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ABSTRACT
Hourly averages of measured meteorological parameters were compi led
for distribution under separate cover through Dr. Freeman M. Smith,
Director for Integration of Abiotic Studies. Modifications to the data
acquisition system were completed and corresponding data processing needs
were fulfilled. A comparison of evapotranspiration on different grazing
treatments was approached with special attempts to merger biotic and

abiotic data. Keys for 1971 and 1972 are appended.



INTRODUCT I ON

The object of this study was to measure and supply the Natural Resource
Ecology Laboratory (NREL) with meteorological and evépotranspiration (de-
termined by Tysimetry) data from the intensive site of the Grassland Bjome.
Data was recorded on computer compatible magnetic tape. In addition, the
data was processed and edited, and on a cooperative effort with NREL per-
sonnel, was used to develop models depicting evapotranspiration of the
grassland ecosystem, showing photosynthetically-active and net radiation
from solar radiation, and describing daily and hourly soil temperature

courses.

DATA PROCESSING
Materials and Methods

Meteorological and evapotranspiration data were measured at the Pawnee
Site and supplied to the Naturali Resource Ecology Laboratory on computer
compatible magnetic tape. Continuous operation of the 36-channel data
acquisition, begun in January 1972 (Table 1), was interrupted during April
and May for implementing the transducers shown in Table 2, Satisfactory
compietion was on May 15 and 1-min integrated values were secured in a
continuous fashion during the remainder of 1972,

Data were compacted to 800 bits per inch (bpi) on %-inch computer
compatible magnetic tape for January, February, and March. At an April
meeting with Dr. Freeman S$mith and others it was decided to terminate use
of the 800 bpi compaction and utilize 556 bpi label tapes for all compacted
meteorological data. Existing computer programs of the University of
Wyoming were modified to expedite utilization and data screening as well

as to increase compatibility with the Grassland Biome data bank,
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Depicting data availability In "informatic' form was deleted from the
1972 contract {personal communication with Drs. Freeman Smith, Jim Gibson,
and C. F. Becker). As a replacement, listing of available data by keys
(e.g., 060606 equals sixth month, sixth day, and sixth hour) is offered in
Appendix I,

EVAPOTRANSP | RAT 1 ON

A study of the water balance on the Pawnee Grassland is unquestionably
a unique effort due to the Persistent drought condition of the natural prai-
rie sod. Annual rainfall of approximately 10 inches results in a vegetative
canopy different from crop canopies where soil water is sufficient to min-
imize plant stress.

Thfs section thus contains an evapotranspiration study on the grass-
land area with special emphasis on canopy resistance and plant phenology.
The reader is referred to Rosenberg et al. (1968) and Bartholic et al. (1970)

for a complete review of evapotranspiration theory.

Theory

Potential evapotranspiration from a vegetative surface is accurately
defined by ambient weather conditions and the aerodynamic nature of the

evaporating surface. This combination mode! is best described by van Bavel

(1966) and takes the following form:

% g
= p
Eo = R
E, = potential evapotranspiration rate (g/cmzfsec)

€ = dimensionless parameter (a/v)



H = sum of energy lInputs at surface exclusive of sensible and latent
heat (cal/cmzlsec)

L = latent heat of vaporization

p = density of air (g/cmz)

e = water/air molecule ration(.622)

d_ = saturation vapor pressure deficity of air (mb)
= ambient pressure (mb)

R, = turbulent diffusion "resistance" (sec/cm)

a

where R, Is defined following Monteith and Szeicz (1962),

2
R =10 (2272 )¢ 1 (2)
a 2 u
K a
Z, = elevation above crop surface (cm)
Z_ = roughness parameter (cm)

K = Von Karman coefficient (.47)
U, = wind speed at level Za (em/sec)

Equation 1 defines the potential rate of evapotranspiration from a
vegetative canopy in which soil water is unlimited or, in other words, a
surface covered with a thin layer of water exposed to ambient conditions.
Under natural conditions the water evaporated from a vegetative canopy
comes from within the plant and thus is transported by diffusion through
the intricate plant. This route of water vapor flow can be restrictive,
resulting in a resistance to transpiration more commonly termed ‘'canopy
resistance.'" This inherent plant characteristic has resulted in a mod-

ification of Equation 1 in order to define actual evapotranspiration.

Monteith, Szeicz, and Waggoner (1965) have written this equation as follows:

S el )



where RS Is canopy resistance, ET is actual evapotranspiration, and other
symbois are as previously defined.

As s0il drying proceeds under any vegetative canopy the stomata of
plants may close rapidly or gradually in an effort to maintain a water bal-
ance in the plant. Determination of Rs is suggested as a logical method
to characterize grassland plant response to water deficit and suggests the

following form of Equation 3,

_EHR pedy _
Rs =TT * 57 - &R, Ry (4)

Equation 4 quantitatively describes the response of the Pawnee Grassland

to drought throughout the growing season. Earlier studies (van Bavel, 1366;
Monteith et al., 1965) have characterized canopy resistances for domestic
crops of aifalfa and barley. These crops were artificially watered; further-
more, Rs was not determined by Equation 4, but from a questionable method

of a combination of potential and actual evaporation theory or profile data

(Monteith, 1963).

"Procedure
The type and method of meteorological observations are described in
U.S. IBP Grassland Bjome Technical Report No. 179 (Armijo, et al. 1972).
Hourly and daily evapotranspiration rates were measured with a high quality
lysimeter at the lysimeter exclosure (Armijo, 1972). Neutron probe readings
and rainfall data collected from the non-grazed and heavy grazed micro-
watersheds (Smith and Striffler, 1969) were used in Equation 5 to determine
evaporation rates:
E=P - aS (5)

where

E = evaporation rate (mm/day)



P

rainfall (mm/day)

4S = change in soll water in top 120 cm of soil profile (mm/day).

The data acquisition System was run continuously throughout the study
period of May through July at the lysimeter exclosure, and observations
were used in Equation 4 to compute RS for the lysimeter exclosure and the
grazing treatments. Phenology, percent bare soil, aboveground biomass, and
leaf area index (LAl) data were secured from the U.S. Grassland Biome data
bank, Colorado State University, Fort Collins.

The period of observation covers the usual spring storms followed by

a drying period with a soil water recharge during the first week of August.

Results

A graphic summary of data from the lysimeter exclosure is shown in
Fig. 1. The magnitude of the resistance suggests that an average canopy
resistance between 8 and 15 sec/cm is present on the grasslands during
periods of peak evapotranspiration. As the soil water content is depleted
the plant stomata become more active in closure in order to conserve water,
thus increasing the resistance up to 50 sec/cm during late July. Studies
of crop resistance have shown periods where the crop resistances have
approached a very low value, thus the actual evapotranspiration equaling
the potential evapotranspiration. This does not prevail for the grass-
lands (Table 3).

The author suggests that the grassland vegetation possesses a resis-
tance to water vapor transport regardless of soil water conditions. (Stomata
closure is not the only resistance; the total RS value is also composed
of cuticle, sub-stomatal cavity and cell-wall resistance.) This conclu-

sion is supported by unpublished data of Dr. George Williams, Washington
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rainfall for lysimeter exclosure, 1972,



Table 3. Daily potential and actual evapotranspiration rates for
lysimeter exclosure, 1972,

Date Potential Evapotranspiration Actual Evapotranspiration
{mm/hr) {mm/hr}
May 14 .70 .27
May 20 -90 .35
June 9 1.00 .37
July 12 3.46 .31
July 17 1.50 .16
July 23 5.00 .13
July 30 5.56 .09
August 5 2.00 .21
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State University, who demonstrated in a laboratory experiment a notable

leaf resistance for grassland vegetation under ideal growing conditions.

Effect of Grazing

Galbraith (1971) demonstrated a significant difference in evapotrans-
piration from various grazing treatments, and soil water potential could
not completely explain the variation. A more detailed and biologically
oriented approach was utilized. A summary of canopy resistance values,
phenology, and evapotranspiration rates are shown in Fig. 2 and Table 4.

Canopy resistances for the heavy grazed treatment were from 5 to 20%
greater than for the non-grazed area, thus curtailing evapotranspiration
from the heavy grazed area. This difference cannot be explained by green
LAl because Knight (1972) has shown no significant difference in LAl
between grazing treatments on the Pawnee Site. The author did show that
86% of the green LAl on the heavy grazed treatment and 60% of the green LAl
on the non-grazed treatment was Bouteloug gracilis. This suggests that
phenophase may play an active role in evapotranspiration on grazed treat-

ments. Using phenophase data (verbal communication and unpublished data

from French, 1972, Colorado State University, Fort Collins), two curves were

developed to show phenology on the non-grazed and heavy grazed treatments.
Green LAl data, used to weight species differences on each treatment, are
summarized in Fig. 2.

The non-grazed area showed an average phenophase between late leaves
fully expanded and developing floral buds, (Table 5, no. 6 and 7} during
peak evapotranspiration while the heavy grazed treatment showed middle

leaves fully visible (no. 4). Also, the non-grazed treatment phenophase
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Table 5. Definitions of 14 phenophases in the Grass-

land Biome.

L AT Y, B 7

=~

10.
1.
12,
13.
14,

Pre-emergence growth/winter dormancy

. First visible growth

First leaves fully expanded

Middle leaves fully visibie

Firgt leaves senescent; middle leaves fully expanded
Late leaves fully expanded

Developing floral buds; middle-late vegetative
Mature floral buds; late vegetative

Floral buds and open flowers

Buds,.fIOWers, and green fruit

Buds, flowers, green fruit, and ripe fruit
Green fruit and ripe fruit

Ripe fruit and dispersing seeds

Flowering induced dormancy
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was consistently more advanced than the heavy grazed treatment. Using
photosynthesis rates to depict transpiration rates (valid in a tempera-
ture regime less than 35°C), maximum transpiration rates cccur between a
phenophase of late leaves fully expanded and developing floral buds (no. 6
and 7) (verbal communication and unpublished data from Trlica, 1972, Colo-
rado State University, Fort Collins). The author, therefore, suggests that
differences in evapotranspiration among grazing treatments can be explained
by plant phenology. An attempt was also made to relate aboveground herbage
and percent bare soil (Fig. 3) to evapotranspiration rates. No obvious
relationship was noted.

A comparison of canopy resistance and evapotranspiration is shown in
Fig. 4 for the Pawnee Site, for O'Neitl, Nebraska (Monteith et al., 1965),
and for Arizona (van Bavel, 1966). Generally, good agreement was found
between alfalfa under 1imited soi} water conditions and the Pawnee Grasslands.
When compared to the natural prairie at 0'Neill, Nebraska, the Pawnee Site
was consistently higher in canopy resistance. A possible explanation for
this might be the higher relative humidity in Nebraska, difference in plant
species, or difference in application of evapotranspiration theory.

The combination evapotranspiration mode} utilizing canopy resistance
is a satisfactory method for characterizing plant water relationships. It
is suggested that canopy resistance be used to index evapotranspiration

within the Grassland Biome.
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o SYSTEM ID = GOONOLOF

TOTAL J0B TINE 2,206
.. PROCESSOR EXECUTION TIME .089
PROCESSCR 70 TIME- 1%
. ...PROCESSOR OVERHEAD [l14E -128
USER EXECUTION TIME <146
_..___USER 170 TIME 1.670
USER CVERHEAD TIME .059
_____ND. OF CARGCS READ 62
NO. OF PROCESSOR PAGES FRINTED 5
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NO. OF TAPE ACCESSES 626
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NO. OF DIST PACK ACCESSES Iis
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NO. OF BACKGROUND MEMOURY PAGES 160

. _JOB RAN WHILE BTM WAS up
NO, OF ACTIVE TERMINALS 17
MAX. PAGES FOR ACCDUNT 500
MAX. RUN TIME FOR ACCOUNT 60.00D
TIME LEFT 68,560
FILE LEFT 540

T TDUE TO SYSTEM FATLUAE, ALL FILES UPDATER BR CREATED RETWEEN
ALE FILES DELETED

5 _AM_AND 5 30 AM TUESOAY APRIL L7 WERE LOST.

JAL SO,

BETWEEN 5 AM APRIL 16 AND 5 30 AM APRIL 17 MUST BE R

E-DELETED

312 RECORDS READ
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SYSTEM 1D = 00CQ0119

TOTAL JOB T{ME 4,153

— .. PROCESSOR EXECUTION TIME 2166

PROCESSOA 170 TIiNE - 119

. _PROCESSOR OVERHEAD TIME (146

USER EXECLTION TIME .169

—__ USER_I/0 TIME 3,462

- USERTOVERHEAD TIME .091

____NO. OE_CARDS READ 62

NO. TOF PRCCESSOR PAGES PRINTED 5

... NO. DOF USER _PAGES PRINTED 2

NO. OF TAPE ACCESSES 1262

_NO. OF RAD ACCESSES 86

NO. OF DISC PACK ACCESSCS 118

_ ND, OF {256 WORD) I1POOL BUFFERS 4

NO. OF {512 WORD) FPOOL BUFFERS %

_.....NO. DF BACKGROUND MEMORY PAGES 100
JOB RAN WHILE BTM WAS UP

NO. DF ACTIVE _TERMINALS 11

MAX. PAGES FOR ACCOUMT 500

o nax._gyy TIME FOR ACCOUNT 60,000

TIME LEFT 60,529

_ FILE LEFT 540

JDUE TO SYSTEM FAILURE, ALL FILES UPDATED OR CREATED DETWEEN

5 AM AND S5 30 AM TUESDAY APHIL 17 WERE LDST. ALSO,
_ BETWEEN 5 _AM APRIL 16 AND 5 30 AM APRIL 17 MUST BE RE-DELEJED

ALL FILES DELETED
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SYSTEM_ID = 0000011D

TOTAL JOB T1IME 4,164
PROCESSOR EXECUTION TIME .093
PROCESSUK 1[/0 TIME «N9]
PROCESSOR OVERHEAD YIME W113

TTUSERTEXECUTION TIME w102
USER I/0 YTIHME 3.671
T USER OVERHEAD TIME «09%

NG. OF CARDS READ 62

N}, OF PROCCESSOR PAGES PRINTED 5

NO. DOF USER PAGES PRINTED 2

NO. OFf TAPE ACCESSES 1334

NO. OF RAD ACCESSES 86

""NO. OF DISC PACK ACCESSES [§Y:]

NO. OF {256 WORD) 1POOL BUFFERS 4

MO. OF {512 wORN] FPOOL BUFFERS %

NO. OF BACKGROUND MEMORY PAGES 100
JOB RAN WHTLE BTM WAS UP

NO. OF ACTIVE TERMINALS 12
MAX, PAGES FUR™ ACCOUNT 500
MAX. RUN TIME FCR ACCOUNT 60.0C0

TIME LEFT 51,297
FILE LEFTY 540

___DUE_FO SYSTEM FAILURE, ALL FILES UPDATED OR CAEATED BETWEEN

S AH AND 5 30 AP TUESDAY APRIL LT WERE LOST.

ALSO,

ALL FILES DELETED

BETWEEN 5 AM APRIL 16 AND 5 30 AM APRTL §7 MUST BE RE-DELETED
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SYSTEM ID = DDOOOLLE

T TTYOTAL JOB TIME 5.755
PROCESSOR EXECUTION TIME - 109
PROCESSOR T/0 TIRE - L0599
PROCESSOR OVERHEAD TIME 106

- USER EXECLTION T1ME 341
USER /0 TIME $.000
T USER OVERWEAD TIME 100
NO. OF CARDS READ 62
W0, OF PRECESSOR PAGES PRINTED 5
NO, OF USER PAGES PRINTED 2
- NO. OF TAPE ACCESSES 1830
NO. OF. RAD ACCESSES 86
NU. OF DISC PACK ACCESSES Iia
NO. OF (256 WORD) IPOOL BUFFERS 4
NO, OF 1512 WGRC), FPODL BUFFERS [
NO. OF BACKGROUND MEMORY PAGES 100
T T JOBTRAN WHELE BTMWAS UP
NO. OF ACYIVE TERMINALS 10
MAX, PAGES FOR ACCOUNT SG0
MAX. RUM TIME FOR ACCOUNT 60,000
TIME LEFT 45,542
FILE LEFT 540

DUE TO SYSTEM FATLURE, ALL FILES UPDATED OR CRFATED BETWEEN

5TAM AND 5 30 AN TUESDAY APAIL 19 WERE (DST. ALSC, ALU FILES DELETED
BETWEEN 5 AM APRIL 16 AND 5 30 AM APRIL 17 MUST BE RE-DELETED
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APPENDIX II

KEYS FOR 1972
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