upon command, the interfacing circuits "gate" the accumulator
output into the coupler in place of the digital voltmeter cutput. The problem
is primarily one of securing adequate control signals for the data gate in the
interface and of organizing the appropriate accumulator, interface, and control
circuits. '

The operation of the counter unit can be explained with the assistance of
the flow diagram in Figure 2~10. For simplification, the flow diagram shows the
circuitry needed to accumulate and record one decade (0 to 9 counts) of pulse data.
Additional decades could be cascaded onto the decade shown in the diagram; our
accumulators actually have a capacity of four decades (up to 9,999 counts). Additional
accumulators and their associated components can also be added. For simplicity,
this will be discussed in the section on construction. Figure 2-10 also omits
the level shift circuits that make the positive 5 volt logic of the integrated
circuits compatible with the negative 15 volt logic of the data logger.

The pulse output from an anemometer is brought to its accumulator through
an input board that uses a monostable multivibrator to shape the pulse. The monostable
multivibrator is triggered by a high gain amplifier across a simple voltage divider.
circuit that utilizes the light (low) and dark (high) resistance of the photoresister
in the anemometer to generate a shift in voltage sufficient to activate the
accumulator. Since the pulse frequency is slow (less than 10hz), the time constant
of the multivibrator can be made long, effectively filtering high frequency noise
that would otherwise be a problem because of the fast response of the integrated
circuit counting modules.
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The pulse totals are stored in the accumulator in binary-coded-decimal (BCD)
form. Four lines must now be switched in order to transfer one digit of data.
Thus the interface data gate consists of the four identical gates needed to pass
a single digit representing one decade of data.

Let us now examine the control signals that are used to gate the accumulated
pulse totals into the coupler of .the data logger in place of the totals from the
digital voltmeter. The main control signal is readily derived from the data logger's
scanner. The reed relay scanner used in this system can handle up to 200 channels
of analog data, providing sufficient relay modules are installed in the scanner.

The relays in our recorder utilize 90 channels of this capacity, a number greater
than is needed in our studies. 1In addition, this scanner could eventually be
expanded to a maximum of 1000 channels if used with four slave scanners containing
200 channels each.

The timing logic and drive circuitry in the master scanner is transmitted
to the slave scanners through three control cables, each containing 10 lines. The
control cables represent units, tens, and hundreds in selecting the reed relay
for a specific channel between 000 and 999. Since the slave scanners are not used,
and will not be needed, on our logger, the slave scanner control lines provide
an easily accessible signal for controlling the data gate in the interface of the
counter unit.

The control signals are derived by feeding the units and tens control lines
into the two-decade Digiswitch" and then into an AND gate. When the signal on
the drive lines is coincident with the numbers set into the Digiswitch, the AND
gate is activated. This change in state simultaneously "inhibits" the input circuit
to block out pulses from the anemometer, 'disables" the gate that has up to now
passed output of the digital voltmeter, and “enables" the gate that passes the
output of the decade counter. At this point we have effectively substituted the
accumulated pulse total for the output of the digital voltmeter. This is fed into
the coupler and recorded on tape. The timing logic of the data logger remains
in command and advances the scanner to another channel after the coupler has processed
the data. The slave scanner drive lines are then no longer coincident with the
number preset into the Digiswitch so the inhibit signal is removed from the accumulator,
the gate that passes the accumulator totals is disabled, and the gate that passes
the digital voltmeter totals is enabled. At this time also, the delay circuit
in the reset ONE SHOT fires, and the decade counter is reset to zero in preparation
for totalizing counts until interrogated again during the next scan cycle.

The setting on the Digiswitch associated with each accumulator specifies when
the data gate will be opened. It therefore addresses the channel in which the
contents of a specific accumulator will be recorded. This feature provides for
flexibility in recording. It is not necessary to record the different accumulators
in sequence; each can be addressed to any channel in any order. The only requirement
is that no two accumulators be addressed to the same channel.

Since the decades in each accumulator are substituted for those of the voltmeter,
decade-by-decade, it is evident that there is a limit to the number of decades
that can be cascaded in each accumulator. Our voltmeter transfers six decades
of voltage data, and one decade each of polarity and decimal place. Thus our
accumulators could be expanded to totalize 8 decades of data (up to 99,999,999
pulses) if we had interest in recording either for longer periods, or from a digital
transducer with a higher frequency output.

2~21



The interface section of the counter thus functions as a digital scanner that
scans among the various accumulator sections. Simplicity is achieved in this design
by allowing the analog scanner to remain in control of the timing and channel selection
logic. Use of the slave scanner drive logic and the Digiswitch gate allows flexibility
in addressing the contents of a given accumulator to any specific channel for recording.
Further, the unit is completely external to the data logger and so no modifications
are needed on the standard logger components.

2.3.3 Construction.

A description of the counter unit construction must elaborate on the
simplified operating principles described in the preceding section. We will attempt
to discuss organization and construction without going into excessive detail om
the individual circuits.

We simplified assembly of our counter by use of printed circuit boards. The
boards are all 4.5 inches in width, of 1/16 inch glass epoxy, and fit a standard
44-pin edge connector. Forty circuit boards were produced locally5 at a cost of
about $2.75 each. Layout and photographic services were also provided by the
board manufacturer; these services added an additional $200 to the cost of the
boards. The prices given here and later are intended to serve as guides, as current
prices may be somewhat higher or lower.

The accumulator is the heart of the counter unit. The 4~decade, BCD accumulator
circuit board consists of four, decade-counter modulese, cascaded to provide 4~
decades of counting capacity (up to 9,999 counts). The decade counter modules
are mounted in plug-in sockets to facilitate replacement. The 20 lines needed
on each accumulator circuit board include the power supply (5 V), the count input,
the reset line, ground, and 16 lines (4 per decade) that output the contents of
the 4-decade BCD accumulator.

The price of the components varies somewhat according to quantity. However,
the cost of one complete printed circuit board with 4 integrated circuit modules
was about $27, excluding the connectors and amortization of the layout work. The
cost of a commercial counter’ with lower performance specifications was $27 per
decade, or $108 total, in 1968 when we began our construction.

We decided not to display the contents of each accumulator separately. Cost
of the necessary decoder and display modules is about $25 per decade, or $100
per 4~decade accumulator. 1In addition, the display panel would require more rack
space than was conveniently available to us. We therefore used only one display
module in our counter unit. The contents of any given accumulator can be displayed
as desired through a rotary switch. A 4-decade cold-cathode neon tube display
assembly cost about $1308 complete with decoders. This unit will operate at
integrated circuit logic levels.

The "stacking' of other accumulators into the basic circuit described in
Figure 2-10 requires additional control circuitry in order to select the accumulator
that is being interrogated. Let us refer back to Figure 2-10. The data gate drawn
in the Figure must switch 4 lines between the l~decade accumulator and one of the
digits in the voltmeter. If the accumulator is cascaded to four decades, then
as explained earlier, the data gate must switch 16 lines between the accumulator
and the voltmeter. The inclusion of additional 4-decade accumulators means that
the 16 output lines of each accumulator must be gated together, line for line.
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These output line gates must be controlled so that .only the contents of the desired
accumulator will be presented to the data gate for transfer during interrogation.

The required gating among the accumulators can be achieved by inserting a ''channel
gate" between the accumulators and the data gate. The function of the channel
gate can be seen in Figure 2-11, which depicts 12 4-decade BCD counters in a simplified
schematic. The data gate is drawn just as it was in the flow diagram in Figure
2-10, except there are 16 data gates to handle the 16 output lines of the 4-decade
accumulators instead of four to handle the four lines of the l-decade accumulator.
The added channel gates in Figure 2-11 are shown between the accumulators and the
data gates. Though Figure 2-11 represents the counter that we have constructed,
the same general scheme could be applied to counters containing other numbers of
accumulators.

Let us now consider the operation of the channel gates. -The scanner signal
that passed through the Digiswitch to enable the data gate in Figure 2-10 must
now perform an additional function: control of the channel gates. The 'From Scanner"
control line in Figure 2-11 comes from the Digiswitch that is associated with a
particular accumulator. When one of these control lines is turned on, then not
only is the data gate enabled, as before, but the channel gates will pass only
the contents of the addressed accumulator..

The channel gates utilize AND-OR-INVERT gates to feed a POSITIVE NAND gate
in order to achieve the desired gating among accumulators. Several configurations
are possible. With 12 accumulators it is convenient to use three 4-wide 2-input
AND-OR-INVERT gates? to feed one 3-input POSITIVE NAND gatell,

The channel gate boards are separate from the accumulator boards. Each gate
required in the counter configuration that we constructed cost about $1.50, so
the total cost of the gates on one channel gate board is about $9. Note that one
channel gate board is required for each line of data to be transferred, so sixteen
channel gate boards are needed for four decades of accumulator capacity. The
exact configuration of the gates on the board depends upon the number of accumulators
to be installed in the counter.

The function of the channel gates is to select among the accumulators on
each of the 16 data lines. Therefore, the channel gate boards are in-effect oriented
perpendicular to the plane of the accumulator boards as shown schematically in
Figure 2-11.

The data gates make up the third type of printed circuit board. The data
gates combine several functions: they serve as AND gates; they involve an inversion
of the scanner control signal; and they must shift the logic of the channel gate
output to a level compatible with that of the data logger. Consequently, the data
gates incorporate a number of discrete components with some integrated circuit
modules in order to function as shown in Figure 2-~10 and 2-11. The data gates
for our counter were wired on a printed circuit breadboard; the circuit diagram
is available upon request.

The necessary level shift from +5 V in the integrated circuits to -15 V in
the data logger was conveniently accomplished with a commercially made printed
circuit boardll, costing $62.40 with connector. This level converter provides
16 circuits on one board. Thus only one converter is needed to handle the 16
lines that must be switched between the 4-decade accumulators and the digital
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voltmeter.

We selected a well-regulated yet inexpensive 5 amp power supplyl? to provide
the 5 volts needed for the integrated circuit modules. This supply cost $168,
including a fast response crow bar for over-voltage protection. A simple 200
VDC power supply was constructed to provide the filtered, unregulated 10 milliamp
current needed to operate the anodes of the neon tubes in the display module. In
addition, we built a regulated, remotely sensing, 3 VDC power supply to provide
the current needed to operate the lightbulbs in the anemometers' photoresistor
chopper circuit.

2.3.4 Assembly.

The completed circuit boards and power supplies were assembled in a two-
tier printed circuit board enclosure that took up 10.5 inches of rack space, with
the power supplies mounted behind the printed circuit boards.

The upper tier of circuit boards contains the 12 accumulators, plus six additional
boards with the signal conditioning and the level shifting circuits. The lower
tier holds the 16 channel gate boards, plus four additional boards that make up
the data gate. Thus 38 printed circuit boards are required in our counter design.

Each of the 12 Digiswitches on the front panel is associated with an accumulator.
When the preset value on a Digiswitch is coincident with the number of the channel
being scanned by the scanner unit of the data logger, that Digiswitch will pass
a signal that causes the contents of the associated accumulator to be substituted
in place of data from the digital voltmeter.

A 4-decade display module is also mounted on the front panel. The contents
of any of the 12 accumulators can be examined by use of the rotary selector switch,
which is the lower of the two switches below the display module. The other knob
is the off-on switch.

There is no provision in our design for insertion of a dummy number directly
into the accumulators for test purposes. We can, however, substitute an oscillator
for the pulse inputs from the anemometers and fill all of the accumulators
simultaneously. The performance can then be checked by inspecting to see that
all accumulators contain the same number of counts.

The completed counter is shown mounted in the rack of the data logger in Figure
2-2. The configuration of the data logger is the scanner at the top, followed
by the clock, digital voltmeter, coupler, counter and interface, and paper tape
punch. The assembled logger is compact enough to readily transport to field experimentsa
sites as part of the environmental data acquisition system. It now has the flexibility
needed to record from the variety of transducers used in environmental measurement
work. The basic counter design could be adapted to other data loggers and to
other digital transducers.

2.3.5 Summary.

Our problems concerned the inability of standard data logging systems
to record signals from both analog and digital transducers. We have designed
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and constructed a simple counter that will accumulate pulses from a number of transducer
The accumulators in the counter are interfaced to the data logger for recording.

Though the design is adapted to our specific data logger and transducers, the

principles could be applied to a solution of the same problem in other data logging
systems.

Our counter unit was constructed primarily from TTL integrated circuit modules
and our own printed circuit boards. The accumulator portion of the counter is
organized to totalize four decades of data (up to 9,999 pulses) from each of
12 cup-anemometers. The pulse frequency of the anemometers is slow, 10Hz or
less, compared to the 10MHz specifications of the IC counter modules. The contents
of any 4-decade accumulator can be displayed on a cold cathode, neon tube display
module. '

The interface portion of the counter keeps the entire unit external to the
data logger. The contents of each accumulator can be addressed to any channel
of the data logger. The interface functions as a simple digital scanner so that
accumulated pulse totals are transferred, recorded, and the appropriate accumulator
reset to zero whenever the data logger scanner samples an addressed channel.
For simplicity, the interface is controlled by the timing logic of the data logger's
analog scanner.

The total cost of components in the completed counter and interface unit,
including integrated circuits, boards, power supplies, display module, chassis,
etc., was about $1600. This corresponds to $33 per decade and represents a considerable
saving over a commercially manufactured unit. No allowance is made for labor
in these costs, however. Despite the advantages of integrated circuits, a considerable
amount of wiring is required to handle the transfer of digital information that
is needed here. Thus a decision to manufacture a similar unit elsewhere would
have to consider, in addition to cost, the availability of labor and the possibility
of delays in completion while working out modifications in our design. An important
but frequently overlooked advantage is often gained, however, by constructing
instruments such as the one described here. This advantage is the increased
competence that one obtains in electronic instrumentation, a competence that
will pay dividends in the future, whether in the maintenance of old equipment
or in the specification, design or construction of new equipment.

2.3.6 Equipment Source Footnotes.
1. Vidar Corporation, 77 Ortega Street, Mountain View, California 94040.
2. Thornthwaite Associates, Centerton, New Jersey.
3. Texas Instruments, Inc., P. 0. Box 5012, Dallas, Te#as 75222,

4. Digitran Co., Div. Becton-Dickinson & Co., 855 S. Arroyo Pkwy.,
Pasadena, Cal., 91105, Series 13000, Type 13031.

5. Custom Systems Associates, Inc., 1427 N. W. Davis Street,
Portland, Oregon.

6. Texas Instrument SN7490N Decade Counter.

7. Digital Equipment Corporation Model K210 Counter.
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8. Integrated Circuit Electronics, Inc., P. O. Box 647, Waltham,
Mass. 02154

9. Texas Instrument SN7454N 4-wide 2-input AND-OR-INVERT gate.

10. Texas Instrument SN7410N Triple 3-input POSITIVE NAND gate.

11. Cambridge Thermionic Corp., 8703 La Tijera Blvd., Los Angeles,
Calif. 90045 Cambion Type A 780-5704 Output Logic Level

Converter, with connector 706-7029-01.

12. RO Associates, Inc., 917 Terminal Way, San Carlos, Calif. 94070.
Model M605 Integrated Circuit Power Supply.

2,3.7 Literature Cited.

Gay, L. W., and H. R. Holbo. 1970. A counter and interface for use
with digital data acquisition systems. Proceedings: Conference
on Electronic Instrumentation. Div. Continuing Education, Univ.
Idaho, Moscow. August, 1970, pp. 91-115.
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3. DATA HANDLING AND PROCESSING

Digital data acquisition systems are now commonly used to collect envirommental
data in a form that is conducive to rapid, efficient handling and processing.
A variety of techniques can be used to achieve this purpose, but the final
choice is often dictated by factors beyond the control of an individual
investigator. These factors include such things as the availability of specialized
equipment and services in the university computer center.

Despite these external limitations, it appears appropriate to examine the
general scheme applied here to the microclimate data collected with the environmental
data acquisition system that we have assembled. Other helpful information
on the handling and processing of envirommental data has been published by
Backlund and Perttu (1971) and by Brown and Rosenberg (1969).

3.1 Data Handling Philosophy.

Our experience confirms that visual checks are essential for adequate control
of data quality. It -is a difficult if not impossible task to develop an error-
checking routine that will eliminate all possible errors from the data. Furthermore,
it is not easy to develop data handling techniques that can be applied to all
of the possible measurement configurations. Our data handling procedures have
therefore evolved into a multiple-pass system in which certain operations are
performed on the data on each pass through the computer. Some of the more
common errors can be isolated by programing, but the other errors must be
detected by inspection of the output before a subsequent processing operation
is attempted.

This approach can be inefficient. Yet if carefully done, a balance can
be obtained between excessive man-hours spent in contemplating the data on the
one hand, and excessive computation costs incurred by machine checking for
certain rare errors on the other. A visual check of the data appears to be the
simplest and best way of detecting general errors.

3.2 Data Handling Facilities.

The data handling facilities include both the data acquisition system,
and the facility that will be processing the data. One can exercise some
degree of control over the data acquisition system, but this seldom affects
the development of facilities in the computer center. The two groups of facilities
must, of course, be compatible.

3.2.1 Recording Equipment

Two output devices are used on our Vidar data acquisition system:
a paper-tape punch and a strip printer. The main data output is by punched
paper tape. The strip printer was added to provide redundancy in event of
occasional failures of the punch, and also to provide a convenient readout
when calibrating and checking sensors in the field.

3.2.1.1 Paper Tape Punch. Our Vidar data logger is equipped with
a Talley M420 paper tape punch. The output is the standard 8-level ASCII
code. The major advantage of paper tape over magnetic tape is ease in verifying
data at the time of collection. Also, paper tape does not deteriorate in
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storage. We use a standard, opaque, oil-free tape. There have been no apparent
problems with excessive punch wear because of the lack of 0il on the paper tape.

The oil-free tape does shrink and swell with changes of relative humidity
in the room containing the recorder. On a number of occasions, the paper tape
has wedged in the throat of the punch block mechanism, because of excessive swelling
at night. We now place a small light bulb near the tape roll to keep it dry.

The basic format of the data words was established by the factory design
of the data system, although minor format changes can be easily made. The format
used for a standard data word in our system is

NNPEOXXXXXXW

where: NN is a two-digit channel number; P is the number represggting polarity

(1 is +, 2 is =), E is the exponent that locates the decimal (10 ~, where

2 < E <7) between 10.0000 mV and 1000.00 V; O is not used in voltage measurements;
X is a data digit; and W is an end~of-word symbol. The standard data word contains
12 digits. The punch speed is 60 characters per second, so the system is limited
by the punch to a maximum recording rate of 5 channels per second.

The first data word punched into a scan sequence is a time word from the
clock. The time word also contains 12 digits, but in the form

OOOODDDHHMMW

where: 0000 is not used for the time word; DDD is the day of the year (1 < DDD < 365);
HH is the hour of the day (0 < HH < 23); and MM is minutes (0 < HH < 59).

The data punched onto the paper tape thus consists of a number of scan
sequences; each sequence begins with a time word and continues with a succession
of data words. Each scan is identified by the time at which it was initiated
and each observation by its channel identification number to facilitate data
processing.

3.2.1.2. Strip Printer. The system also drives a Mohawk Data Scien. =s
M812D-10 printer with 10 columns of data. The model used here is full rack-
width, but only 13.1 cm (5 3/16 inches) high. It has a maximum speed of 12
lines (data words) per second, although the Vidar recorder used here is limited
to 5 data words per second. The printed strip, much like an adding machine
tape, is not convenient to read, but such a printer is generally faster than
page format models which must print each digit sequentially.

3.2.2. Processing Facilities.

Data processing facilities at Oregon State University are within
the Computer Center, established in 1965 as a separate organizational unit to
serve as a focal point for computer-related activities on the campus.

A Control Data Corporation 3300 computer system provides the primary
support for computational services. A PDP-8 satellite computer serves on-line
to the CDC 3300 to facilitate operation of a time-sharing '"0S-3" system of
180 remotely located online consoles. The time-sharing system provides
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convenient access to the capabilities of the CDC 3300 computer. The Center
also has a Calcomp plotter which has proven useful to us for inspection of data
and analysis. Other facilities are described in detail in a series of Computer
Center bulletins. '

Paper tape is no longer commonly used in our Computer Center, and we have
therefore encountered recurring problems in transforming the paper tape into
a computer-compatible magnetic tape. A variety of conversion devices have
been used for this purpose. At present, the PDP-8 reads the paper tape and
writes onto a magnetic tape which is subsequently used as input to the CDC 3300.

3.3 Data Processing Routines.

The function of the various programs in our multiple-pass system will be
described. Copies of individual programs can be supplied upon request. The
normal sequence of events in our data processing includes a check and listing
of the raw data, editing of errors, transformation of the raw data into engineering
units, integration of transformed data, plotting of integrated data, computation
of specific energy budget analyses, and plotting of analyses.

3.3.1 Checking, Listing and Editing of Raw Data

Two passes are normally used in initial processing: TAPE 1 and
TAPE 2.

3.3.1.1 TAPE 1 program converts time records (time records comsist
of a time word followed by up to 100 instrument readings) from an original
saved file into a new saved file and provides a line printer listing of this
new file. The program checks for errors in the data and writes on the new file
the character "x'" in place of any original character which is in error or
cannot be understood. A diagnostic message is given for each error found.

Input: A magnetic tape file created from the original paper tape.
Output: (1) A saved file with errors printed as "x"'s. One record in the
file represents one time record.
(2) A listing of the saved file.

(3) A list of diagnostic messages.
3.3.1.2 TAPE 2 program corrects the errors found by using TAPE 1.
The program reads, from a saved file specified by the user, the data which has
already been processed by TAPE 1. Then a list of corrections is read from
another saved file or from cards, and a new saved file with corrected data is
created. A listing of this new, corrected file is also provided.

Input: (1) A saved file (data that has been processed by TAPE 1.
(2) A list of corrections to be made.

Qutput: (1) A saved file of corrected data.
(2) A listing of the new saved file.

3.3.2 Transformation into Engineering Units.

GAYTRAN performs calculations using time records that have been
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corrected by program TAPE 2 and using input parameters that are read from a
saved file or from cards. With these input parameters, the user specifies

the name of the saved file of corrected time records, the instrument numbers
for each calculation and the transformation equations and constants to be used
in each calculation. The user may request a listing of all input parameters
and also that the calculated values be saved under a specified file name for
future use.

Input: (1) A saved file of corrected data (output from TAPE 2).
(2) A file or cards of parameters

Output: (1) A listing of calculated values by time record (w/input parameters
if desired).
(2) A saved file of calculated values (if desired).

3.3.3. Integration of Transformed Data

The integration procedure may include several steps. The first
integrates, the second lists, and the third plots the data.

3.3.3.1. INTEGl integrates in hourly intervals from half-hour to
half-hour. The program uses as input the calculated values from the GAYTRAN
program. A file or card deck with input parameters which specify the input
file name, output file name and the number of each type of instrument present
on the input file is also required. The results are listed and a saved file
of the results is created.

Input: (1) A saved file of calculated values from GAYTRAN.
(2) A file or card deck w/input parameters for each file to be integrated.

Output: (1) A listing of the hourly results.
(2) A saved file of the results.

3.3.3.2.  LISTING provides a line printer listing of hourly integrated
data for any number of instruments. The program requires as input a saved file
of integrated data (from INTEGl) and a file of input parameters. The input
parameters include the site and date of the data and the instruments and levels
of these instruments desired.

Input: (1) Saved file of integrated data (output from INTEGl).
(2) File of input parameters.

Output: Line printer listing - may be several pages.

3.3.3.3 These are several plotting routines that have proven useful
in interpretation of the data and the subsequent analyses. WVTPLT provides
for a plot of the profiles of wind, vapor, or temperature with height. Each
hourly profile of the specified parameter is plotted on the same set of axes.
This provides for inspection and comparison of all profiles from similar plotting,
but only one hourly profile is placed on a graph.

DIFRENCE plots the values of one set of measurements against the values
of another level for level. The combinations that have been useful for
similarity testing are: temperature vs. vapor pressure; and temperature vs.
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wind speed. For convenience, the data are transformed before plotting by
subtraction of the value measured at the bottom level. The program plots
each hour throughout the day on the same set of axes.

PLOTFLUX plots the radiation budget for each hour in a given day. The
variables plotted are: net radiation, global radiation, reflected global
radiation, re-radiation, and atmospheric radiation.

The following input and output descriptions apply to these three plotting
programs.

Input: (1) Saved file of integrated data.
(2) File or card deck of parameters, labels and scale.

Output: X-Y plot to specified scale.
3.3.4. Computation of Energy Budgets

This step in the system includes both computation and plotting of
energy budget results.

3.3.4.1 COMPUTE calculates energy budget components from several
different models, using the hourly integrated data files. The energy budget
models include:

(1) Bowen ratio fluxes
a. using soil heat flux from flux plates
b. using soil heat flux calculated from soil properties and temperature
profiles.

(2) Aerodynamic fluxes, based on either
a. KEYPS diabatic profile corrections, or
b. Empirical diabatic profile correction develcped from the Richardson
number.

A file or card deck of input parameters specifies the name of the saved
file of data from INTEGl, the sensor levels to be used in the analyses, the models
and constants to be used in the analyses, and the name of the output file to
be saved. The output is listed and stored.

Input: (1) File of integrated data
(2) File or card deck of parameters

Output: (1) Listing of energy budget calculations
(2) Ssaved file of results.

3.3.4.2. Plots of Energy Budgets. BUDGPLOT plots the energy budget
results for a 24-hour period. Up to four variables can be plotted at any
one time and the choice of measurements is left to the user. The measurements
we have used at various times include: net radiation, soil heat flux from discs,
ground flux from temperature profiles, latent heat flux using Bowen Ratio,
sensible heat flux using Bowen Ratio, latent heat flux using a corrected aero-
dynamic model, sensible heat flux using a corrected aerodynamic model, latent
heat flux derived as a residual in the energy budget equation, and ground flux
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derived as a residual in the energy budget equation.

Input: (1) Saved file of results from COMPUTE
(2) File or card deck of input parameters

Output: X-Y plot of selected variables at appropriate scale.
3.4. Data Processing Costs

The basic core charge for the OSU system is $360 per hour. The cost of
computation depends upon the charge rate and efficiency of the computers available,
so costs will of course vary from center to center. However, it may be of
interest to examine the costs involved in the routine processing of the data
collected during one day of our operatiom.

The experimental design for the marsh measurements at Malheur Lake is
described in detail in Chapter IV. Briefly, the data collection program included:
6 types of radiation measurements; 6 measurements of air temperature, vapor
pressure, and wind speed; three measurements of water temperature; 1 reference
temperature; and 1 wind direction measurement. Twenty-nine environmental
measurements were made every 10 minutes from 0000 to 0800 hours, and from
2000 to 2400 hours. Measurements were made every 5 minutes from 0800 to 2000
hours.

The cost of using the various programs on this data was:

TAPE 1 $7.50 (total depends upon errors found)
TAPE 2 8.50 (total depends upon errors found)
GAYTRAN 14 .50

INTEG1l 1.75

LISTING 0.60

WVTPLT 5.00 (PLTWVT, 5.50 for 3 hours).
DIFRENCE 2.10

PLOTFLUX 2.00

COMPUTE 1.30

BUDGPLOT 1.70

Total $44.95

We often find it necessary to correct, rerun and replot various portions
of the data in order to check for errors and inconsistancies. Our experience
indicates that the computation costs for a full day as described here are more
likely to approach $100 in our Computer Center instead of $44.95.

3.5. Literature Cited.

- Backlund, B., and K. Perttu. 1971. System for data logging at short intervals
and processing of data about plant growth and climate. Royal College of
Forestry, Stockholm. 47 pp.

Brown, K. W., and N. J. Rosenberg. 1969. Computer program for plotting time-
dependent meteorological data. Agri. Meteorol. 6:463-464.
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4. MICROCLIMATE MEASUREMENTS

The field experiments described here were conducted over four of the
natural surfaces that are found throughout the high, semi-arid plateau of
central Oregon: a pumice desert, meadow, forest and marsh. The experimental
sites possess surface characteristics that create contrasts in the absorption
of radiant energy radiation, and in its disposition. These contrasts create
different microclimates.

Since these studies were carried out with similar experimental designs,
the results provide a comparison of the effects of the surface energy exchange
processes for a variety of surface conditions. Such quantitative comparisons
are enhanced through consideration only of measurements made under the similar
weather conditions that prevail with cloudless skies. The measurements were
not simultaneous at each site, but all fell within the period of mid- to late
summer .

We shall first describe the characteristics of the experimental sites, and
then examine the field measurements of the microclimatic variables. A variety
of analyses can be applied to the data. Use of the data in energy budget studies
will be discussed in a subsequent chapter.

4.1 Experimental Sites.

Certain site characteristics are important for energy budget analyses. In
general, the surface must be homogenous, flat, and large in extent to permit
the energy exchange processes to approach a steady-state with respect to location.
The larger the expanse, the greater is the thickness of the atmospheric boundary
layer, or zone of influence of the surface on the state of the atmosphere. A
thicker boundary layer provides greater latitude in positioning sensors in the
vicinity of the surface. The sites utilized in these experiments conform to
these criteria.

The pumice deseért site is about 60 km southeast of Bend, Oregon, at an
elevation of about 1600 m. It is adjacent to the local landmark of Sand Springs
and east of Pine Mountain and China Hat. The pumice site is flat and large,
with a diameter of approximately 1500 m. The surface is uniformly covered to
a depth of about 60 cm with Newberry pumice that was deposited approximately
2000 years ago. The site has remained essentially devoid of vegetation since
the pumice was deposited. A low, sparse stand of ponderosa pine (Pinus ponderosa
Laws.) and lodgepole pine (Pinus contorta Dougl.) is established on the pumice
soils surrounding the site. The size, appearance and character of the pumice
surface is evident in Figures 4-1 and 4-2.

The wet meadow lay immediately north of shallow Sparks Lake, about 30 km
west of Bend. The meadow was flat, about 1500 m in diameter, and at an elevation
of approximately 1600 m. The meadow vegetation consisted of rushes and sedges,
interspersed with a variety of forbes. The meadow is used as a pasture for cattle
during the latter part of each summer: the measurements reported here were made
before grazing began. The characteristics of the wet meadow site are pictured
in Figures 4-3 and 4-4.

The forest site was about 45 km southwest of Bend, on Snow Creek between
Crane Prairie and Wickiup Reservoirs. The 40-year-old lodgepole pine forest
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Figure 4-1. (left) Pumice
site and psychrometer
mast.

Figure 4-2 (below) Anemometer
mast, pumice site.




Figure 4-3. Radiometers, meadow
site. A pair of Kipp pyranometers
is at the left; one is upright and one
inverted to measure incoming and
reflected shortwave radiation. The
CSIRO pyrradiometer in the center
measures incoming short- plus
longwave radiation. The CSIRO net
pyrradiometer on the right mea-
sures mnet radiation, the major term
in the energy balance.

Figure 4-4. (below) Energy balance
instrumentation, meadow site. The
psychrometer and anemometer masts

are at the right of the picture. The
heated thermocouple reference junc-
tion is in the weatherproof case in
the foreground. The view is north,
across Sparks meadow, elevation

1,650 m., toward South Sister,
elevation 3,150 m.
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is on an old burn of about 2 square kilometers in area. Fetch toward the
northwest, the direction of the prevailing wind, was nearly 1 km. The soils

at this site are derived from pumice, a material characteristic of the volcanic
activity that once occurred throughout the central Oregon regionm.

The mean height of the stand was about 7 m. The height was rather uniform
but the canopy was not unbroken, as there were many gaps and openings of 5 to
15 m in diameter, scattered throughout the stand. The stand included a wide
range of stem diameters. No measurements were made, but the mean diameter is
estimated to be between 10 and 15 cm. The forest canopy was shown earlier in
Figure 2-6.

The marsh measurements were made at Malheur Lake, a large, shallow, freshwater
marsh some 20,000 ha in area. The lake, el. 1,248 m, is located 45 km southeast
of Burns, Oregon, in the Silvies River drainage basin, about 200 km east-southeast
of Bend. The unique ecological and physical features of Malheur Lake have been
described in detail elsewhere (Dubbert, 1969; Oregon WRRI, 1971). For our
purpose, the Lake represents a large, moist oasis in the midst of a vast semi-
arid plateau. Very little of the marsh is open water; most of the area is covered
with typical marsh vegetation of bulrushes and cattails.

The marsh measurement site was about 5 km out into the Lake on the east
side, with the Cole Island dike providing accesss. The instrumentation was set
up in the marsh vegetation about 80 m west of the low dike. The water depth
was about 70 cm at the instrument location, and the mass of the bulrushes extended
about 150 cm above the water level. Tips extended as high as 240 cm. The site
of the water and mud temperatures was about 20 m east of the radiometers; water
depth here was 30 cm. A small catwalk built out into the marsh provided access
to the instruments.

4.2 Field Measurements

Field measurements were made at the pumice, meadow and forest sites in the
summer of 1969, and at the marsh site during the summer of 1971. The measurements
reported here were made during periods of fine, clear weather during mid- to
late summer. They were obtained during expeditions that were usually a week
in duration. This was generally a long enough time to insure that at least one
24-hour period of suitable weather coincided with satisfactory instrument performance.

The basic scheme of measurements was similar at each site. The measured
parameters included temperature and vapor concentration in the air at six levels
above the surface, net radiation, soil heat flux (except in the marsh) and soil
(or water) temperature. Soil (or water) temperatures were measured at 5 levels
at the desert and forest site, three levels at the marsh and one level at the
meadow site. Further, the incoming and outgoing, short- and longwave components
of net radiation were measured at each of the four sites.

The basic data obtained during the measurement program is tabulated in this
section; notes indicate any discrepancies in the basic measurement scheme. The
data appear suitable for a variety of analyses and tests, not all of which will
be attempted in this report.
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4.2.1 The Pumice Site Measurements.*

Two sets of observations are summarized in Tables 4-1 and 4-2. The
first is for the 24-hour period of July 17, 1969 and the second is for the 24~
hour period of September 4, 1969. The values represent hourly averages calculated
with the integration program. Heights of the observations are indicated in
the tables.

The surface temperature of the pumice desert is calculated from the estimate
of outgoing longwave radiation. No corrections were applied for either emissivity
or reflection of atmospheric radiation, so the surface temperature estimates
are of the "effective" radiating temperature of the pumice as seen by the radiometers.
This temperature is derived from calculations involving all of the radiometers,
and thus includes any residual calibration errors among the four radiometers.

4.,2.2 The Meadow Measurements.

Two sets of observations are summarized for the meadow site in Tables
4-3 and 4-4. The first represents the 24-hour period 0800-0700 hours, July 28-
29, 1969, and the second is for the 13-hour period 0800-2000 hours, July 31,
1969.

As before, values represent hourly means, determined by the integration
program. Note that only one soil temperature sensor was used at this site;
it was at -5 cm, the depth of the soil heat flux disks. Vapor pressure is tabulated
for three levels on July 28, and four levels on July 31, because some of the
psychrometers malfunctioned during these data rums.

4.2.3 The Forest Measurements

Two sets of observations are summarized for the lodgepole pine site
in Tables 4-5 and 4-6. They represent the respective 24-hour periods of midnight
to midnight, August 21 and August 27, 1969. The values represent hourly means
derived from the integration programs. The scale of the forest elements is quite
different from those of the preceeding surfaces. The instrument heights begin
at 707 cm, the level of the tips of the taller trees, and increase in 125 cm
increments.

Soil temperatures and heat flux were sampled at one site on the forest floor.
The depths of temperature measurement were the same as for the pumice desert
(0, -2, -5, ~10, and -20 cm). The O level is at the interface between the
soil and the litter layer; a radiometric surface temperature is not tabulated
for the forest. Only three levels of vapor pressure are tabulated on each day
because of malfunctioning psychrometers.

4.2.4 The Marsh Measurements.

Observations at Malheur Lake are summarized in Tables 4-~7 and 4-8
for the respective 24-hour periods from midnight to midnight, August 21 and 23,

*Holbo, H. R. The energy budget and soil thermal regiﬁe of a pumice desert.
Final Report FS-PNW-1203. March 10, 1971. Mimeo., 26 pp. Oregon State
University School of Forestry, Corvallis, Oregon
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HR

10

11
12
13
14
15
16
17

18

19

20
21
22
23

9

g

Table 4-1.

SOIL TEMPERATURES

Microclimate Measurements at the Pumice

AIR - TEMPERAVURLS

21,57 21.3% 21.11 20.90 20.89

LY/NIN DEGPFES DEGREES €
133C% SURFACE  2€M . SGM 1O0CM  20CN  20CH  4OCM  BOCM 160CM
-3.09) 46 9059 16475 18,60 17,35  6.41 6.67 7.35 8.06
=0.335 1,43 6,37 15.21 18.04 17,30 . 2,29 2,39 3.04 4.06
-0.081 V31 5,56 14,19 17,46 17.20 <L W71 1,13 2.06
S0.077 <1018 4,32 12,70 16087 17,78 -1.34 =1.15 =0,75 .04
=0.071 -1,21 3,19 12,28 16429 16,92 =222 =2.26 =1.90 ~1.43
=0.032 3,85 2,76 11.43 15.73 16,80 =1.96 =2,02 =2,02 ~1.78
#3643 15082 5,67 11487 15.12 16,70 3.47 1,16 3.03 2.95
#1983 25,66 12,43 11.79 14,50 16,42  10.89 10.54 10.29 10.07
2339 36,05 20,65 12.7% 14,12 16010 16,13 15.61 16,97 14.65
+42% 41044 PAGT7 15.23 14412 15,83 18,99 18,01 17,43 16.95 16,63 16,56
+623  wA.6? 5,15 17.99 (4,51 15,56 21.47 20,54 19.77 19.02
+53% 49,36 39,81 23.63 15.31 15.39 23,84 22.50 21.47 20.36
+RZ7 4.4 42,56 23.05 16.33 15.30  26.37 23.09 22,02 21.25
+620  A7,B6 43,72 26,83 17,55 15.38 25,46 24,13 23.00 22.16
sS85 U 79 42,67 25.25 18,70 15.56 26,21 24.93 23.79 22.93
508 13,67 40,28 26.99 19,71 15.81 26,07 24,87 23.84 23.01
808 IXi1Y% 6,47 26.96 20.50 16,17 25,53 24,59 23.71 23.03
e267 26,40 31,93 26,41 21,0k 16,53 23,96 23.32 22.75 22,22
o113 19015 26.77 25.41 21.3% 16.87 21,83
=0.051 14,35 20,32 27037 25.89 16482  17.65 17.73 17,86 17.94
“0e112 11,79 15,91 21.67 20.68 17,03 13,85 16,28 14.77 15.29
73137 9.35 13.38 29.72 20.29 17,21 11.90 12,61 13,02 13.70
~0.103 7034 11,81 18,81 19.77 17.32 10.56 10,96 11.40 11,81
=3.335 5,89 12,36 17,67 19,33 17,35  8.12 8,51 9,35 9.60

240CH 320CM
8.49 8,91
4.78 5.17
2.67 3.15
_26% 1.0
-1.21 -0.96
~1.61 1,43
2,82 2.76
9.74 9.83

16,40 16,34

18.60 18.78
20,03 26,09
20,74 20,66
21.65 21,53

22.38 22,27

22.48 22.39

22.65 22.52

21.89 21.82

17.94 17,97
15.56 15.714
14,09 14,33
12.06 12.25

9.99 10.29

6.

Site, July 17, 1969.

20CH

7.3
6,48

5.91

545
5.90
515
7.29

6.73

5.33

L\ L}

POR PRESSURE
MILLIBARS

40CM  B0CM 160CH 240CHM 320CM

7.37
6.54
5.94
5.38
5.20
5.83
5.46
7.29

6.77

L ATe07 16,34

19.95 19.49

6.32

6,88

7.33
7ek8
7036
T.24
T 9%
8454
5465

5.86

7.21

7.39

6,16

6,38

6.45
6.29
5.75
5,23

5.83

6.54

5.86

6.09

7.38

Tele8

6.67 !

7.41 7.48 7.48
6.66 6.83 6.84
6.07 6.25 6,27
5.51 5.69 5.86
5.10 5.21 5.29
5.01 5.49 5.06
6.52 6.04 6,43
7.19 7.13 7.09
6.65 6.58 6.65
5.97 5.91 5,94
5.26 5.12 5,03
5,99 6.73 5,83
6.30 6.35 6,29
6.40 6.41 6,33
6.15 6.18 6.09
5,65 5,66 5.57
5.15 5.16 5.07
5.78 5.78 5,71
6.48 6,50 6,43
5.69 5.70 5.61
5.93 5.90 5.81

707
6.085
6.39
5.96
5.35
5.42
6.49
7.12

6.62

5.88

5.17
5.87
6.19
6,24
6.02
5.45
4,95

5.56

6,30

Seb8

20

61
w8
b5
35
28
26
32
(L]
T
106
143
191
209
217
264
255
294
391

295

WINDSP LD
Cusszn

43

77
66
60
45
37

34

57

87
122
167
224
252
263
325
315
369
380
376
313
169
177

135

80

218
13

75

b

46

38

37
130
172
249
275
29¢
350
35¢
41¢
L7
426
359

139

1AL 260

116 174
105 111
96 13
CLINS £t
56 61
56 63
39 w2
59 60
331 95
139 142
123 2.7
271 281
172 315
317 37%¢
137 413
398 407
€8 491
485 512
A3 513
812 433

276 254

320

1uh
116
111

70

26k

215 250 274 290

160 192 212 225

0 2

n



LY

HR

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Qe
LY/MIN
163C“

~Q0.372

~0.269

T ~B.087

~3.265
~0.358
~0.054
v l33
122
«251
382
<439
«557
596

565

+491

Table 4-2.

SOIL TEMPIRATURES
DEGREES C

SURFACC

~6.15
-7.88
=9.13
-3.,59

-9.61

2CH

“3.49
~4.83
~5.75
6473
-7.28
~7.23
-2.73
5462
13.39
18.09
23448
23.31
24.95
26446
26496
25.15
22.21
19,64
14,91
9 14
641y
2.12
o4l

1.4l

SCM

1..31

6475
6.31
5.63
5. 84
7.73
12.72
15.68
16433
18,493
23402
21.21
21,74
21,50
21.57
19,09
17,24
t5.47
13,95
12.63

11.75

1UCM

lu.81
14.22
13.62
13.u6

12.50

12.13-

11,38
1J.97
1i.60
1156
14491
11.54
12.38
13.36
14433
15.22
15.96
164
16.68
16465
16.36
15.90
15,93

15.54

Microclimate Measurements at the Pumice Site, September 4, 1969,

20CH

15.69
15.58
154k
15.28
15.49
14,96
14.66
14453
14630
14435
13.81
13.63
13.51
13,49
13,55
13.69
13.88
16.10
14437
1459
U477
14,89
15.72

15.77

20CH

-6+ 45
=7.46
-8.27
~9.82
“9. 74
~9.32
=-6e¢ 04
1.73
lueld
14.26
15;61
17.43
19.00
19.72
19.58
19.12
17.43
15,81
12.68
9.12
£§79
1.06
-0.37

=2.83

ALIR TEMPERATURES

4JCM

-5.96
-7.42
-8.15
-9.65
-9.67
-9.36
-6.22
1.29

9.65

13.41
14,70
16.19
17.68
18440
18.35
18.44
16.71
15. 44
12.77
9,46

6.27

1.61

14

=245

OEGREES C
80CM 160CH

~4.81 ~3.90

«6.89 ~-5.,66

«7+39 ~6.30

~8.98 -8.18
=9,22 =8.45
~9.05 ~8.43

~6.27 =635
1.2¢ 1.03
9.40 9.01
12.081 12.14
13.84 12.98
15.25 14.18
16,68 15.54
17.41 16441
17.56 16.56
17.28 16441
16.19 15,49

15.21 14.79

12,87 12.89
9.76 10.22
6,80 7,64
2,45, 3.62
1.15 2.9

“1.56 =G4 70

24 0CM

=334
~4.86
=572
=7.32
-7.83
-8.19
~6.36

94

8.89

11491

12.62
13.87
15.12
16.03
16.30
16.10
15.27
14.66
12.90
16.37

7.89

4.31

3.95

-0e05

320CM

-2.90
~h, 48
~5.43
“6.51
=7.31
=7.91

~6.26

9.63
11.67
12.27
13.5¢
14.72
15.70
16400
15.80
15.04
14,47
12.86
10444

8.15

4.86

4455

.3(’

20CM

4.66
3.43
3.22
2.92
2.93
2.95
3.69
4.22
4,68
5.93
5.70
5.42
5.69
5.68
6.12
6.27
5.94
5.63
5.65
5.69
5.76
5.96
4.87

o224

VAPOR PRESSURE

40CM

3.77

3,67

3.21

2.94%

4.57
S84

Seb4

5.57
5.57
5.98
6.15

5.82

MILLIBARS
8GCM 160CM 240CMH 320TM

4.29
3.58
J.43
3.08
3.07
3.03
3.71
4o11
(YA
5.7
5,62
5.28
5456
5458
5.92
6.12
5.78
Se49
5.58
5.75
Se74
5,22
5.03
4.39

4.49

3.89

4,65
5.82
5.6%
5.30

5.56

Sele3
5.51
5.67
5.73
5.27
5.25

beSh

4.57
4010
3.89
3.58
EFY Y
3.24
374
425
440
5.77
5.56
5.23
5.50
Se49
5.85
6.03
5.70
Sabl
5.49
5.66
S.74
5.33
5.59

k.68

4.60
427
4.04
3.80
3.55
3435
3.83

429

S5.72
Seb1
5.58

belh

37
33
32
32
45
41
31
59
98
188
255
235
318
281
249
293
299
268
229
138
91
52
78

WINJISPZED
[ V43

40

)
4“5
42
w1
56
53
34
56

112

221

334

280

382

336

297

354

359

323

273

164

121
66

124

L1y

46
(.}
66

62

58
118
241
318
176

421

333
6«31
364
316
137
143

79

135

163

58
7d
56
57
4]
80
37
51

127

4o
437
362
43S

LY

175

243

62
72
53
64

84

132
217
346
359
93
w28
377
456
472
w33
331
226
199
149

135

©

32¢

68
82
62
75

37
33
64
137
291

365
517
Wu?
395
478
49
460
wi3
265
213

85
212

(<]
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Table 4~3. Microclimate Measurements at the Meadow Site, July 28, 1969.
ne G SoIL ¥ AIR TEMPERATURE VAPOR PRESSURE WINDSPEED
LY/MIN LY/MIN  DEG G JEGREES. €. MILLIGBARS ____ _  gMsSgc
HR 1350w 5CM 5CM 21CH  RGCM 240CM 20CM  80CHM 240CH 20 u0 80 160 240 320
8 217 . 020 8.96 9.26 7.98 7.627 908 7.49 € TR BB« B
9 402 -0.615 13,20 15,82 15,19 14,94 1074 B,34 7,44 62 7684 92 98 99
14 «593  <0.:554 1R, 27 17.62 17.87 17.64 11.;5 7497 6.61 117 145 168 1964 209 216
11 745 -9,583 2Peb? 13,62 13.97 19,64 114,17 7.7 6.R26 142 176 205 238 254 261 .
12 2845 _=3.%97 g}.au 19.89 19,96 19,55 11,88 B.61 6,86 _ 14% 180 212 248 266 278
12 LA IS PRET 27.86 ?;.71 2L+ 45 20,29 11.84 8.77 7.25 149 188 224 265 285 299
14 AT72  ~).099 28,79 2096 2( .86 20 44 1101 8.60 6.99 19¢ 2;1 294 351 382 62
__ .15 2790 23,78 20485 21.235 24441 27,64 10,96 B.3%  6.68 187 219 290 346 _376 395
16 BRT =), 055 25442 21415 20492 20457 11.68 9,40 7,99 152 192 233 274 298 315
17 493 1,037 27499 20,15 20,30 19,73 11.83 9,93 8,67 146 185 227 272 295 311
1 «311 =-).021 22,01 138.69 18,85 18,83 11.06 9}65 8,66 148 188 272 279 306 326
19 116 =1,0058 1Q, QR 16,63 17.2F 17.65 8.93 7,96 7.26 137 175 217 263 291 310
23 ~«G.)64 279 17.92 11464 14,13 t6.61 9.32 8,35 7.95 52 72 91 114 127 133
24 -2.1.2 «L23 15,40 Dol B.77 11,04 8.45 8,44 8,37 4] [V} G 1] Q 0
22 ~j.1.3 LR 12,27 T4J9 S.b1 7,38 7423 7.56 7,74 0 9 0 0 0 0
23 ~0.14h i3 11.57 35 2.61 5,50 8011 B3l B.k6 0. .0 _ 0 . 0 0
3 =10 B2 10,70 =1411 .67 2.79 5.87  S.4b_ 5,46 O 00 o o __a
1 -0.194 a3 911 2401 =3.72  1.04 5+83 4,84 5,62 6. 0.0 0 6 o
2 -0.103 b Bell 3473 =1,89 .16 4,66 4,54 4,53 g 6 0.0 o6 o
¥ =0,.1.3 LY 7.19 ~4413 «2475 ~1,79 4eI?7 4450 L,b2 £ ji] 0 1] ¢ 0
4 <0.,295% Lhs 6417 ~4+91 ~3.59 -1,57 4412 S.40 4,15 b 1] 4 0 :0 L
5 ~3J.091 67 Seh6 ~5453 =4,18 -2.24 3487 3.99 5,15 0 9 0 0 0 0
6 -0.079 D46 5.7 =565 ~L438 ~2.46 3.93 3.98 4,31 2 0 0 [1] 0 0
7 $023 W 063 5405 =2.94 -2.56 -1.67 4,56 .32 .29 0 8 8 0 g
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Table 4-4.

Microclimate Measurements at the Meadow Site, July 31, 1969.

6 SoIL T AIR TEMPERATURE VAPOR PRFSSURE WIND SPEED
LY/MTIN LY/MIN QFG C OEGPEES C . MILL IDARS CM/SEC

MR 1oigM S50 3cn 20CM  BUCM 16uCM 220CM 20CM  8OCM 160CM 320CM 20 40 80 160 240 320
8 248 019 8.63 T.24% %.38 edd LAY UBE Tede T Y g6 68T HET 60 T LT 13 U6 1Y
9 JIR7 1,315 13,85 15.58 14,85 14,37 14,56 10,24 7,87 7,75 7,33 49 &) 67 73 77 711
10 852 =1,153 19,82 1R.56 18,27 17.67 17.95' 9.70 6475 6.831 5,85 T4 89 99 112 119 12§
11 16 =108 24460 27428 19.78 19.23 19.456  10.66 7,07 6.89 5,92 85 109 127 145 152 156
12 £831  =1,088 é?.ﬂz 2136 23413 20057 20,81 10,67 7.4% 7,37 6,21 117 146 172 198 212 219
13 <873 -)e1ud I0.10 0 22,21 21478 21,26 21456 10,70 T7.77  7.79 6,46 141 177 210 244 263 274
14 SRAT - L8 33,37 22.52 22.61 21.45 21,72  11.45 9.30 9.45 4,10 178 226 277 332 360 379
‘15 $PAW_ ~1,237 21,3 2230 21489 21,34 21.563 10,98 B.B8 9.30 7.87 173 218 268 313 345 363
16 2656 = 2.06T 29,33 24477 21.65 20493 21.20. _11.25  9.35 10,05 8,49 169 212 259 311 339 357
17 WBh =1 0H2 26,53 20465 20047 20433 20428 11.43  9.70 10,54 9,05 157 200 248 298 325 3k
__ 18 «2983° =1,2322  23.63 19,33 19,26 18,93 19.16 11,34 10,02 10,96 3,58 134 169 206 245 268 285
19 WA -3,00R 21408 L6487 17.36 17,32 17,65 G.4k 8.66 9.78 8,37 128 163 203 255 273 290
21 ~-0.1RS 03 18.23 11.59 14,29 15.15 15.96 7.36 6,35 7.70__6.27 63 85 118 132 157 166
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HR

10

11
t2
13
14
15
16
17
18
19
20
21
22
23
0

ne
LY/MIN
13390
-0.13)
-0.087
-0,fa9
=0.l74
~0.i67

~3.049

sbul
«65%
812

«Q19

«522
2372
el 56
~3.115
~0.11%
“Je1d4
-0 ,%9g

-f,rQ2

Table 4-5.

6
LY/MIN

30M
<159
<311
012
013
11
01

012

TR S R

~ 1025

1e33)

Pl )

Re a7
6e17
4.76

365

30.01
ék.?S
19,42
39.76
31.59
13.56
26e0H
21,96
1%.19
14,60
12418

9.92

845G

Microclimate Measurements at the Forest Site, August 21, 1969,

SOTi TEMPERA
NEGREES C
20 5CM

17,19 14,16

11.95 13.28
1083 12,43
9.A5 11,53
10.84
10.13
9.64
9.63
11.19
13,62
15.09
16.04
17.53
2734 18453
U506 19,83
26,72 20.53
24,80 20.68
27.58 20.67
€1+479 19,95
19,93 19,.1
17.89
16.77
15.70

14,93

TURE
10CH

14.91
14.58
16,22
13.84
13.46
13.38
12.72
12.36
12,048
12.04
12.31
12.73
1%.15
13.64
14,19
14.74
15.20
15,648
15.84
15,91
15.86
15.714
15.45

15.23

20Cu

13.86
13.81

13. 74

13.65

13.54
13. 41
13.30
13.13
12,91
12.70

12.56

12,48

12,04
12.47
12.5%
12.69
12.85
13.05
13. 24
13,41
13.58
13.70
13.77

13.8¢C

13.17

8.61 9,06

6,17 6.75

4.65 5,32

_3:99 _ 4.38

3.07 3.58

2.18 2,52
3.09 3.26
9.96 9,92
14.86 16.78
19.17 19.06
22.12 22.¢2
23.80 23.71
25.33 25.23
26.19 25.97
27.13 26.84
27,95 26.a1
26.26 26.07
24.55 24,41
22.36 22433
19.39 19.56
16,11 16.58
13.78
13403 16,47

3.28 9.80

T TAIR TEMPERATURE T

DEGREES C '
737CH 832CM 957CMI0820M1207CM1 332CH

9,38
7.22

5.99

4.20
2.89
3.60
9.99
14.82
19.03
21.85
23.49
24.99

25.72

26.61

26.61
25.95
24,33
22.31
19.66
16.90
14,17
10.93

17.42

9.66
7.70

5452

4e81 5.32 5,84

4.88
348
4.03
13.00

14.79

19.01

21484
23.43
24490
25,63
26.55
26.53
25.88

24.28

22.32

19,72
17.16
14,48
11.01

10.81

9.90 10,13

8.03 8.29

704 7,54
5.37 5.7%
Le0l 4,54
4.52
9.94 9,89
14,72 14.63
18,92 18.80
21.73 21,60
23.34 23.23
26,79 24,66
25,48 25,35

26433 26.22

26.39 26.25

25.78 25.67

24,20 24,09

22.28 22.22

19.75 19.81
17.36 17.58
14,75 15,05
11.81 12,24

11.18 11.39

634

5.06

VAPOR PRESSURE ~
MILLIBARS

707CM 957CM1207CHM

10.05

8.92

9.2%

10.22

11.30

10.26
8.76
9.09
9.79

9.65

904

9.85
11.62
12,37
12414
11.93
11.14

9.95

9.61

10,33
d.u1

8.86

B30

7.89
7.31
7.46
9.28

10.12

11.22

10.11
8.61
8.8
9.63
9.46
9.67
11.45
12.22
12.01
11.89
11.32
10.21

10.09

8.84

10.52
9.68

9.29

8.76

8.46
7.87
7.99
9.30
10.12
11.20
10.06
8.56
8.79
9.50
9.30
8.58
9.55
11.36

12.13
11.95
11.90
11,07
10.58

16.50

T WINOSPEED

T07

39
)
65

88

116

142

153

201

140

C2ut

228

226

163

CH/SEC

832 957108212071332

¢ ¢ o
¢ o o
8t o 0
oo o
6 o0 o
e o0 a
51 65 78
59 66 71
70 75 76
96 101 106
126 136 140
160 172 180
170 186 196
228 248 264
209 231 245
282 315 337
268 301 323
267 299 324
19% 220 238
8 0 0
0 o ¢
¢ o a
o o 2
9 % 0

9%

144

79
109
143
184
264
279
268
360
345
366
253

111
g4y

81

114

149
191
216
295
276
385
369
372

273
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W

10

11

12

13

14
15
16
17
18
19
20
21

22

23

Q»
LY /MIN
13500y
~0.064
-0.0AS
<0.022
-0.,31%2
~3,087

~0.049

450
657
817
.17
.955
930
<916

.68

493

L2467

«002
-N,179
~0.129
-0.123

=0.1TR

S =0.0%6

Table 4-6.
G
LY/74IN
3CM 0CM
01k 138
«01° 1.59
.01 3,01
<0173 Pe 67
«019 1.93
(017 .2q
«012 «59
«G22 7.15
-Je008 15, 06
=1.019 18.33
=192 29.05
'].02? 27,67
-3, G43 24. 86
«J,01 20.53
-1,095 © 28,83
“Je012 2% 10
=J.001% 21.73
-3.083 17,27
<002 12,52
<035 9,92
«0ng Teb?
<009 6ell
012 372
013 T.08

Microclimate Measurements at the Forest Site, August 27, 1969.

SOTIL TEMPERATURE

DEGREES C

2C4  5CM  10CM 20CM. 707CH
7.R4 9,73 12,14 12,21 1,00
7.40 9,13 11.78 12.15 1.36
7.2% 8.73 11.44 12.06 1.93
7.23 8.57 11,15 11,95  1.36
£.92 B8.32 16.90 11,84 .92
£.09 7.88 13.67 11,74 - =0.67
5.66 7.39 10.44 11,62 .02
6.59 7.3% 10415 11,45 7.05
.47 8.59 9.94 11,29 9.89
11,56 10.14 9.94 11,15 11.36
17,16 11.34 10.15 11,08 13,55
15,17 12,32 10.39 10,98  15.58
17.72 14416 10.7% 10.95 16,52
18.27 14a7b 11.16 10,95 17.64
19,72 15,63 11.61 11,00 17,68
19,11 16,20 12.10 1,14  17.62
15.19 15.98 12.47 11,28 16.63
17.23 15,76 12.73 11,43  15.36
15.56 15,62 12.88 11.57 13.54
17,85 164.0822.89 11,70  10.63
12.24 13,03 12.80 11,86 8.65
11.08 12,09 12.61 11,85  7.23
9,81 11.23 12,38 11.90 5.03
8,96 10.55 12.18 11,90 4.26

11.15

16431

TT'AIR TEMPERATURE
DEGREES €
832CM 957CMIG32CM1207CH1332CH

1.50 2.10 2,59 3.18 3.79

175 2413 2.46 2.76

2.10 2454 2478

1.50 2.13

1.04 1.65

-0.32 68

.06 «38 .49

7.05 6.96 6.89

9.95 9.47 9,32

1,75

13.32 12.92 12.55

15442 15.05 14.93 14,55

15.99 15,86 15.52

17,461 17.07 16.94 16.55

174 47 17.17 17.02 16.87

17.40 17.11

1643 16.22 15.97

15.25 15.08 14.86

13.50 13,50 13.39

10.70 10.86 10.89

8.82 9.14 9.20

Te52 _1.92 8 c.Be11

5okl 6.03 6.39

478 5.66 5.99

10.45

16,82 _

" VAPOR PRESSURE

MILLIBARS
707CH B32CH 9S7CM

6.06 6,29 6.62
6.50 6.68 6,83
6.57 6,67 6.79

6436 6,46 6,53
6.27  6.36 6.43
5.68 5.88 6.01
5.69 5.79 5.87
7.67 T7.70 7.75

. 7.75 7,70 7.69

7.58 7.51 7.49
7ok 7,37 7.33
6.81 6.80 6.74

6464 6459 6,54
5,80 5.7 5,72
5.34 5.27 5.29

6411 6.03 6,06
6.96 6.89 6.91
7.71 T.61 T7.6%
7.96 7.87 7.88
8.20 8,15 8,17
8.27 8,27 8.29

_B.19 8.24 B8.27
7.70 7.82 7.89
7.45 7,62 7,77

T WINOSPEED
. CH/SEC
707 832 957108212071332

65 85 99 109 117 127

65 81 94 106 116 126

65 82 91 99 107 114

50 68 85 99 109

55 75 92 109 1213

45 7% 94 115 129 139

49 67 84 102 118 136

79 98 110 121 131 143

146 165 182 196 207 221

137 169 182 193 201 212

132 157 169 179 185 193

178 209 229 242 252 266

214 252 276 296 310 328

238 282 310 332 349 373

281 333 365 394 415 uib

239 287 31u 335 356 3ae

259 308 340 368 388 415 -

206 245 271 293 309 331

184 223 252 273 291 313

108 138 158 174« 189

89 115 136 153 166
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10
11
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14
15
16
17
18
19
20
21
22
23

Qe
LY/MIN
300CH
~0.119
~0.117
-0.119
~0.114
=0.115
-0.109
-0.031
«139
«365
«630
o T84
«892
=938
«913
817
672
Y1)
2346
«005
~0.106
~0.111
~0.116
-0.118

-0.115

Table 4-7.

GROUND TEMPERATURE
DEGREES C

SURFACE OLCH

2CH

15410 18,75 2J.25

14.45
the72
13.58
13.38
13.77
13.14
2%.86
22.6%
25,06
25485
25494
25,60
26,53
25,13
2476
24,48
23.28
22430
19, 38
18.29
18.16
1747

15.82

18.02
17. 84
17.09
17.00
16.78
16.63
17.22
17.72
18.10
20401
22442
24.39
25.87
25. 41
24460
2he 1l
23424
22.06
20,46
19, 44
18.97
17.74

16.84

19.35
19.62
19. 34
19.08
18.79
19.60
18.55
18.55
18.63
23.21
22475
24453
25, 86
26404
25,64
24498
2441l
23.24
‘22451
21.97
21.46
21.07

20.58

30CH

20.35
20.37
20635
20433
20431
2v.27
20.22
2014
2004
19.96
19.88
19.84
19.75
19.69
19.72
19.77
19.78
19.81
19.85
19.87
19.91
19.94
19.98

20401

220CH

14.66
13.65
14,15
12.52
12.32
12.45
13.27
15.63
17.03
18.18
19.30
20.63
21484
22.86
23.85
24434
25.06
24.65
22.80
20.15
18.95
18.42
17.68

15.52

Microclimate Measurements at

AIR TEMPERATURE
DEGREES .C
243CH 2B0CHM 360CM 44OCH

14,68
13.65
14416
12.52
12434
12.43
13.18
15.51
16+96
18.14
19.30
20.65
21.95
23.01
2404
24,52
25. 30
2heTh
22.87
20.21
19.03
18.47
17.71
15.55

1;.76
13.73
14,23
12.59
12.39
12.53
13.26
15.54
16.94
18.08
19,21
20.60
21 .94
22.99
2h.04
24453
25,40
24492
23.405
20442
19.24
18.64
17.83

15.66

14,96
13.95
14,39
12.76
12.54
12.68
13.41
15.65
17.03
18.12
19,22
20.66
22.03
23.10
24447
24.71
25.65
25.22
23.40
20.88
19.65
16.94
18.12

15.95

15.11
14411
14452
12.89
12.66
12.81
13.51
15465
16.97
18.07
19.19
20.66
22.06
23.15
24424
24,81
25.79
25.45
23.67
21.28
19.99
19.19
18.34

16.18

the Marsh Site, August 21, 1971.

520CH

15.26
14.26
16,60
13.02
12.74
12489
13.55
15.62
16.93
18.01
19413
20.63
22.06
23.16
24.27
24.85
25.84
25.61
23.83
21.60
20.28
19.34
18.50
16.30

220CH

10.87
16.80
10.77
10.74
11.02
11.53
11.26
12.06
12.92
13.67
13.96
14415
14.15
14.67
15.03
15.62
15.25

14.18

. 13459

13.68
12.80
12.64
11.96

11.54

VAPQOR PRESSURE

10,82
10.75
10.75
10.72
11.01
11.48
11.17
11.92
12.76
13.43
13.66
13.85
13.97
14,52
14.85
15.41
14,95
14,00
13 .48
13.61
12.70
12.60
11.93

11.50

MILLIBARS
240CM 280CM 360CM 440CH

10.75
10.68
10.69
10.65
10.93
11.37
11.04
11.77
12.58
13.12
13.32
13.39
13.59
15.11
14,39
14494
1h.44
13.63
13.29
13.42
12.52
12.44
11.83

11.39

13.63
10.57
10.62
10.55
10.84
11.28
10.93
11.60
12.43
12.95
13.06
12.96
13.25
13.780
13.96
14,49
13.95
13.26
13.06
13.11
12.30
12.34
11.71

11.23

10.39
10.34
10.43
1034
14.65
11.08
10.70
11.34
12.18
12.74%
12.73
12.65
12.87
13.25
13.50
14.02
13.50
12.7%
12.62
12.61
11.87
12.00
11.42

10.96

520CH

10.27
10.19
10.33
10.22
10.55
11.01
10.56
11.14
11.96
12.53
12.51
12.40
12.56
12.94
13.16

13.64

13.18.

12.36
12.37
12.27
11.59
11.84
11.26

10.80

123
115
136
112
110

84

99
109

108

100
121
143
151
139
134

126
119
92
98
102
125

119

WINOSPEED
CM/SEC
220 240 28C 360

134
127
150
123
122
89

108
119

119
129
104

133

159
169
156
152
125
161
133
101
149
114
129

138

152
146
173
142
137

98
124
132
129
142
112
146
177
139
17s
169
138
166
151
118
128
128
149

165

193
130

165
120
150
155
152
160

128

150
160
155

134

b4d

227
215
269
29
198
149
173
182
176
182
140
187
234
252
232
232
182
212
224
136
202
195
225

252

52¢

252
243
277
235
219
155
194
198
191
194
167
198
251
268
249
259
194
252
247
216
227
217
250

2818
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18
11
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13
14
15
186
17
18
19
20
21
e 2
23

hi
LY/HIN
330CH
-0.151
-0.1580
*D.143
-0.139
=0.134
-0.125
~0.063
«166
4isS
«628
«793
«9086
-1
«915

« 817
«658
453
«209
~3.02%
-0s1486
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=Re123

«0.133

~0.140

Table 4-8.

GROUND TEMPERATURE

Microclimate Measurements at the Marsh Site, August 23, 1971.

DEGREES C

SURFACE Ou4cCM

11.37 12.30

11.13 12.04
B.44 10,26
7.53 B.46

T.47

12,57
14,68
15.75
18,42
20.96
22.27
21,47
20,77
19.77
19.01 19.19
19.08 18.84
16,28 18.74
13,74 18.36
11,92 17.85
11,06 17,11

13.76 16.59

2cHN

16417
15.96
15.68
15.35
15. L7
14082
14.51
1b.bl
162
16,73
15,73
18.22

20. 40

21,61

21.76
21.49
20.23
19. 57
19,32
18,86
18.38
17.8a
17.28

16484

390

19,38
19.32
19.24
19.16
19.08
183.99
18.89
18.78
18.64
18.54
18,43
18,33
Lﬂ.él
18.13
iB.lS
18,13
18,12
18.12
18.12
18.17

18.20

18.27

18.31

220CH

1G.38
18.29
6.95
54449
S.bb
4.88
6.04
B.13
9,95
11.73
13.40
14,71
16.51
17.83
18.85
19467
19.69
19.55
18,641
16.55
13.62

9,84

9.79

AIR TEMPERATURE

. DEGREES C

240CH

10,45
10,34
6,93
5.46
5. 40
4.85
5.79
7.77
9.68
11.58
13. 34
14,73
16.57
17,95
18,97
19.61
19,86
19.76
18,68
16, 8%

13.84

18425_...11.42_11.,65

9,97
10.15

280CH 360CH

16,54 10.69
10,40 10.52
6.97 7.02
5.48 9.51
5.43 S5.49
4.B9 4,95
S.84 5.90
7.7 7.72
9.52 9.49
11.64 11463
13.21 13.17
14,66 14,64
16.50 16.51
17.92 17.95
18,96 19.03
19.6% 19,77
19.96 20.16
19,92 20.17
18.94 19.22
17.20 17.68

16426 14.93

~12407.12.84

10.22 10.80

10.53 10.93

LW0CH

10,77
10.55
7.02
5.50
5.52
4,95

5.89

13.25

520CH

220CH
10,78 8,95
10.57 8.51

7.02  8.89

5.50  8.27

5.58 8.52

4.97 7.92

5.82  7.83

7.56 . 8.67

9.28  9.34
11,22 9.4k
13.01  9.58
14,54  9.12
16.45 . 9.23
17.93  8.63
19.96  8.91
15.86 8.75
20.31 . 8.51
20.38 9.64
19.55 . 12.24
18,21  11.95
15,63  10.98
4362 Ba3Y
12,00  B.4D
11.53  8.85

" WAPGR PRESSURE

8.90
8.46
B.84
8.25
8.48
7.89
7.79
8.62
9.22
9.26
9440
6.93
9.06
8.50
8.76
8.60
8.35
9.43
12.01
11.76
10.78
.. 8.00
8.23

8.5¢4

MILL IBARS
240CH 280CH 360CM 4L&OCM

8,83
B.b1
8.77
8.19
8.43
7.63
7.73
8.54%
9.10
9.09
9.15
8.69
8.T4
8.19
8.43
8.26
8.02
9.11
11.73
11.56
10.61
ALY
7.92

8.09

8.60
8.41
8.69
8.11
8.36
T.77
7.78
8.53
9.05
9.00
8.97
8.53
8.49
7.91
8.16
8.03
.Te?9
8,91
11.48
11.35
3.91
6.72
7.40

7.67

8.63
8.28

8.53

7.95°

8,24
7.65
T.56
8.39
8.89
8,88
8.77
8.28
8.19
7.52
7.76
7.60
7.29
8,41
11.08
10.96
9,43
6.08
6.76

7.01

529CN

8.56"

220

123
168
83
81
81
94
73
81
70
a9
169
152
154
186
204
21k
182
126
82
67
60
60
61

9

WINDSPEED
CHsSEC

240

140
186
94
92
89
106
77
94
7
7
1638
169
173
247
227
241
203
142
93
7
71
71
72

58

280

154
247
100
132
13¢

119

-3
39
83
115
185
185
132
228
251
268
228
159
104
90
47
87
88

65

360

145
247
121
142
124
166

97
114

kL)

296
317
267
191
131
114
119

118

44C

247
27s
139
Lt
163
163
116
122

99
126
234
23
2up
295
324
352
301
213
150
136
143
162
153

93

520

224
301
152
156
155
181
112
129
102
131
208
245
254
313
349
376
321
228
166
152
159
158

175



1971. The values represent hourly means derived from the integration program.
The instrument heights begin at 220 cm, the approximate height of the tips of
the reeds, and then continue with increments of +20, +40, +80, +160, +240, and
+320 cm. The heights of the instruments above the reeds are thus comparable
with the gpacing above the pumice and the meadow surfaces.

The surface temperature of the marsh is calculated from the estimate of
outgoing longwave radiation in the same manner as for the pumice site. No corrections
were applied for emissivity and reflection of atmospheric radiation, so the surface
temperature estimates are of the "effective" radiating temperature of the reeds
and water as seen by the radiometers. This temperature is derived from calculations
involving all of the radiometers, and thus includes any residual calibration
errors among the four radiometers.

The other tabulated marsh temperatures were made approximately at -0.1, -2,
and -30 cm depths. The site of the water temperature measurements was about
20 m east of the radiometers and the water was shallower. Thus the -30 cm depth
was at the water/mud interface.

4.3 Measurement Accuracy

The accuracy of measurement enters into the analysis of microclimate data
in two ways. The first is through the accuracy with which the recorded values
represent the desired environmental variables; this involves an evaluation of
the design and performance of the environmental data acquisition system. The
second consideration in whether the experimental design insures that the measured
data will meet the assumptions inherent in the particular model selected for
analysis. It is quite possible that the environmental variables could be measured
with an exceedingly high degree of accuracy, and yet the analyses could fail
if the instruments were poorly sited, so that their measurements did not indicate
the influence of the desired exchange surface. The problems of accuracy have
received some attention in micrometeorological studies, while problems of experimental
design have generally been overlooked. However, most studies have been deficient
in their consideration of these problems.

4.3.1 Accuracy of Recorded Values.

Each measurement can contain both bias and random error. The distinction
is important, since biases can be subtracted, but not averaged, out of the signal,
while random errors can be removed or minimized by averaging.

Bias may be introduced by improper calibration, or by poor instrument response.
For example, temperatures derived from thermocouples may contain a bias error
if a standard calibration is assumed when it does not in fact apply. A biased
temperature may also result if the sensor is improperly shielded against solar
radiation. Random errors are most commonly associated with the recorder performance
in rejection of noise, or in the design of the voltmeter. The recorders can
also contribute bias to the readings through amplifier problems of drift or zero
offset.

The recorder specifications are important in any estimate of system errors.
The accuracy specifications for our Vidar recorder are + 0.007% of scale, +
0.004% of reading, and + 4 microvolts, if the recorder is calibrated daily,
if the ambient temperature remains between 24 and 26°C, and if the voltmeter
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integration period extends for 166 2/3 milliseconds. Accuracy means the closeness
with which the reading represents the true value. Precision, or the ability

to reproduce a given reading for a constant signal, is also of interest to us.
Under the conditions stated above, the precision of the Vidar recorder is +

0.001% of scale. B

The magnitude of error introduced by the recorder can be monitored if a known
calibration signal is recorded. OQur field measurements include the routine sampling
of the temperature of an ice bath. This provides a check on the combined performance
of the recorder, the heated reference junction, and the calibration of the thermocouples
at one temperature. From these readings, and from the recorder specifications,
an error estimate can be derived for the temperatures in the system. The recorder
specifications alone can be used to estimate the accuracy of the radiation and
soil heat fluxes. However, it is necessary to assume that the calibration errors
are zero for radiometers and soil heat fluxmeters. In the final analysis, the
judgement of the investigator must play a large role in the establishment of
accuracy limits.

Based upon these considerations, values of the uncertainties in our measurements
are calculated after Scarborough (1966) and are tabulated in Table 4-9. For
convenience, the uncertainties are calculated and tabulated for typical values
of the measured envirommental variables. Holbo (1972) gives details.

The uncertainties of the differential measurements of temperature (+ 0.017°C),
vapor pressure (+0.052 mb), and wind speed (+ 1 cm/sec) are critical factors
in the use of energy budget analyses. The uncertainties given for these differential
measurements in Table 4-9 are small enough to suggest that a variety of analyses
can be applied to the data. The absolute values of these variables are measured
with less accuracy, but, fortunately, the majority of the analyses require high
accuracy only in the differential measurements.

Table 4-9. Estimate of Data Errors for Typical Values. Holbo, 1972.

Variable Typical Value Uncertainty
Soil or Dry Bulb Temperature 288°K (15°C) + 0.256°C
Soil or Dry Bulb Differential 2.5°C + 0.617°C
Vapor Pressure 8.75 mb + 0.218 mb ,
Net Radiation 0.5 cal/cm?/min + 0.001 cal/cm?/min
Surface Temperature (e = 1.0) 308°K (35°C) + 0.156°C
Windspeed 200 cm/sec + 10 cm/sec
Wind Speed Differential 100 cm/sec + 1 cm/sec

The recording errors for radiation (+ 0.001 cal/cm?/min) are very small.
It must be noted that the calibration and sensor response errors may be quite
large for net radiation. In actual practice, the accuracy of net radiometers
is generally thought to be about + 10 percent (IGY Instruction Manual, 1958).
The instrumental errors are felt to be less than this in this study, but no
precise estimate can be developed. The estimate of surface temperature does
provide an indirect check since it is based upon measurements among four
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radiometers, and contains the residual of all of the calibration errors. The
surface temperatures calculated from the radiation measurements are well-behaved.
They compare well with thermocouple measurements in the pumice desert, and with
air temperature measurements near the surface at the meadow, forest and marsh
sites. This comparison, though difficult to quantify, does give confidence

in the radiation measurements.

4.3.2 Tests of the Experimental Design.

. The gradient measurements must be accurate to be useful. In addition,

. the instruments must be placed so that their measurements reflect the influence
of the exchanging surface on the state of the atmosphere near the surface. In
¥other words, the gradient measurements must be made within the surface boundary
jlayer;r

| There are several .guidelines in use that relate the maximum height of useful
;*‘measurement to the area. of the exchange surface. Tanner (1963) has summarized
4, these ' ad it appears that the ratio of measurement height to fetch over the
SRS surfe should be in the range of 1:100 or 1:200. The ratios for our studies
3 do not “exceed 1: 250§ ‘and thus are well within the guidelines. Further, it is
” possible that the ratio could decrease (fetch requirements diminish) over aerodynamically
ruugh surfaces such as the lodgepole forest studied here. However, no work
y«t appears to have evaluated this possibility.

Properties of the surface are known to affect the similarity between the
profiles of temperature, vapor, and wind. For example, a surface could appear
uniform, while in reality it might be a checkerboard of dry and moist areas.

Tanner (1963) has pointed out that in such a situation the sensors may be responding
to different sources of vapor and heat. This problem may be intensified when
sensors are placed too close to a vegetated surface.

A related problem may be present if the various properties of the atmosphere
are measured at different heights in the boundary layer. Such height differences
are minimized for temperature and vapor measurements by the design of psychrometers
which place the wet- and dry-bulb elements within the same air stream. The
most serious problem is associated with matching the measurement heights between
the psychrometers and the anemometers. Further, it is possible that the sources
of heat and vapor and the sink for momentum may occur at different levels in
a vegetation canopy, making height matching even more difficult to accomplish.

When these problems exist, it is inappropriate to apply energy budget analyses
that assume similarity in gradients, e.g., equality of transfer coefficients.

Tanner (1963) has suggested that these problems will be revealed if the
appropriate profiles are plotted against each other. If, for example, temperature
is plotted against vapor pressure, a straight line will result whenever the instruments
are performing properly and the experimental design is adequate, and whenever
the surface conditions are such as to insure that similarity exists in the transfer
of heat and vapor. This test is important, but is not commonly included in ecnergy
budget studies. It requires that the profiles be measured at a number of levels.
However, the plots clearly test the adequacy of the experimental data.

Similarity was tested for the data in Tables [4-1] through [4-8] by plotting
of the appropriate temperature, vapor, and wind profiles. The plots were helpful
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in selection of appropriate instrument levels for subsequent analyses, and in
the detection of malfunctioning instruments,

These similarity plots are reproduced in Figures 4-5 through 4-12. Part
A in each Figure is a plot of 6 vs. e; part B is a plot of 6 vs. u. For convenience
and ease in plotting, the bottom instrument value was subtracted from each reading
in a given profile. The scale was originally either 0.5°C, 1°C, 1 mb, or 100
cm/sec, per inch, making it easy to detect deviations from linearity of 1 percent.

As an example of interpretation of the similarity plots, Figure 4-5A
shows drift in the vapor pressure reading at the first level after 1200 hours.
Also, levels 1 and 2 were not operating at 1000 and 1100 and the data for these
two hours is omitted from Figure 4-5A. It is also evident that all psychrometers
were operating improperly at hour 0600 and 0700. Comparison with Figure 4~5B
at these hours confirms that the problem is associated with the vapor pressure
measurements. Inspection of the air temperature records in Table 4-1 suggests
that the wicks had frozen, and were probably thawing during this period.

In addition to linearity checks, other helpful information can be deduced
from the plots, In particular, the slope of the 6 vs. e profile is merely the
Bowen ratio, divided by the psychrometric constant. For the majority of these
high elevation sites, the psychrometric constant was slightly greater than 0.5.
The diurnal change in the Bowen ratio is clearly revealed in examination of the
hourly profiles of 6 vs. e. For example, the shift from a positive to a negative
Bowen ratio is apparent over the marsh in Figure 4-11 and 4-12, as advection
begins to develop during the late morning hours and convection begins to transfer
sensible energy downward to the marsh. '

Small temperature offsets are evident in the plots of the marsh observations
(Figure 4-11, 4-12). These offsets are apparent on both days and are most evident
when the temperature gradient is near zero. We are not certain whether these
irregularities are the result of instrumental errors, or whether they indicate
that the lower levels of measurement are influenced by a position too close to
the tops of the reeds, The temperature scale on the ordinate of the marsh plots
was drawn in the ratio of 0.5°C per inch, while all other plots were drawn at
1°C per inch, so offsets are more evident for the marsh. The upper three levels
approach linearity for nearly all marsh profiles, so these were the levels selected
for energy budget analysis.

4.4 Summary.

The experimental design is described for measurements made at four contrasting
study sites in central Oregon. The sites were flat expanses covered by pumice,
wet meadow, lodgepole pine, and marsh. Measurements of the mean hourly values
of net radiation, soil heat flux, and the gradients of temperature, vapor pressure,
and wind speed are tabulated for two 24-hour periods of clear weather over the
pumice, forest and marsh sites. The meadow data includes one 24-hour period
and a 13-hour period from dawn to dark on a second day. In addition, the wind
data is incomplete over the meadow. Despite these omissions, the uniformity
of the sites, the prevailing weather conditions, and the experimental design
permits quantitative comparisons to be drawn between the microclimates of these
four surfaces, :

The accuracy of the tabulated data is discussed, and projections made for

4-17



81-%

°
>

: I

TEMPERATURE (1.0 BDECREES (PER INCH)
v % » ow = -
W« & ® D v e «a
-
.\-;
-
g
-
3

VAPOR PRESSURE (1 M B PER INGH) .
17 JuL 17262 SIMILARITY TEST--TEMPERATURE AND VAPPSR PRESSURE PUMICE DESERT

TEMPERATURE (1.0 DEGREES(PER INCH)
e « 3 32 82 S 3
oo ]
1
p—
| —

)
“

PARERTY
a @wm a =«
-

=

-

[

3

k 4

3

x
\
~\\\\\\\\\:
\

3

-
w

>
-

wIND smnA (100 C N PER SEC. PER INCH) .
17 JUL 1969 SIMILORITY TEST~-TEMPERATURE AND WIND SPEED PUMICE DESERT

Figure 4-5. Similarity *ests of the pumice desert data, July 17, 1969. A. Temperature and vapor
pr=ssure. B. Temperatur. and wind. The value at the {irst level of measurement was subtracted from
2: reading to facilitate ~lotting. The plots begin at hour 0 and continue through hour 24.



6T-v

! . .
? B
. A }
é (] 2 3 L] £ . td . » ] " [ (k4
g'ﬁ),f/"”/r J//( .
‘ |
;. /
20 0 Iw
- VAPOR PRESSURE (mh)
4 SEP 1969 SIMILARITY TEST--TEMPERQTURE AND UAPBR PRESSURE
N\ \
o 1- B \\\\;::t\\\\:i\;;:::i\\:::i\\\\\\\ \\\\\\\\\\\\\
£ . 4 \ 1\ RN ]
3 ¢ ) f [l 3 . s . 2 . , - e " ) " 1 .. M [ I e n M n Tn P
) , ’
e f
. g !
v ! / } 0 100 cm/sec ‘ A
" ! ‘

‘ . uznnspsﬁo {cm/aec)
4 SEP 1969 SIMILARITY TEST--TEMPERATURE AND WIND SPEED PUMICE DESERT /

Figure 4-6. Similarity tests of the pumice desert data, Sept. 4, 1969. A. Temperature and vapor
pressure. B. Temperature and wind. The value at the first level of measurement was subtracted from
each reading to facilitate plotting. The plots begin at hour O and continue through hour 24.



0t-%

TEMPERATURE (*C)

TEXPERATURE (°C)

»

VAPOR PRESSURE (mb)

28 JuL Iéé9 SIMILARITY TEST--TEMPERATURE AND UAPSR PRESSLRE SPARKS MEADSW

Lo

0 100 ca/sec
——

HIND;PFED (ca/sec)

28 JUL 1969 SIMILARITY TEST--TEMPERATURE AND WIND SPEED SPARKS MEADSW

Figure 4-7. Similarity tests of the meadow data, July 28, 1569. A. Temperature and vapor pressure.

B. Temperature and wind.
to facilitate plotting.

The value at the first level of measurement was subtracted from each reading
I.e plots begin at hour 8 and continue through hour 31.



1%

>

~
"

TEMPERATURE (°C)

M
b

5 0 1 mb

VAPOR PRESSURE (mb)

31 JUL 1969 SIMILARITY TEST--TEMPERATURE AND UAPSBR PRESSWRE — SPARKS MEADSW

" i» ES n 7 n FO

s 0 100 em/sec
——— -
s

WINDSPEED (cm/sec)

31 JUL 1969 SIMILARITY TEST--TEMPERATURE AND WIND SPEED SPARKS MEADSW

Figure 4-8. Similarity tests of the meadow data, July 31, 1969. A. Temperature and vapor pressure.
B. Temperature and wind. The value at the first level of measurement was subtracted from each reading
to facilitate plotting. The plots begin at hour 8 and continue through hour 21.



cc-%

4
o

TEMPERATURE (°C)

TEMPERATURE (°C) |

? SNENNNNNYs

}- i /////, Yo : > Y ‘Y o = n P

&

—

-

R

VAPOR TRESSURE (ub)

21 AaUG 1969/ SIHILQAITY TEST--TEMPERATURE AND UAPBR PRESSURE LBOGPBLE FBREST

Figure 4-9. Similarity plots at the forest site, August 21, 1969. A. Temperature and vapor pressure.
B. Temperature and wind. The value at the first level of measurement was subtracted from each reading
to frcilitate plotting. T :.e plots begin at hour 0 and continue through hour 24.

1
L) i
5 |
|
\\\\ |
. U \ \ \ ] \\‘x ? . - j
[ i
j
| | i
s [ ‘100 cm/eec E
[ e | t
|
s . i
WINDSPEED (cm/aec)
21 AUG 1569 SIMILARITY TEST--TEMPERATURE AND WIND GPEED LODGPOLE FEREST



TEMPERATURE (*C)
B .

£y

_TEMPERATURE (°C)

1P /, /; /: /- 7; /o Vg » T 0 O 2 n :.. s : u »

VAPOR. PRESSURE {ab)

27 6Uh (969 SIMILARITY TEST--TEMPERATURE AND UAPSR PRESSURE  LBOGPBLE FOREST

« AANANNNNANSS
e T

-
s

0 100 cm/sec
[S——

WINDSPEED (cm/sec)

27 AUG 1969 SIMILARITY TEST--TEMPERATURE AND WIND SPEED LBDCOPBLE FBREST

Figure 4-10. Similarity plots at the forest site, August 27, 1969. A. Temperature and vapor pressure,
B. Temperature and wind. The value at the first level of measurement was subtracted from each reading
to facilitate plotting. The plots begin at hour 0 and continue through hour 24.



VA

TEMPERATURE (°c)

I MPERATURE (*C)

2

-

f“Y\T\\\\\”y'”Rbkng\X$§‘\

. VA;OR PRESSURE (mb)
25 aUG 1971 SIMILARITY TEST-~TEMPERATURE AND UAPER PRESSURE MALHEUR LAKE

v ——am ey

/\‘4[\\\/\;\”\, ha

e

s 0 100 cm/sec
ey

WINDSPEED (cm/sec)

21 aUG 1971 SIMILARITY TEST-—TEMPERQTURE‘QND.NIND SPEED MALHEUR LAKE

Figure 4-11. Similarity plots at the marsh, August 21, 1971. A. Temperature and vapor pressure.
B. Temperature and wind. The value at the first level of measurement was subtracted from each reading
co facilitate plotting. The rlots begin at hour 0 and continue through hour 24.



S~y

TRPERATURE (°c)

Cwewr T T e

4
E

TEMPERATURE (*C)

VAPOR PRESSURE (mb)
MALHEUR LAKE

»

o

>

>

B

NI \.3\>x>v

S =TT

0 100 co/sec -
brt—y

N f /S
. \ TR T Y S M\L\_ — : AN \
T AN
_ S._1® \ \:\ l\ N

23 AUG 1971 SIMILARITY TEST--TEHPERQATURE AND UAPEBR PRESSURE

WINDSPEED (cu/sec) .

23 aUG (92 SIMILARITY TEST--TEMPERATURE AND WIND SPEZD MALHEUR LAKE

Figure 4-12. Similarity plots at the marsh, August 23, 1971. A. Temperature and vapor pressure.
B. Temperature and wind. The value at the first level of measurement was subtracted from each reading

to facilitate plotting. The plots begin at hour 0 and continue through hour 24,



uncertainties in the measurements. The differential gradient measurements are

very critical for a variety of energy budget analyses. The uncertainties calculated
for typical values are: temperature differences, + 0.017°C3 vapor pressure
differences, + 0.052 mb; and wind speed differences, + 1 cm/sec.

The field performance of the instruments and the adequacy of the experimental
design was further tested by a plotting technique. Similarity plots of temperature
against wind speed, confirmed the accuracy of the field measurements. Further,
the plots proved useful in selecting the appropriate instrument levels to be used
in subsequent analyses, and also in interpretation of the energy exchange phenomena
taking place at the surfaces,
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5. RESULTS AND DISCUSSION

Thermal properties play an important role in the transformation of energy
at a natural surface. The major input of energy is by radiation; dissipation
is by reradiation, convection, evaporation and storage. The application of
transfer models to the microclimate data collected at each site will define the
energy budgets and aid in identifying those surface properties that have the greatest
influence upon the energy exchange processes. This will then help us to predict
and interpret the effects of changes in surface characteristics. There are few
reports available that permit a comparison among energy budgets of dissimilar
surfaces. Miller (1965) summarized reports from a variety of sources, and
Aizenshtat (1960) has compared the energy budgets of several surfaces in an
arid region.

The radiation exchange processes will be examined first, for they provide
the major source of energy to the surface. The other modes of thermal energy
transfer will then be examined in order to evaluate the dissipation of energy
by the surface.

5.1 Radiation Budget Results

Net radiation (Q*) over a surface is the residual value of the incoming
radiation minus that leaving the surface. The net radiation term thus represents
the amount of energy that is transformed from radiant to non-radiant forms.

The properties of the surface play an important role in the transformation process
and thus influence the net amount of radiation that is transformed, or made
available, at the surface. These surface properties can be examined through
measurements of the different components of the radiation budget. This has

been done in Miller's (1965) synthesis of energy exchange reports, by Reifsnyder
and Lull (1965), by Gay (1971) and Gay and Knoerr (1970).

The incoming components are shortwave radiation from the sun (K+) and
longwave radiation from the atmosphere (L+). The components leaving the surface
are reflected shortwave (K+) and outgoing longwave (Lt). The reflected fraction
of shortwave radiation 1is called "albedo'" (¢) and may be expressed in percent.
Outgoing longwave radiation actually consists of three parts. The major portion
(Lg) is that emitted in relation to the emissivity and absolute temperature of
the surface. A small portion is that fraction of incoming longwave reflected
at the surface (rL+¥) in proportion to the coefficient of reflectivity (r) for
longwave radiation. The value of r over vegetated surfaces is in the order of
1 percent. Another small portion of outgoing longwave is that emitted by the
layer of the atmosphere between the surface and the radiometer; this may be symbolized
as At. In practice, however, we shall not attempt to break down the value
of L+ measured at the level of the radiometer several meters above the surface.

The diurnal course of the mean hourly radiation budget components is plotted
in Figures 5-1 through 5~4 for the pumice, meadow, forest and marsh sites.
The mean daily radiation budget components and albedo values are summarized
in Table 5-~1 for the period of measurements.
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Table 5-1. Mean radiation budgets for the four sites. Flux units are
cal/cmz/day, and albedo (o) is in percent.

albedo Shortwave ' Longwave Allwave
Surface o K¢ ~ Kt = K¢ L+ -L4+ = L* Q¥ - Ot = Q%
Pumice 23% 637 148 489 605 868 -263 1242 1016 226
Meadow 25% 694 164 529 596 773 -177 1288 937 351
Forest 10% 602 58 544 652 812 ~160 1254 870 384
Marsh 11% 598 69 529 650 854 -204 1248 923 325

5.2 Radiation Budget Discussion

Several factors should be kept in mind during the discussion of the
radiation measurements. For example, the measurements were not made at the
same time and under strictly comparable conditions. Also, the accuracy of
measurement of the shortwave components is in the order of 5 percent, while the
longw ve and net components may be only within 10 percent. However, the
meas  ment days exhibit the same cloudless sky pattern, and they all fell within
a seven week period from mid-July to early September. Within these limitations
of precision and similarity, the budget components can be examined for information
on the way the various surfaces transform radiation.

5.2.1 Shortwave Exchange.

The albedo of a surface plays a major role in the availability of
energy for transformation. The data in Table 5-1 suggest that the four surfaces
fall into two groups. The pumice and the meadow are relatively poor absorbers
with albedos measuring 23 percent and 25 percent, respectively. The forest and
the marsh, in contrast, are good absorbers with albedos of only 10 and 11 percent,
respectively.

The 25 percent value of the meadow albedo is close to values reported
elsewhere for surfaces covered with low, dense vegetation. Monteith (1959),
for example, proposed a generalized albedo of 26 percent for field crops based
upon his measurements of both individual leaves and plant communities. The
low albedos for the forest and the marsh are also corroborated by other reports
(Gay and Knoerr, 1970).

The major effect of the albedo differences can be seen in the shortwave
absorption totals (K*) in Table 5~1. Even though the pumice and meadow sites
received the most shortwave radiation (K+) during the period of measurement, the
forest and marsh abscorbed the most. The relatively large quantities of absorbed
solar radiation at the forest and marsh sites must then be dissipated through
other energy exchange processes.

5.2.2 Longwave Exchange

The gain and loss of longwave radiation also affects the radiant
energy available to a surface. The net exchange of longwave radiation (L¥%)
in Table 5-1 suggests that the surfaces can again be ordered into two groups.
The emission of longwave radiation by the pumice surface far exceeds the gain
from the atmosphere; the net loss is ~-263 cal/cmz/day. The marsh had the second
largest longwave loss, totaling -204 cal/cmz/day. The meadow and forest, on
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the other hand, showed lower net losses in the order of -170 cal/cmz/day. The
differences among the last three surfaces are small, however, and thus may
not be significant.

The net longwave totals indicate that the pumice surface maintains a relatively
warm surface temperature for a given regime of energy exchange. Energy dissipation
processes other than radiation exchange enter into the development of a warm
surface temperature, and these will be discussed in a later section.

5.2.3 Allwave Exchange

The total radiant energy supplied to the surfaces is also of interest.
The totals can be deduced from Table 5-1. Summing KV and LY yields incoming
radiation totals (Q¥) of 1242, 1288, 1254, and 1248 cal/cm?/day for the pumice,
meadow, forest and marsh respectively. In other words, the total radiation
incident upon the four surfaces varied approximately 2 percent about a mean
of 1258 cal/cm?/day. The total radiation input was unexpectedly uniform for the
four sites.

Net radiation for each site depends upon the characteristics of each surface
that control the absorption and subsequent dissipation of the radiation. Some
of these differences are associated with albedo. Others, however, require
further consideration of the energy budget components for understanding. Note
for example, that the net transformed radiation (Q¥*) over the pumice is much
less than over the meadow, even though the albedos are similar. In our later
examination of energy budget results, we shall see that the meadow is more
efficient than the pumice in transforming absorbed radiation into non-radiant
forms of energy, principally the latent heat of evaporation.

Because of the interaction between radiation properties and energy budget
processes, it is not possible to deduce complete information from measured values
of net radiation alcne. The forest, for example, had the greatest net radiation.
In fact, Q* over the forest was 170 percent of that over the pumice. Without
information on the other radiation fluxes, however, one can not determine whether
the observed difference is related to the input of radiant energy, to the surface
albedo, or to the efficiency of the surface in transforming radiation into the
non-radiative dissipation processes of convection, evaporation, and storage.

For the example of the pumice and forest, we observe that the radiant energy

input was almost the same (1242 cal/cm? versus 1254 cal/cmz). The net radiation
differences at these two surfaces are associated with albedo (23 percent over

the pumice and 10 percent over the forest), and with the transformation efficiency
of the surface.

We have now examined some of the factors affecting radiation exchange,
and in the next section, we will look further at the processes governing other

modes of energy transfer.

5.3 Energy Budget Results.

The following comments apply to the results of the energy budget calculations
from each of the four uniform sites during mid-summer conditions of clear
skies and warm temperatures.
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5.3.1 Pumice Desert Energy Budget.

The procedures used to evaluate the energy budget components at the
pumice desert site have been described in detail by Holbo (1972) so0 only a summary
will be given here.

The convective heat flux (H) was calculated using the aerodynamic model,
Equation [1-5a], with an empirically determined stability correction (Holbo,
1971). The latent energy flux (AE) was then calculated as a residual in
Equation [1-1]. The soil heat flux (G) was based upon the temperature and
volumetric heat capacity measurements.

The pumice results are tabulated in Table 5-2 for July 17, and September
4, 1969. The data represent mean hourly rates in units of calories per square
centimeter per minute. For convenience, the daily integrals (cal/cm?/day)
are also included in the Table.

"he pumice site energy fluxes are plotted in Figure 5-5. The plots show

" the othness of the diurnal curves of the transformed radiation (Q*), the

change in storage (G), convection (H), and latent energy (AE).
5.3.2 Meadow Energy Budget

The Bowen ratio method, Equation [1-4], was used to evaluate the latent
and convective energy fluxes at the meadow site. The soil heat flux was measured
directly with heat flux plates at the -5 cm level; this was the approximate
depth of the interface between the fiberous roots and the soil matrix. No
correction was applied to the soil heat flux for changes in storage in the
5 cm layer between the flux plates and the surface. This affects the magnitude
of the hourly values, but should not affect the daily means.

The energy budget analyses for the meadow site are tabulated in Table 5-3
for mean hourly rates (cal/cm?/min) and for daily integrals (cal/cm?/day).
The diurnal cycle of energy exchange for the meadow is plotted in Figure 5-6.

5.3.3 TForest Energy Budget

The Bowen ratio method, Equation [1-4], was used to evaluate the
latent and convective fluxes over the lodgepole pine forest. The soil heat
flux was measured directly with soil heat flux plates positioned 5 cm below
the interface between the litter layer and the mineral soil., As in the meadow,
no correction was applied for the energy storage changes in the soil and litter
layer above the flux plates.

The energy budget analyses for the lodgepole pine stand are tabulated
in Table 5-4, and plotted in Figure 5-7.

5.3.4 The Marsh Energy Budget
The marsh energy budget was developed from asrodynamic estimates of

latent and convective energy. The application of Equations [1-5, 1-6] at the
marsh site requires additional considerations that should be mentioned here.
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Table 5-3.

The energy budget components at the meadow site, July 28 and 31, 1969.

in units of cal/cm?/min, while the integrated units are cal/cm?/day.
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. Perfod _QF o SHR . R _E. .
Tie 7, ~3.1076 C0436 «1719 -0.1u73
130- 21: -5.1029 L0401, .0633 -0.3045
230 2250 . *3.06995 »<.Wm,uu524”_1me_".nzlh L3210 . et e
7T 630 -3.0952 <0662 0445 4046
Wie 31 -3.0912 . 0465 -239¢ <3056
e 5I0-IE30 L. ~3.078% . _. o 04BZ .. . a32B1 LdLea e
£30- 77, 0199 <0434 -0.3679 0346 _PERTOD | LAy
73i-.03%, .2175 L0291 -0,0929 -u. 1637, 730- A3) s24BL
L 8IT- w3 L4020 =0.D15%, —mga0520, e .mde3346______ A30- a7 B +387¢4
:n 97I-373 .5930 -n.asa{ L0021 -0.5407 -.3e-1a1 25694
” 1030-1173 J7450 -0.0836 .0125 -3.6740 103C-1132 «7181
Aatrerzii . #B4ST. =0.0967. Lz0.0C8L . o =0,742Q 1130-1231
123717147 PTE ~0.6996 “Cedblty -0.7438 1230-1733) 8779
1133-10 20 .8720 -0.0886 -8, 0291 ~J.7504 1338-1430 +8632
USRI s7964 ~0.LC708 0.0376. . . -UeBB3Q . 1430-153) - +7838
163 ;-1 1, -.6669 -0.05u8 -0.0365 ~0e5756 1530-1637 ..16560
1673177 4996 -0.0374° -0.0212 ~dakbgl  1630-1739 RN
177 -1 .2098 -0.0212, 0280 -5, 3u66___ 1730-1839 <2928
1810-107, 1156 ~9.005% L0566 ~uelbbd 1830-1933 a7
12372 1 -0;G639 « G586 .1828 -2.1284 1930-203% ~9.0848
2030-2470 =3.1018 . .d_‘w,_,;nasn<m_.m”m,_anﬂiu_ﬁ_w*__;JLniag_______kmuw&w,tNu_,uﬂnkmm_,” -
2115-22 1 -9.1930 L0334 L0575 122,
221n-277 -3.1961 .0288 L2800 L0673
13- ~0e1162 .. 20417 L1917 -G.0232: i s .
INTEGRAL 354 -8 33 -379
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Figure 5-6. The diurnal course of the energy budget components at the
meadow site. Symbols are defined in the text.
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Table 5~ 4 The energy budget components at the lodgepole forest site, August 21 and 27, 1969.

Tabulated
data is in units of cal/cm?/min, while the integrated units are cal/cm?/day.

707 and 1207 cm

1 g

Lodgepole Forest 21 AUG 1969 Instrument leyels: " Lodgepole rorest 27 AUG 1969 Instrument levels: 707 and 957 cm

.pLRInz | atLy ... —SHF_.._. . 1453 S o EABY . PERION. . . .Q€3) . . ... SHF . CMLEY £12)
3= 33 “0.1124 $0573 .« 0910 <0152 BT -0,1811 . G143 $ 2563

2. L2 -3.1300 20690 20565 40345, . 30- 13y ~0.0639 <3138 .3266
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The heights used in the aerodynamic formulas must be measured above a
reference level established at the point where the wind speed is zero. In
the non-vegetated pumice desert, this is taken at the surface. In the presence
of vegetation, however, the "zero-plane' is displaced upward, while the heights
of the instruments remain fixed with respect to the ground (or water) level.

The displacement height, D, of the zero plane can be estimated by using
all levels of wind and temperature data during conditions of neutral stability,
e.g. Ri = 0. The graphical procedure used to estimate D involves plotting the
log of instrument height (1ln z) against the windspeed at that height (u), for
all 6 levels of measurement. The instrument heights were then adjusted by
subtracting a trial displacement height and replotting. This procedure was
repeated until a straight line obtained and the profile was governed by the
equation (Tanner, 1963, p. W~9)

u = constant *+ ln ((z—D)/zO). [5-1]

The roughness parameter z is estimated by the intersection of line with the
ordinate.

The mean values of D = 114 cm and z_ = 10 cm were established by examination
of a number of neutral profiles. The acPual height of the marsh vegetation
was about 230 cm above the water while the bulk of the biomass was within
150 cm of the water level.

The correction term, ¢, in Equations [1-5, 1-6] is based upon Paulson's
(1970) formulation of the Businger-Dyer model which suggests that o and ¥y
are equal to 15 and 0.75 respectively. Our earlier tests revealed that levels
4 and 6 at nominal heights of 360 and 520 cm above the water best met the
requirements for similarity. The heights of these levels above the zero plane
were 246 and 406 cm; these were the heights used in the analysis.

The latent and convective fluxes were estimated by the aerodynamic approach,
and the change in stored energy evaluated as a residual. This approach was
used because the large heat capacity of the marsh made it difficult to obtain
direct measurements of the storage term. The Bowen ratio model could not
be used at the marsh without a good estimate of G.

The energy fluxes at the marsh are tabulated in Table 5—5, and plotted
in Figure 5-8. ' ‘

5.4 FEnergy Budget Discussion

For clear weather periods, the supply of radiant energy available for
transformation at the surface was shown earlier to be largely dependent upon the
albedo, or reflectivity of the surface for solar radiation. The subsequent
disposition of the transformed radiant energy can be examined through an energy
budget analysis. Such an accounting will assist in understanding the importance
of differences in various surface characteristics.

The mean energy budget data for the surfaces are summarized in Table 5~6.

The aspects to be considered include the magnitudes of the three non-radiative
components of the budget and the phase relationships among all four components.
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Table 5- 3.

Malheur Marsh
Period
30~ 139

. 130~ 230

230~ 330
330~ 43¢
430~ 53¢
530~ 630
630~ 730
730~ 830

830~ 939

930-1038

1630-1130

1130-1230

1230-1330

1330-14639

1638-153)

1530~1633

1630~1739

1730-1830

1830-1930

1930-2030

2030-2130

2130-2.30

2235-2330

233G- 30

INTEGRAL

The energy bud
units of cal/cm?/min, whil

21 AUG 1971

Q*
-0.1188
~3.1168
~0.,1185
~0.1137
~0.1146
-0.1092
~0.0313
«1389
« 3654
«6299
7801
8521
«9373
«9128
8170
«6716
P43
£2338
« 0056
~0.10%8
~0.1106
~3.1157
~0.1379

“3.3193

334

Ingtrument levels:

H
1230
+1329
«1063
«1015
07604
0372
«0u2l

“0.0079
~0.0416
~0.0ub6
-0.0280
=0.003%
0177
+0293
0360
«0513
«03067
+1100
1557
«2637
+2336
«1567
1669

«18:3

114

360 and §20 cm
E
-0.2573
~0.2654
~0,2339
~0.2100
~0.4500
~0.0787
-0.1805
~0.3467
-0.4017
-0.3392
-0.3583
-0.3002
-0.4146
-0.4919
~0.4156
~0.4631
~0,2191
~0.6276
-0.6162
~0.4868
~0.4466
~0,3059
-0.333¢
~0.3001

~472

..+ 2334

...+ 2461

.2222

.1507
.1690
—.2187.
.0779
"~0.2461
=0.1918
-o.seas;
~0.5409
_=0,4502,
~0,4354
-0.2598

MalheureMarsh

Period
30~ 130
130~ 279
230~ 13Xy
310- 419
430~ 51n
638~ ~39
610- 733
730~ A730
830~ a1y
913=-10239

1730-11720

©1139-123)

1230-131n
1730-1 470
1630~1533

1530=-1631

~1630-1739

17314-18%)
lﬂ36-1§10
19%3-2133
233n-2139
2130-2231
22306-233)

2331~ 31

INTEGRAL

get components at Malheur Lake, August 21 and 23, 1971.
e the integrated units are cal/cm?/day.

23 AUG 1971

Q*
~-0.15¢06
-3.1505
—n, 167
-0, 1397
~1.1342
-h. 1254

~3. 0676

. 2089
-.07a5
-n.10662
~yelllt
-1.41331

~3.1333

~0+1396

Tabulated data is

G113
=3,.5286
-N."8C
~7.1599
“Jellbby
~J.0825%5
~l.lblt
=1,0217
=1.0020

2198

V(435

Instrument levels: 360 and 520 cm

E
-n.173%
-0.1249
-0.04 %
-0.Cu28
-3.€u31
-a.0927
R LLE
-0.157%
-2.2845
~5.32588
~7. 34 1A
-0.3744
~0,3549
-2, uaap
-0.5399
~0.8737
-N,LA36
~£.255D
-0.1314
-0.1363
~0.1812

-0,2763

~0.1650

-0.0632

. =342

.2306
.2510
-2225
.1812
.15b8~
.2068
.183i
{9719
-0437
-0.1569
?0.}?8{
-0.4881
-0.5639
-:0.6i75
-0.3267
-0.12746

-0.0295

.0120
.1622
L2158
.2379
L2479

-2183
.1869
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Table 5-6. Mean energy budgets for the experimental sites. Units
are cal/cm?/day.

Q* G H AE
Pumice 226 -5 ~-188 - 33
Meadow 351 -9 19 -361
Lodgepole 384 -10 -219 ~155
Marsh 325 22 60 ~4.7

5.4.1. Magnitudes

The magnitude of the heat storage component is small on a daily
basis. The pumice, meadow and lodgepole sites show a daily loss in the order
of -5 to -10 cal/cmz, while the marsh gained 22 cal/cm?. The daily totals,
however, do not indicate the role that storage may play in the partitioning of
energy at the surface. The hourly totals must be examined to show this effect.

“he diurnal storage changes may be seen in the hourly energy budget plots
(Fig. 2s 5-5 through 5-8). The hourly storage term is generally large at the
marsh, even though the daily total approaches zero. The pumice desert also
¢’ ows an appreciable change in storage throughout the day, while the meadow
and forest sites, in contrast, show only a very small diurnal cycle in the
cinange in stored heat.

The marsh site has an appreciable storage term because of the large heat
capacity of the water and mud. The heat capacity of pumice material is smaller,
but the storage changes still remain large at that site because of the high
temperatures achieved by the pumice surface. The higher temperature is associated
with the way the pumice surface partitions absorbed energy into the convective
and the storage components in an environment where water is relatively unavailable.

The much smaller storage changes in the meadow and forest soils are associated
with higher evaporation rates. High evaporation also prevails at the marsh,
but as noted earlier, the mud and water there readily stores large quantities
of thermal energy. The method of measurement at the meadow and forest site
also minimizes the estimate of stored energy. The values at these two sites,
as noted in the discussion of field procedures, are measured directly by soil
heat flux plates and no correction has been added for the overlying layer of
soil and vegetation. This omission could be important at the forest site,
because of the biomass quantity found there.

Convection rates are related to the configuration of the surface, and
to the availability of water for latent energy transfer. For example, the forest
and pumice sites have the highest totals of convective transfer. Further
examination of these surfaces will help explain the factors contributing to the
large convection totals.

The lodgepole pine stand possesses many attributes of an efficient heat
exchanger. The canopy elements are small. Since convective exchange is enhancec
by small elements, they are thus effectively coupled to the temperature of the
air. Another factor is the large canopy surface area, which is perhaps five
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times greater than the area of the pumice surface. The forest canopy is effective
in transferring absorbed energy into the air by convection. One should also
recall that the forest is effective in absorbing energy; this increases the

amount of energy available for dissipation.

The pumice surface also dissipates a large amount of energy by convection.
In fact, on a proportional basis, it loses more available energy through the
convection process than does the forest. This partitioning is primarily a
consequence of the nonavailability of water at the pumice site. The smaller
absolute convection for the pumice, in contrast to the large relative value of
convection, appears associated with the less effective absorption of radiation
by that surface.

The meadow and the marsh both show positive values of convection for the
day. The surroundings of these sites are not plentifully supplied with water,
and they therefore serve as sources of sensible energy. This energy is transported
by the atmosphere to the cooler, evaporating surfaces of the meadow and marsh.
The positive values are rather small on a daily basis, as the meadow gained
19 cal/cm? and the marsh 60 cal/em?. Evaporation is also affected by convection.

The positive convection values enhance the supply of energy available for
dissipation by the other modes of energy transfer. The marsh, for example,
gained the most from convection, and also lost the most latent energy by vaporization.
The marsh evapotranspiration totaled -407 cal/cm? while the meadow was not
far behind at ~361 cal/cm?. The forest was intermediate with a latent energy
loss of -155 cal/cm?, while the pumice lost only -33 cal/cw? for the day.

The evaporation equivalents of the latent energy terms are also of interest.
Based on a nominal value of 590 cal/cm3 for the latent heat of evaporation, the
mean depth of water evaporated from each surface is: marsh, 6.9 mm; meadow,

5.1 mm; forest, 2.6 mm; and pumice, 0.6 mm. The two surfaces most plentifully
supplied with water lost the greatest amounts, although the forest also lost an
appreciable depth of water during the period of measurement.

The relative efficiency with which each surface partitions available energy
into latent heat or convection can be examined through the Bowen ratio defined-
earlier as H/E. The mean daily values are small and negative for the marsh
and meadow, being respectively -0.15 and -0.05, while the forest and pumice
ratios are 1.4 and 5.7. The negative value of the ratio for the marsh and
meadow indicates an advective situation where convection is positive, while
the near-zero value reaffirms that latent energy transfer there is large with
respect to convection. The positive values indicate that latent and sensible
energy transfer are proceeding in the same direction over the forest and pumice.
At these two drier sites, both fluxes are away from the surface. The large
value of the ratio indicates that convection is becoming larger in relation
to the latent energy term. '

The mean Bowen ratios are helpful for visualizing the efficiency with which
each surface partitions available energy into latent or semsible forms. However,
one must also consider the efficiency of the surface in making energy "available"
for partitioning. Since the change in heat storage is relatively small on a
diurnal basis, the radiation properties play the major role in establishing
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the quantity of available energy. The direction of the convective flux may

also be important. For example, the Bowen ratio of 5.7 over the pumice confirms
that evaporation is rather low in relation to convection. However, the energy
available at the pumice surface (221 cal/cm?) is only 54 percent of that available
to the marsh (407 cal/cmz) under similar conditions of incoming solar radiation.
These values are obtained by summing net radiation and change in heat storage,
plus positive values of convection where they exist.

5.4.2° Phase Relationships

The partitioning of energy among the dissipative fluxes is generally
in phase with the diurnal curve of net radiation at all four sites. This will
occur at a given site as long as the surfaces do not selectively partition the
transformed energy into one of the dissipation fluxes at the expense of the others.

Deviations from this generalization are evident at the pumice and the marsh
site, both of which have large diurnal changes in the rate at which energy

enters or leaves storage. The magnitude of the storage changes at these two sites
is sr 'icient to reduce the net radiant energy available for convection and

evap. .tion in the morning hours, when the surface is heating up. In a similar
fashion, energy that leaves storage as the surface cools in the evening enhances
tr . amount available for convection and evaporation.

Several investigators (Black and McNaughton, 1971; Gay, 1972) have reported
measurements over forests in which the latent energy curve was shifted in phase
toward the afternoon. Black and McNaughton (1971) reported that this shift
kept the latent energy exchange proportional to the vapor pressure deficit which
ordinarily rises as air temperature increases in the afternoon. Stewart and
Thom! have also concluded that the latent energy flux is controlled by vapor
pressure deficit in their evaluation of the interplay between the large internal
(stomatal) and small external (boundary layer) resistances to transfer. The
ratio of these resistances for their pine site was in the order of 20:1. This
ratio of resistances may vary from site to site, and may well be an important
subject for future studies.

Thus in summary, the phase relationships show no marked displacement with
respect to net radiation, except in the case of the heat storage term. This
did contribute to small phase changes among the fluxes at the desert and meadow
sites.

1J. B. Stewart and A. S. Thom. Energy budgets in pinc forest. Institute of
Hydrology, Wallingford, Berks., U. K. Unpublished manuscript, 1972.
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6. CONCLUSIONS

A landscape can be considered as a mosaic, made up of elements that may
have widely differing thermal properties. Energy transfer characteristics
are influenced by these properties; local and regional climates are affected
by spatial integration of the energy exchange over many types of surface elements.

The landscape elements can be classified for study. On a coarse scale, the
important elements in central Oregon include pumice desert, lodgepole pine forest,
meadow and marsh. The energy exchange processes of these types of surfaces were
examined during clear weather periods in mid- to late summer. This is the time
when maximum inputs of energy occur, and the effects of different thermal properties
will therefore be most apparent.

Major differences exist in the effectiveness with which these landscape
elements absorb incident solar radiation. Under uniform conditions, the lodge-
pole forest absorbed 90 percent of the solar radiation. The marsh was close
behind (89 percent), followed by the pumice (77 percent) and the meadow (75 percent).
The absorption was greatest in areas with a well-developed canopy layer of appreciable
thickness. This configuration apparently '"traps'" the radiation so that most is
ultimately absorbed within the canopy.

It is often more meaningful to consider net radiation instead of incident
solar radiation. Net radiation represents the amount of energy transformed from
radiative to non-radiative forms of energy. There are three non~radiative forms
of importance: convective and latent energy, and change in stored thermal
energy. In a common view, net radiation is simply a measure of the income of
allwave radiation, less the quantity lost by reflection and emission from the
surface. The forested surface had the largest net radiation at 384 cal/cm?day.
Net radiation over the meadow (351 cal/cm?day) exceeded that over the marsh (325
cal/cmzday) even though the marsh was found to have greater absorptivity for solar
radiation. Net radiation over the pumice desert was much smaller (226 cal/cm?day)
than over the other three surfaces.

The apparent anomaly of net radiation being higher over the meadow, despite
the marsh's greater absorptivity for solar radiation, can be explained only
by consideration of the other energy fluxes. When this is done, it then becomes
apparent that the net radiation over the marsh is effectively reduced by the
transfer of heat to the evaporating surface through convection (advection)
from the warmer surroundings, and by transfer from storage. In other words,
less radiant energy is required to sustain a given evaporation rate at the
marsh, as compared to the meadow, because additional .energy comes from the
surroundings and from the substrate.

The magnitude of the three non-radiant energy transfer processes is of
interest for these four types of surfaces. The latent energy term is of the most
practical concern, as it represents a direct loss of water that would otherwise
appear as stream flow. Convection plays a role in turbulence, diffusion and mixing
in the lower atmosphere. Also, the thermal factors that control heat storage
influence the temperature regime at the surface on microscale, as well as the
regional scale.

The greatest amount of latent energy exchange took place at the marsh
site (-407 cal/cmzday), followed by the meadow (=351 cal/cmzday) and the forest

6-1



(-155 cal/cm?day). The water equivalent of this energy is respectively 6.9 mm,
6.1 mm and 2.6 mm. The pumice transformed only a negligible amount of latent
energy during the study period.

The high latent energy loss at the marsh is related to tho availabiiity
of water at this site and to the amount of sensible energy conveyed by convection
from the arid surroundings. The marsh was undergoing a cooling phase during
the late summer period of measurements, and the energy moving out of storage
also augmented the evaporation.

Of the four surfaces examined, the forest was the most effective exchanger
of energy. A relatively modest exchange of latent energy (-155 cal/cm?day)
was accompanied by the largest convective exchange (-219 cal/cm2day) of any
of the surfaces. It was surprising to note that the convection from the
forest exceeded that from the pumice site (-188 cal/cm?day). The pumice surface
became much warmer at midday than did the lodgepole canopy, but the small
elements that make up the canopy have a large total surface area and are
effective in transferring convective energy into the atmosphere.

-2 energy budget results serve to provide some insight into changes that
could be made in the surface characteristics, and of possible consequences
r-sulting from such changes.

Timber cutting is the most common agent of change throughout the central
Oregon region. Clear-cut areas in this region will lose less water by evaporation,
and there may be some slight decrease in mixing, as well. However, the energy
exchange characteristics of the cut-over pumice soil areas will tend to resemble
those that were observed at the pumice desert site. The large diurnal temperature
range of the pumice surface, from 50°C at midday to -5°C at night, has adverse
effects on the establishment and growth of regeneration. Thus potential water
savings derived from timber cutting must be viewed in perspective with the possible
consequence to reestablishment of the forest cover. It is of course possible
that silvicultural treatments and timber harvest practices will be devised that
will minimize problems in regeneration.

It may also be feasible to impound some of the annual runoff before it reaches
areas such as the Malheur marsh. This would provide control of water that
now maintains the marsh; this water is to a large extent lost by evaporation.
This paper will not assess the benefits to be gained by water management versus
the loss associated with the marsh. However, one must note that reservoirs
also lose a large quantity of water to evaporation, especially when located
in arid areas such as that surrounding the marsh. Thus decisions upon whether
or not to proceed with water control structures in the basin containing the
Malheur marsh should be based on factors other than evaporation savings.

The results presented in this study should be more valuable for assessing
the scale of ongoing natural processes, than for planning for modifications that
could be made in the surface energy budget. The comparisons can be drawn from
data collected during weather conditions associated with maximum rates of energy
exchange. The results in particular provide an improved basis for estimating
maximum evapotranspiration losses in the semi-arid region of central Oregon.
The results also point ovt that additional research into energy exch'nge prncesses
can be helpful in plannirg certain land management activities su as .o achieve
the maximum possible benefits.





