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INTRODUCTION TO SYMPOSIUM

K.M. King1

1 Chairman, Department of Land Resource Science, University of Guelph

The Department of Land Resource Science has responsibilities 
for teaching and research in Soil Science, Geology and Agrometeorology 
and is concerned with use and management of land resources. To 
further its teaching and research function, each year for the past 
five years the department has sponsored a symposium on some aspect 
of its academic interests. The past symposia have emphasized the 
multidisciplinary activities of the department, an emphasis which 
is retained this year. The previous symposia were:

1. Classification of Soils and Sedimentary Rocks
2. Nitrogen in Soil and Water
3. Microfabrics of Soil and Sedimentary Deposits
4. The Physical Environment of the Hudson Bay Lowlands
5. Metals in the Biosphere

Our practice has been to invite a few speakers from 
outside the University of Guelph and feature them along with some of 
our faculty from the campus. We try to keep the total number of 
speakers low to provide ample time for discussion. Funds to meet a 
portion of the expenses are provided from the Visiting Scientist fund 
of the Office of Graduate Studies.

The topic for this year’s symposium had its beginning at 
last year's meeting of the Ontario Climatologists and the Friends of 
Climatology at Scarborough College, University of Toronto. Many will 
remember that some could not get to the sessions last year because of 
the unusual snow storm even though the meeting was held only two weeks 
earlier in April than this one. I realize that some climatologists 
have predicted much more variability In our weather as part of the 
climatic change story but I really didn’t think they had to emphasize 
their point as much as they did last year! Anyway, at last year's 
meeting, suggestions were made that at the next one there should be 
more of an organized program and that modelling of mesoscale climate 
would be a good topic. We invited the climatologists to meet at 
Guelph this year and we’ve combined their climatology interests with 
our symposium interests and we initiated the program we are about to 
present.
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There were many alternatives In a symposium on the topic of 
modelling. Should there be a workshop in which people try jointly to 
construct a process model of how a crop grows in relation to its 
environment ~ or how an air pollutant spreads - or should participants 
be learning how to model at all? Should the topics covered include 
land-use modelling (since this is a departmenta1 concern) as well as 
climatological modelling - or should the participants be exposed to 
various kinds of models and modelling approaches but at the same 
time learn something in addition to seeing a demonstration of various 
modelling approaches?

In general you'll see that the program provides participants 
an opportunity to learn about various modelling approaches and at the 
same time to learn a lot about how the atmosphere, plants and soils 
behave and interact. This afternoon's topics provide an emphasis in 
agricultural climatology, we thought we should have that in the 
program somewhere, while tomorrow morning the emphasis will be more on 
the physical side of climatology. There were certainly other topics 
we could have covered, however, I hope you find the present mix 
about right.

In recent years, of course, the word "modelling" has been 
used more and more in scientific circles; the word also is used in 
fashion circles and I suspect there is some commonality if we define 
modelling as "trying something on", either a dress or an hypothesis. 
Also modelling sometimes is curve fitting, not only in Paris and 
New York, but also at Purdue and Guelph.

I first became consciously involved with the word "modelling" 
during the International Biological Programme. Considerable effort 
was put into showing how the various components of an ecosystem fit 
together - there was not only an emphasis on learning about the 
processes but of synthesizing this information and quantifying it with 
equations so that predictions could be made about the behaviour of the 
system if and when certain changes were imposed. At a workshop here 
a few years ago it was emphasized there is no such thing as the model. 
A model should help us to study what we want to study. It is a way of 
organizing our thoughts and it's a way of showing us what we don’t 
know because when we try to write the equations we find there are 
things we really cannot describe quantitatively. In anything as complex 
as predicting the microclimate of a corn field or the growth of an 
alfalfa crop, there have to be lots of sub-models, some of which are 
quantitative and some may be only guesses. Model building is an 
iterative process; you start with a simple model and go around once and 
you compare it with reality. If it doesn't agree you find out why, 
make changes and go around again,

I'm sure you've heard about all sorts of models and some 
of these we'll see today and tomorrow: - statistical models, multiple 
regression models, empirical models, mathematical models, numerical 
models, microclimate models, simulation models, conceptual models, 
photosynthesis models, radiation models, dynamic models, computer 
models, process models, diffusion models and so on. I do not intend 
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to talk about these in greater detail now but I do hope as we go through 
the sessions that the meaning of the various names will become clearer - 
I expect others will comment on the various kinds of models available.

On behalf of the Department of Land Resource Science, I 
welcome you to this symposium on modelling climate, plants and soil 
and, if you're from off-campus, to the University as well. I hope 
the discussion will be stimulating and I trust you'll not hesitate 
to make comments or ask questions as we go along.
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MODELING THE IMPACT OF CLIMATIC VARIABILITY FOR THE

PURPOSE OF ESTIMATING GRAIN YIELDS
1 James D. McQuigg

SYNOPSIS

There are two basic approaches to modeling the impact of 
meteorological variability on crop yields. The physiological 
approach is an attempt to describe the detailed impact of meteoro
logical variability on biological/physical processes that occur 
within a typical plant or a plant canopy. The statistical approach 
is an attempt to use a sample of yield data from an area (an 
experimental plot, a crop district, state, province, etc.) and a 
sample of weather data from the same area to produce estimates of 
coefficients in the model by some sort of regression technique.

THE PHYSIOLOGICAL APPROACH

Another name for this approach is causal. Ideally, a 
model of this type should be based on detailed knowledge of the 
biological/physical processes which take place (hour-by-hour, or 
day-by-day) within the plant and within the immediate atmospheric/ 
soil environment of the plant. This knowledge, expressed in 
quantitative form, is the model. Such a model is very useful for 
a variety of purposes, serving as a scientific tool for (1) 
studying the impact of climate change, (2) deliberate genetic 
"engineering" leading to better adaptation of a crop to a given 
range of climatic conditions, (3) estimating crop yields, or (4) 
estimating the phenological progress of a crop, given knowledge of 
weather conditions.

While it is surely true that investigators in a number of 
disciplines have developed an impressive body of detailed quanti
fied knowledge of the many complex processes that occur within 
plants and within the immediate environment of plants, I am not 
aware that a model exists which is based directly and only on such 
biological/physical knowledge.

Many of the models of this type which have appeared in the 
literature are consistent with one or more causal mechanisms within 
the crop and within the immediate environment of the crop, but

i

Director, Center for Climatic and Environmental Assessment, U.S. 
Department of Commerce, Columbia, Missouri.
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coefficients in the models are often the result of regression/ 
correlation analysis of sample greenhouse or experimental plot 
observations.

The reader not already familiar with the physiological 
approach is referred to the papers by Haun (1973), Runge (1968), 
and DeWit et al. (1971),

The major advantage of this approach is that it is based on 
knowledge of causal relationships. The major disadvantages of this 
approach are:

1) The knowledge of causal relationships between weather 
events and biological/physical processes within the plant or the 
plant canopy is incomplete,

2) Detailed measurements needed to estimate the coeffi- 
cents in a physiological model are limited to comparatively small 
sample plots and to comparatively short sample periods. The 
problem of extending the results of physiological modeling for 
specific locations to aggregated estimates of crop progress or of 
final yield over commercially important large regions has not been 
completely solved.

THE STATISTICAL APPROACH

Another name for this approach is correlative. In this 
case, the investigator usually has access to a series of yield 
estimates from an area (which may be as small as a research plot or 
as large as a whole country), and a sample of weather data from the 
same area. Using some sort of regression technique applied to the 
yield and weather data, coefficients in the model are estimated.

At its worst, the regression work proceeds as a "cut and 
try" effort to look at almost all possible specifications of the 
weather variables that could be included in the model. At its 
best, the specification of the form of the model is made in a manner 
that is consistent with the most complete knowledge of biological 
and physical processes.

The chief advantage of the statistical approach is mainly 
that it is feasible. It is usually possible to find sample weather 
and yield data from a desired geographical region, and it is not 
very difficult to gain access to a regression routine that requires 
only minimal programming efforts. Some of the disadvantages of the 
statistical approach are:

1) The investigator nearly always has to use historical 
yield and weather data that were collected for some other purpose.
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2) If the sample yield and weather data have been collect
ed from a carefully documented research plot, they can be regarded 
as precise measurements. If these data are large production areas 
(the equivalent of a U.S. county or larger) they are nearly always 
estimates rather than measurements and thus they are subject to 
sampling error (which gets larger as the sample area gets smaller).

3) Multicollinearity of the "independent" weather 
variables in the model results in subtle but serious problems in 
testing hypotheses on the regression coefficients, and in applying 
the model in a predictive mode. This is a fancy way of saying that 
there aren’t very many "independent" meteorological variables.

4) The problem of specifying the impact of technological 
change for the historical sample of yield data and projecting this 
trend into the future is most troublesome. If this is not handled 
properly, the portion of the model related to meteorologically- 
induced variability will be weakened. (This problem exists in 
causal models, also.)

The reader not familiar with the statistical approach is 
referred to the papers by Thompson (1969a, 1969b, 1970) and by 
Changnon and Neill (1968).

Technology Trend Function in Crop Yield Models

Figure 1 shows the wheat yield data series for Oklahoma. 
This is typical of yield data series for other regions and other 
crops. Most of these yield data series show a comparatively flat 
trend for the first few decades, with a substantial trend toward 
higher yield values in the most recent two or three decades. We 
can make a plausible list of the mechanisms (which we lump 
together under the term "technology") which have caused the recent 
increases. These would include better seed, more fertilizer, use 
of insecticides and herbicides, substitution of mechanical energy 
for animal and human energy, better machinery, and better manage
ment, etc. A rational weather/crop yield model should theoretical
ly include these factors as specified variables. Most models do 
not. Instead, they use "time" or "year" as a surrogate variable.

In Figure 2, a piece-wise time trend line has been fitted 
to the yield series, with a break in the trend line at year 1955, 
This is consistent with the time of introduction of new wheat 
varieties and the use of increased amounts of chemical fertilizer. 
But in an equally plausible model (Figure 3), the investigator 
thought it reasonable that the piece-wise time trend line be 
fitted to the data with discontinuities at years 1955 and 1960. 
And in Figure 4, the trend line coefficients and the meteorological 
coefficients were estimated concurrently. This model is of the form
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Ŷ - Ῡ - f(year) + g(weather)

where g(weather) is evaluated as a non-linear function of 
deviations from mean weather values. We are using this latter 
specification of the technology trend function in operational work 
in progress at our center in Columbia, Missouri.

Which of these specifications of a yield trend function is 
the right one? We think the last one presented (Figure 4) is the 
most reasonable, largely because there have been significant shifts 
in land-use. Much more work needs to be done on this important 
component of yield variability.

Acquisition of Weather Data for Crop Yield Models

The system that delivers current surface weather data was 
developed mainly in response to the needs of aviation and the needs 
of synoptic meteorologists. Anyone wishing to use these data as 
inputs to models for assessing the impact of weather events on 
grain yields is faced with sampling problems in time and space. 
More frequent observations and/or a larger number of stations may 
indeed offer the possibility of more precise estimates of meteoro
logical impacts, but this has to be weighed against the substantial 
increase in costs that are involved.

At the Center for Climatic and Environmental Assessment, 
data are obtained from first order stations of the U.S. Weather 
Bureau and climatological stations. These stations issue monthly 
reports summarizing their daily observations, and it is the monthly 
data that are used in the crop yield models. The yield estimates 
prepared by CCEA compare favorably with the excellent estimates of 
the U.S. Department of Agriculture (Figures 5 and 6).

Example of Application of a Statistical Model

The model given is for wheat in Kansas, 1975.

Climatic Data: Climatological division values of precipi
tation and temperature are weighted to obtain state values using 
weights based on 1973 wheat harvested acreage.
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Figure 5
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Figure 6
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WeightClimatic Division

1. Northwest 0.1129
2. North Central 0.1088
3. Northeast 0.0232
4. West Central 0.1229
5. Central 0.1486
6. East Central 0.0268
7. Southwest 0.1838
8. South Central 0.2289
9. Southeast 0.0442

Potential evapotranspiration (P.E.T.) is estimated using 
Thornthwaite's method with the state monthly average temperatures 
as the climatic inputs. Average monthly daylength is for latitude 
38°N.

May degree days above 90°F are obtained by averaging the 
degree day values for the following stations: Ashland, Columbus, 
Hays, Horton, McPherson, Medicine Lodge, Tribune, and Winfield.

Normals for the climatic variables are based on the 1931-74 
time period.

NormalVariable

August to February Free. 10.271 in.
March Free.-P.E.T. 0.796 in.
May Free. 3.540 in.
June Prec. 3.809 in.

Wheat Model: The data base is 1931-1974. Normals are 
based on the entire time period. Yield data is measured in bushels 
per acre harvested. Coding of variables is given in Table 1. 
Truncated models are shown in Table 2.

Truncated Yield Forecasts for 1975:

February Truncation: Ŷ = 10.471 + 0.268(25) + 0.741(21) + 
0.521(AFP - 10.271)

June Truncation: Ŷ = 13.347 + 0.225(25) = 0.759(21) + 
0.284(AFP = 10.271) + 1.591(MPP - 0.796) - 0.139(MPP - 0.796)2 - 
0.299(MP - 3.540)2 - 2.453(MDD) - 0.133(JP - 3.809) - 0.119(JP - 
3.809)2

Ŷ = Yield estimate in bushels per harvested acre,
AFP = August to February precipitation (in,),
MPP = March precipitation-P.E.T. (in.),
MP = May precipitation (in.),
MDD = May degree days above 90°F (= 1 if degree days > 8.5,

= 0 otherwise),
JP = June precipitation (in.).



TABLE 1

KANSAS STATE WHEAT MODEL

Variable Coding

Constant
Linear Trend, 1931-55
Linear Trend, 1955-74
August to February Free, (in.)

=1
1931=1,1932=2,...,1955=25,1956=25,...,1974=25
1931=1,1932=1,...,1955=1,1956=2,. . .,1974=20
Departure from Normal

March Prec.-P.E.T. (in.)

May Prec. (in.)
May Degree Days Above 90°F

Departure from Normal
Squared Departure from Normal
Squared Departure from Normal 
=1 if degree days greater than 8.5

June Prec. (in.)
=0 otherwise
Departure from Normal
Squared Departure from Normal

15



TABLE 2

TRUNCATED MODELS FOR KANSAS WINTER WHEAT (1931-74)

Standard Deviation of Yields = 7.42 bu/acre

Variable

Time of Truncation

Trend February March May June

Constant 10.383 10.471 11.407 13.263 13.347
Linear Trend, 1931-55 0.250 0.268 0.213 0.208 0.225
Linear Trend, 1955-74 0.819 0.741 0.811 0.775 0.759
Aug-Feb Prec. (in.) DFN — 0.521 0.343 0.293 0.284
Mar Prec.-P.E.T. (in.) DFN — — 1.875 1.487 1.591

SDFN — -0.170 -0.120 -0.139
May Prec. (in.) SDFN — — — -0.369 -0.299
May Degree Days Above 90°F — — — -2.424 -2.453
Jun Prec. (in.) DFN — — — — -0.133

SDFN — — — — -0.119

Standard Error (bu/acre) 3.68 3.48 2.90 2.53 2.48

R2 0.77 0.80 0.86 0.90 0.91

DFN - Departure from Normal
SDFN = Squared Departure from Normal
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CHOICE OF A MODEL

It has not been my intention to go into great detail 
concerning the particular biological, physical or statistical 
properties of a large number of particular models that have appear
ed in literature. In addition to a proper amount of concern for 
these matters, the choice of a model should be made on the basis of 
answers to a very broad question, "For what purpose will the model 
be used?".

1) The model may serve as an investigative tool, leading 
to better understanding of the complex interactions of the crop 
with the atmosphere.

2) The model may serve as an operational tool, to be used 
to translate the flow of meteorological data through the worldwide 
communications system supported by a large number of national 
weather services into estimates of grain yields, as the crop season 
progresses. The complex system of distributing food grain on a 
global basis is becoming more sensitive to large scale meteorologi
cal anomalies, rather than less. Application of well-conceived, 
feasible crop yield/weather models to the management of national 
and international food grain programs is a comparatively recent 
phenomenon.

Technical and scientific considerations in the choice of a 
particular approach to weather/crop yield modeling are important. 
It is my opinion that we now have completely adequate theoretical 
and practical knowledge to support the process of choosing a 
modeling approach that will best serve the purpose(s) we have in 
mind.

CONCLUSION

We are now at the juncture where the most difficult remain
ing problem is to find an effective way to communciate the results 
of applied crop/weather model applications to the decision-makers 
in government, industry and international bodies in a credible, 
useful form. The opportunity for discussion and communication that 
this meeting offers is a rare opportunity to improve our ability to 
find ways to use our modeling capabilities more effectively.
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SIMULATION OF SOIL AND HAY MOISTURE FOR WORKDAY PROBABILITIES

D.M. Brown1

Associate Professor, Agrometeorology, Department of Land Resource 
Science, O.A.C., University of Guelph.

SYNOPSIS

The fundamentals of three models that were developed to esti
mate the time available for field work in three seasons of the year 
are reviewed. Two of the models simulate surface soil moisture con
ditions in spring (SPRISM) and fall (FALSM) and the other simulates 
the length of field hay drying periods (FHAYD). They were developed 
for application to daily climatological data that were readily avail
able for a number of years at ordinary weather stations in Ontario. 
The major relationships used in estimating soil and hay moisture 
content in these models are reviewed. Some results of the validation 
of FHAYD are presented and reference is made to the validation of the 
other two models..

Such models should not be viewed as finished products as hope
fully they will be improved with use. For example, FALSM was devel
oped from the SPRISM relationships and several improvements were 
incorporated. For this reason several of the limitations in these 
models are summarized here in case they are used by others or inter
faced with other farm management simulation procedures.

It is my view that in time with such simulation procedures, 
based on inter-relationships between the physical and biological 
processes, that we can improve on long-term planning and management 
decisions by the farmer.

INTRODUCTION

Most computerized economic models developed in recent years 
for farm management and planning purposes require information on the 
time available for carrying out field operations. Since there were 
no records of actual field workdays for past years in Ontario, it 
was necessary to estimate such days from climatic records. Some 
workers (Hill et al., 1968; Jose et al., 1971; Moore, 1971) have 
used daily precipitation amounts to estimate good field workdays 
from past weather records. This doesn't account for antecedent 
soil moisture conditions nor differences in soil type. Both have 
an influence on whether a day or part of a day could be considered 
suitable for operating machinery in the field. The best approach * 
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is to simulate the changing soil moisture and/or crop moisture condi
tions on an hourly or daily basis for the season in which the field 
operation is to be carried out. We2have developed simulation models 
for estimating surface soil moisture in the spring tillage and plan
ting season and the fall harvest season, and the time to dry hay in 
the field, so that the models could be applied to climatic statistics 
for probability determinations.

2Three others have been involved in the development of these models 
- Sid Selirio with SPRISM, Peter van Die with FALSM and Jim Dyer 
with FHAYD. I would like to acknowledge their significant contri
butions, but I take the responsibility for this presentation.

My objective is to provide a summary of the principal relation
ships used in these simulation models, to point out some of their 
limitations and to discuss the validation procedures.

DATA INPUT FOR MODEL APPLICATION

The daily climatological data that is most readily available 
for the 50+ years required for an adequate probability analysis in
cludes only maximum and minimum temperatures, 24-hour precipitation 
totals, and hours of bright sunshine. These were the only clima
tological data used in application of the models, except for the 
incoming solar radiation and net radiation data that were available 
in recent years at Guelph, Kapuskasing and Ottawa.

FUNDAMENTALS OF THE MODELS

Soil Moisture Estimation

The water balance approach is used as the basis for estimating 
daily soil moisture and from this predicting the time available, in 
days, for carrying out field operations. These estimates are based 
on the daily climatological data. Our approach is best illustrated 
by the following relationship-

SMn = SMn-1 + Re - Ea (1)

where SMn and SMn-1 are the soil moisture contents of day n 
and day n-1,

Re is effective precipitation of the day, and
Ea is the daily actual evaporation or evapotranspiration 
 estimate.
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Percolation and runoff are considered to occur when the soil mois
ture in the profile reaches field capacity.

Similar budgeting techniques have been used by other workers 
(Shaw, 1963 and 1964; Baier and Robertson, 1966; Bolton et al., 
1968; and others). However, there are two features of our soil 
moisture models, SPRISM and FALSM3, that I would like to enlarge 
on. One pertains to the estimate of potential evapotranspiration4 
(Ep) and the other concerns the allocation of this Ep to soil zones 
for estimating actual evaporation (Ea). In addition, there are a 
few limitations that should be pointed out for the benefit of those 
who may wish to use, adapt, modify or interface SPRISM and FALSM 
with other more sophisticated models.

3 SPRISM - for SPRING Soil Moisture Simulation Model and FALSM for FALL 
Soil Moisture Simulation Model.

4 Henceforth the term evaporation (Ep) will be used in this paper as in
SPRISM where only evaporation from bare soil is estimated. In FALSM
both evaporation and transpiration are involved in Ep.

Estimation of E . A partial energy budget approach is used 
to estimate potential evaporation from recorded daily net radiation 
(QN) and temperatures. When net radiation records are not available, 

is estimated from incoming solar radiation, that may in turn be 
estimated from sunshine hours and the solar constant and daylength 
for the day being considered, according to relationships derived by 
Selirio et al. (1971), This partial energy budget approach can best 
be expressed as follows:

LE = QN • f(TD) (2)

where LE is the latent energy for evaporation,
QN is the net radiation, and f(TD) is function of daytime 

mean temperature and determined from TD = 0.75 TMAX 
+ 0.25 TMIN where TMIN and TMAX are the recorded 
daily maximum and minimum temperatures, respectively.

Two separate functions of daytime mean temperature, f(TD) have been 
used, one in SPRISM and the other in FALSM, The one used in FALSM 
is considered best as it apportions the energy to surface heat and 
evaporation fluxes based on this assessment by Priestley and Taylor, 
(1972) and can be expressed as follows:

LE = Qn • (0.516 + .02Td - .000152TD2) (2a)

This method of estimating potential evaporation was used rather 
than Class "A" pan evaporation data, latent evaporation as described 
by Baier (1971), the Thomthwaite method or the Penman combination 
method because it is based on physical concepts (the energy budget 
approach) and uses data that are readily available from climatic 
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records for 50+ years for a number of Ontario weather stations. It 
is well known that wind and vapour pressure influence evaporation 
as well as radiation and temperature, however, records of wind 
mileage and vapour pressure are not as readily available as sunshine 
and temperature. Baier (1971) evaluated several multiple regression 
relationships utilizing two or more of the above weather variables 
to estimate latent evaporation, from which Ep is determined. The 
Penman method for estimating Ep was used as the standard for compari
son. His results showed that a highly significant increase in the 
coefficient of determination (CD) was obtained when daily solar 
radiation (QS) was used along with temperature and the solar con
stant (QA) . Increases in the CD were also obtained when either, 
or both, vapour pressure and wind were used along with temperature 
and QA) However, the latter two variables gave less significant 
increases than QS. When all three variables, QS, vapour pressure 
and wind, were used with temperature and Qa the increase in the CD 
was not significantly greater than when only QS, temperature, and 
Qa were used in a multiple regression relationship. Therefore, it 
can be concluded that expressions that utilize daily solar radiation 
(QS) and temperature as variables for estimating potential evapora
tion (Ep) are adequate for most climatological studies.

Allocation of Ep to Soil Zones for Estimating Ea. In order 
to calculate daily actual evaporation (Ea) from Ep it was necessary 
to estimate how much water is extracted from each soil zone by the 
roots or by diffusion to upper zones and the soil surface. This was 
accomplished by subdividing the daily Ep into 10 equal increments 
for SPRISM and into 20 increments for FALSM, then allocating so 
many increments to each soil zone based on the available water in 
each zone. This method is described in detail by Selirio and Brown 
(L971)and summarized again by Brown and Van Die (1974).

Limitations in the SPRISM and FALSM Models. There are still 
several features of these models that are not satisfactory. They 
include the determination of effective precipitation; water content 
of soil zones on days following rain, particularly for finer tex
tured soils; and the classification of soils into two general types, 
sandy and loam to clay. The addition of features such as the effects 
of soil drainage characteristics, surface residues and smoothness, 
and soil cracks would add to the precision of model estimates.

Effective precipitation (Re) is calculated for SPRISM merely 
by assuming that any daily precipitation greater than that required 
to replenish the soil zones to field capacity is considered as run
off or percolation water. FALSM considers run-off separately accor
ding to the following relationship for calculating Re -

Re = 0.9R - 0.1R2 (3)

where R is daily precipitation.
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Other methods similar to those derived by Buss and Shaw (1960),Shaw 
(1963)or Elliott et al. (1975)would be useful if adapted to Ontario 
conditions.

One of the assumptions in both models is that all soil zones 
used in the budgeting procedure are at field capacity on the day 
following sufficient effective precipitation to replenish the 
'available’ soil water. For most fine to medium textured soils 
this assumption is probably not valid as the soil water is likely 
above field capacity in the surface zones while still below field 
capacity in the lower zones, following extended periods of dry wea
ther. If this is true it is likely that evaporation extracts free 
drainage water from the surface zones (s) rather than ’available’ 
water for at least one day after rainfall on the finer textured 
soils.

The classification of soils into two general types - sandy and 
loam to clay - is not satisfactory to cover the broad range of soil 
types that exist in Ontario. However, for the purposes of deter
mining workday probabilities (Brown and van Die, 1974) it was felt 
that the surface textural characteristics are the most important 
and to subdivide the soil types into more groups was unnecessary, 
considering the accuracy of all inputs. In retrospect, we probably 
should have used soil moisture characteristics that applied to two 
or three soil types that dominate in the region to which the models 
were applied. For yield predictions, using this soil moisture bal
ance approach, it would be necessary to consider a broader range of 
soil types.

Soil types are important also from a drainage standpoint. For 
days when precipitation is greater than that required to replenish 
the soil zones to field capacity, the rate of excess, water removal 
from an entire field depends on slope, soil texture and subsurface 
drainage. These factors are not considered in the present versions 
of SPRISM and FALSM.

Evaporation from bare soil is also dependent on the amount of 
soil cover provided by crop residues (Greb, 1966; Bond and Willis, 
1969, 1970) and to some extent by the smoothness of the surface 
(Iqbal and Warkentin, 1972), thus the rate of evaporation should be 
adjusted when crop residues exist for application of models like 
SPRISM. This variable was not accounted for in the models.

Cracks and crevices in the soil surface that develop as the 
soil dries and often penetrate deep into the soil profile are not 
considered when estimating the distribution of precipitation water. 
There is no doubt that such factors are important, especially for 
application to summer and fall seasons, but it hasn’t been possible 
to include such features to this point in time.
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Hay Drying Period Simulation

This model, FHAYD (for Field HAY Drying), was developed to de
fine the time required to dry hay in the field from climatological 
data, then,to provide the probabilities of making dry hay or hay
lage in different regions of Ontario. Since the same climatologic
al data existed for application of FHAYD, as was used for determin
ing spring and fall workday probabilities, derived equations had to 
be based on daily precipitation, temperatures and sunshine hours, 
plus the solar constant and daylength from meteorological tables, 
as the only climatic inputs. FHAYD simulates the length of the dry

ing period (n days) from cutting to dry hay (or haylage) using the 
above climatic inputs in a dynamic model rather than define individ
ual days as good or poor hay drying days. The latter approach was 
used by previous workers (Borgman and Brooker, 1961; Moore, 1971; 
Jose et al.,1971;and Hayhoe and Jackson, 1974). In FHAYD the pre
dicted drying cycle starts on the morning of a cutting day at an 
initial moisture content (Mo) and terminates at a final moisture 
content (Mfin) suitable for harvesting.

The basic assumptions and conceptual development of FHAYD have 
been described by Dyer and Brown (1976), Here we will attempt to 
briefly review the principal features by discussing a simple flow
chart of FHAYD and the equations that determine the two rate funct
ions, DRY and REWET, before showing some of the comparisons of pre
dicted and actual field drying periods.

Principal Features of FHAYD. The diagram in Figure 1 shows the 
flow of information from climatic inputs for the cutting day (START) 
to the moisture content of the hay swath at the end of that day (Mn), 
given a certain initial moisture content (Mo). The length of the 
haying drying period (n days is simulated by looping through the 
steps in this flowchart until Mfin is reached. Mfin is chosen ac
cording to the haying method, we assumed Mfin to be 23% moisture 
for dry hay and 55% moisture for haylage. The three rate functions, 
one for drying and two for rewetting control the moisture content 
in the hay swath at the end of each day. Drying is assumed to occur 
during daylight hours only and rewetting by rain and dew at night, 
as the climatological day ends at around 08:00 hours at most ordin
ary weather stations.

These features can be summarized in the following relationship-
              

Mn = Mo - n∑ i=1  DRYi + n ∑ i=1 REWET (4)

where Mn is percent moisture of hay n days after cutting and Mo is 
the initial moisture percent at time of cutting. DRY and REWET are 
defined later (see pp. 25 and pp. 26).
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Figure 1. Flowchart for field hay drying (FHAYD) model showing 
the climatic inputs and the three submodels with rate 
functions.

The solution to this relationship is the number of days (n) to reach 
the desired percentage hay moisture content (Mfin). An estimate of 
daily potential evaporation (Ep), described earlier in this paper in 
connection with FALSM model, is used in the DRY term. This daily E 
value is adjusted according to an expression developed by Hayhoe 
and Jackson (1974),based on a fraction of the daily rainfall. The DRY 
term for day n, then is defined as -

DRYn = 4.3 (Ep- 0.2 RAIN) (5)

where 4.3 is the empirical constant required to convert Ep, in mm, 
to percent moisture. 

We found that the rewetting that could occur due to the RAIN term 
in the above DRY relationship, was not sufficient according to observ
ed hay moisture contents that were recorded more than once a day (Figure 2).
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Figure 2. Observed field hay moisture contents (% wet basis) of 
conditioned and unconditioned ladino (Trifolium repens L.) 
hay at Guelph, Ontario, in 1964.

It was obvious that some rewetting results from dew as well as from 
rainfall So rewetting terms were included for both dew and rainfall. 
Rewetting by rain is estimated by the following relationship -

ΔMn = 3% + 0.5 x RAIN (6)

where ΔM is increased in hay moisture percent resulting from 
precipitation (in mm) on day n,given that Mn < 90%.

When the amount of precipitation exceeds 6.4mm the value for REWET 
resulting from dew is overwritten with REWET caused by rain, since 
the effect of dew can be ignored during rainy weather.

The amount of rewetting by dew is assumed to be related to the 
hours of dew formation (x). This meant that some method for esti
mating the onset of dew had to be derived and, of course, it had to 
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be based on the only climatic inputs available, that is, sunshine 
hours, temperature and rainfall. It is obvious from the arrows in 
Figure 1 that radiation (sunshine hours) and temperature were used 
for this estimation. Figure 3 illustrates the procedure, which is 
based on the following assumptions.

1. When the relative humidity (RH) in the Stevenson screen exceeds 
90 per cent, dew starts to form on the surface (Bootsma, 1972).

2. The dewpoint equals the daily minimum temperature.
3. Temperature decreases exponentially from the time of occurrence 

of the maximum (Tmax) to the minimum (Tmin). Tmax assumed to
occur in mid afternoon and Tmin at sunrise, 

4. Cloud cover controls the curvature of the temperature decay 
curve, and was estimated from the hours of sunshine the day be
fore and the day after the dew formation period.

Figure 3. Illustration of the effects of nocturnal conditions on 
the duration of dew formation (χ).

Thus the hours of dew formation for day n (χn) are defined as the 
time between the 90% RH line and sunrise.

Rewetting during the dew formation period, then, is estimated 
by the following relationship -

ΔMn = χn •10% • DM / Mn-1 • 1 / χave  (7)

where ΔMn is the increase in hay moisture percent resulting
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from dew on day n, χn is hours of dew formation for day n, 
χave is the average number of hours of dew formation, esti
mated to be 5 hours.

DM is the original percent dry matter (15%) and M 1 is the 
hay moisture content in percent for day n-1. Thus the ratio 
(DM/Mn-1) accounts for the fact that dry hay wets up more by 
dew than wet hay. The 10% value is the assumed maximum rewet
ting by dew.

A Limitation of FHAYD. One of the problems with FHAYD is that, since 
it does not define good and poor hay drying days as such, but hay dry
ing periods based on a fixed range of moisture, to , it is not 
possible to determine the number of consecutive "good” drying days as 
others have done (Jose et al. ,1971; Hayhoe and Jackson, 1974;and Moore, 
1971). Therefore we have had to determine probabilities of drying per
iods based on the potential number of cutting days. Table 1 shows the 
expected minimum number of cutting days per week for certain risk levels 
for several weeks of the growing season at Guelph, Ontario.

The other problem with having to define Mo and Mfin for each 
analysis of climate data is that they vary with different farm man
agement practices, varieties, growth stage of the crop, etc. Even 
with this limitation it is felt that the time simulation approach 
of FHAYD is superior to the alternative of the binary choice for a 
hay drying day.

Table 1. Expected minimum number of cutting days per week at risk 
levels 1 year out of 2, 2 out of 3, ..... 9 out of 10.

Week of
Risk Levels

1/2 2/3 3/4 4/5 9/10
May 31 - June 6 4.0 2.6 2.2 1.8 1.0
June 7 - June 13 3.8 3.1 2.6 2.3 1.4
June 14 - June 20 4.0 2.9 2.1 1.6 0.6
June 21 - June 27 4.6 3.3 2.7 2.4 1.0
June 28 - July 4 5.3 4.1 3.5 3.1 2.0
July 5 - July 11 5.5 4.1 3.4 3.0 2.0
July 12 - July 18 4.9 3.7 3.2 2.8 1.8
July 19 - July 25 4.8 3.8 3.3 3.1 2.0
July 26 - Aug. 1 4.3 3.3 2.7 2.2 0.7
Aug. 2 - Aug. 8 3.6 2.0 1.6 1.4 0.9
Aug. 9 - Aug. 15 3.4 2.2 1.5 1.0 0.0
Aug. 16 - Aug. 22 2.6 0.9 0.0 0.0 0.0
Aug. 23 - Aug. 29 0.4 0.0 0.0 0.0 0.0
Aug. 30 - Sep. 5 0.0 0.0 0.0 0.0 0.0
Sep. 6 - Sep. 12 0.0 0.0 0.0 0.0 0.0
Sep. 13 - Sep. 19 0.0 0.0 0.0 0.0 0.0
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VALIDATION OF THE MODELS

Validation of simulation models require a comparison of estim
ates based on the output from a simulation run using available clima
tological data with observations of actual field conditions. In the 
case of the SPRISM model, we were able to compare its' output with soil 
moisture measurements in the spring of 1968 and 1969 at Guelph (Selirio 
and Brown, 1971) and with actual field workdays at two locations for a 
number of years (Selirio and Brown, 1972). Field observations of the 
surface soil moisture over a four year period were available for 
checking FALSM (van Die and Brown, 1976). Similarly hay moisture 
content for several hay drying periods over a number of years5 were 
available for validation of FHAYD. One example showing the comparison 
between simulated hay moisture content using FHAYD and observed 
values is shown in Figure 4. This period was a rainfree

5These were made available through the courtesy of Professor R.S. 
Fulkerson, Department of Crop Science, University of Guelph and 
Mr. Ken Lievers, Engineering Research and Service Unit, Canada 
Agriculture, Ottawa.

Figure 4. Comparison of simulated and observed moisture contents of 
conditioned and unconditioned hay at Guelph, Ontario, in 
1964.
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period early in the season that required six days to reduce hay moi
sture from 85 to 23 percent. FHAYD simulated the daily moisture 
content quite well and reached the 23 percent moisture level on the 
same date as the conditioned swath. Other comparisions during sev
eral faster drying and rainy periods justified the adoption of FHAYD 
for application to climatological data for estimation of hay making 
probabilities. Some of these comparisions can be found in our latest 
publication (Dyer and Brown, 1976).
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WATER RELATIONS IN

SIMED, THE PURDUE MODEL OF ALFALFA GROWTH

D.A. Holt, C.T. Dougherty, R.J. Bula, 

M.M. Schreiber, and R.M. Peart1

SYNOPSIS

SIMED, a model of growth of the alfalfa (Medicago sativa 
L.) crop has been developed, programmed in GASP-IV, this 
model permits computer simulation of dry matter production in 
the alfalfa crop under various sequences of environmental 
conditions. This paper describes the authors1 initial efforts 
to incorporate water relations into the model so that the be
havior of the crop under different soil moisture regimes can 
be simulated. Water holding capacities and wilting points 
are assumed for each of ten 15-cm soil strata. The water 
contents, quantities of plant-available water, and soil water 
potential of each stratum is recomputed during the simulation 
as water is added to the profile by rain and removed by 
evapotranspiration. Plant water potential is computed as a 
function of soil water potential, root resistance, and atmos
pheric demand. Plant water potential is then used as a factor 
in computing physiological rates during the simulation.

1 Associate Professor of Agronomy, Purdue University; Senior 
Lecturer, Department of Plant Science, Lincoln College, New 
Zealand; Area Director, U.S .D.A.--A.R.S,, Lafayette, IN., 
U.S.A.; Research Agronomist, U.S.D.A.--A.R.S., Purdue Uni
versity; and professor of Agricultural Engineering, Purdue 
University, respectively.

INTRODUCTION

In 1973 researchers and extension personnel at Purdue 
University undertook an alfalfa pest management project. The 
immediate objective was to deliver timely and specific alfalfa 
weevil control recommendations to Indiana farmers based on 
accurate predictions of weevil populations. The status of the 
weevil was to be predicted by means of a computer simulation 
of weevil reproduction as influenced by temperature prevailing 
during the growing season. It soon became evident that a 
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second model was needed to predict the status of the alfalfa 
crop as weevil populations developed. The degree of weevil 
damage and the economic desirability of control measures are 
a function not only of the insect population but also of the 
size and stage of maturity of the crop. With this in mind, 
we developed SIMED, a model of dry matter accumulation in 
alfalfa. The acronym is derived from Simulation of MEDicago.

SHIED utilizes GASP-IV, a computer simulation language 
developed by Alan Pritsker (1974) of Purdue’s Industrial 
Engineering Department. GASP-IV was written to facilitate 
simulating industrial systems where there are inputs of raw 
materials and energy, conversions and movements within the 
system, and outputs of final product. This seemed particularly 
appropriate for crop models in general and for the alfalfa 
system in particular. Carbon dioxide, oxygen, water, and 
mineral nutrients flow into the crop, are converted and moved 
within the crop, and become part of the plant dry matter, the 
final product of the physiological processes of the plant. 
The energy regime about the crop influences the rates of 
these processes. The initial computer aspects of SIMED were 
handled by G.E. Miles (1974), now Assistant Professor of 
Agricultural Engineering, Clemson University. Dr. Miles 
subsequently developed a computer language (CROPS) speci
fically for simulating crop growth.

SIMED depicts the flow of carbon compounds into, through, 
and out of the plant. The major classes of plant constituents, 
namely carbohydrates, lipids, and proteins, are essentially 
carbon skeletons with oxygen, hydrogen, and in the case of 
protein, nitrogen as appendages. If the amount of carbon enter
ing and leaving the system as C02 and the amount retained in the 
system are known, the total dry matter accumulated can be 
estimated because the proportions of the various elements in 
carbohydrates and proteins tend to be constant.

We chose to model alfalfa as a crop rather than an indi
vidual plant. Therefore, quantities of material are expressed 
in units of weight per unit land area. Since we were primarily 
interested in the useful end-product of alfalfa growth, quan
tities of materials are expressed on a dry weight basis.

In the original version of SIMED (Holt et al., 1975), 
we assumed that soil moisture and fertility were adequate and 
imposed no limitation on crop growth and development. In 
this paper we report our initial efforts to incorporate water 
relations into SIMED. C.T. Dougherty contributed much to this 
refinement of SIMED, during a sabbatical assignment at Purdue 
University.
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At this point the modified version of SIMED has not been 
validated by testing against field data. First it was necessary 
to incorporate water relations in a sound conceptual manner. 
To the extent that we have been successful in doing this, 
relatively minor modifications in the functional relations 
should be required in order for the model to be validated.

TIH FLOW CHART

Our visualization of the alfalfa crop as a system is 
represented by systems dynamics symbols in Figure 1. The six 
rectangles represent categories of plant constituents, namely 
leaf, stem, and root carbohydrates, and leaf, stem, and root 
"cell masses", which include all constituents except non- 
structural carbohydrates. Material exchange between compart
ments is represented by solid lines with "valve-like" controllers. 
Arrows at the ends of these lines (or "pipes") indicate the 
possible direction of flow. The "valves" labeled "translocation" 
control an actual flow of materials in the plant system. Other 
"valves" represent chemical change of one category of consti
tuents into another.

Figure 1 shows the carbon of CO2 entering the crop and 
becoming nonstructural leaf carbohydrates via the process of 
photosynthesis. Leaf carbohydrates may remain in the leaf 
carbohydrate pool, may become leaf cell mass, be lost by dark 
respiration or photorespiration, or be translocated to the 
stem carbohydrate pool. The carbohydrates of this pool can be 
used for stem cell growth, consumed by dark respiration, 
translocated, or remain in the stem carbohydrate pool. The 
carbohydrates translocated to the roots may become root tissue, 
be lost by respiration, or remain in the root carbohydrate 
pool. The root carbohydrate pool may also provide a source 
of structural material and energy for leaf and stem develop
ment during regrowth following winter or after harvest of the 
above-ground dry matter.

Each "valve" in Figure 1 represents a physiological 
process. The rate of each process depends on physiological 
conditions within the plant and on the physical environment. 
The summation and integration over time of these rates for 
a particular compartment is the net growth of that plant 
component, expressed as dry matter accumulation or loss. If 
all compartments are considered simultaneously and continuously, 
the result is a simulation of alfalfa growth.
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Figure 1. SIMED - a model of dry matter accumulation in 
alfalfa.

COMPUTING PHYSIOLOGICAL RATES

Each of the physiological rates in SIMED is defined as a 
maximum possible rate multiplied by a series of factors. The 
maximum possible rate is expressed in relative terms, i.e., 
grams of dry matter produced, translocated, converted or lost 
per gram of leaf, stem or root "cell mass” during a period of 
time. This maximum rate is multiplied by the grams of leaf, 
stem, or root "cell mass” per square meter of land surface so 
that rates are ultimately expressed as quantities of dry matter 
produced, translocated, converted, or lost per time unit per 
unit area of land on which the crop is growing.

A given physiological process proceeds at the maximum rate 
only when all controlling factors are at optimum levels for that 
particular process. When any controlling factor is at sub- or 
supra-optimal levels, the rate of the process is reduced. This 
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situation is depicted in SIMED by multiplying each maximum rate 
by a series of factors, each representing our estimate of the 
effect of some environmental or physiological variable on the 
rate of the process. The rate of photosynthesis, for example, 
is computed as follows:

Rate of Photosynthesis “ (Maximum rate/unit leaf weight) X 
(leaf weight/unit land area) X (radiation factor) X (leaf 
maturity factor) X (leaf area factor) X (leaf carbohydrate 
factor) X (leaf water potential factor).

When a controlling variable, such as temperature or carbo
hydrate concentration, is at an optimal level for a given physio
logical process, the associated factor is assigned a value 1.0. 
At other levels, the factor is assigned a value between 0 and 
1.0, representing our estimate of the independent effect of 
that variable on the rate of the process. Since simultaneous 
field measurements of temperature, radiation, relative humidity, 
and certain plant variables are often highly correlated, it 
is difficult to evaluate their independent effects on physio
logical processes. In situations where inadequate data were 
available on which to base estimates of independent functional 
relationships between controlling variables and rates, some 
intuition and "trial and error" were employed. In no case did 
we define functional relations which are inconsistent with 
generally accepted plant physiological principles, as we 
understand them.

The calculation of physiological rates and the functional 
relationships involved in these calculations in SIMED are 
described in detail by Molt et al. (1975). Only the additional 
functional relationships associated with water relations are 
discussed in this paper.

WATER RELATIONS

The water status of a crop system is best described in 
terms of water potential, a measure of the chemical potential 
of water in various parts of the system. Gradients of water 
potential determine directions and rates of flow. Likewise, 
water potential apparently exerts both direct and indirect 
influence on the rates of physiological processes occurring 
in different parts of the system. To depict these effects in 
SIMED requires two steps:

1) Estimate the water potential in plant parts as a func
tion of water status of the soil and atmosphere.
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2) Compute physiological rates using plant water poten
tial as one of the factors influencing these estimated 
rates.

Computing Soil Moisture Status

Soil Water Potential: In SIMED, the soil is viewed as 
having 10 strata, each 15 cm thick. The water holding capacity 
(WHC) and the wilting point (WP) water content of each stratum 
is specified in mm/15 cm, The WHC’s and WP’s currently used in 
the model are estimated from measurements of a Warsaw silt loam. 
Obviously, these would be different for different soil types.

An initial water content (WC), also expressed in mm/15 cm, 
is assumed for each soil stratum. Strata are filled to WHC from 
the top down by rain, any excess water moving to the next lower 
stratum and finally draining out of the profile. Run-off and 
run-on are assumed to be equal, thus cancelling each other.

The plant-available water (PAV) in each stratum is calcu
lated for each time period as follows:

PAV = (water content) - (wilting point) / 
(water holding capacity) - (wilting point)

or

PAV = WC - WP / WHC - WP x 100

The soil water potential (SPOT) in each stratum is derived 
from the PAV according to the relationship shown in Figure 2. 
While a given WC represents different PAV in different soils, 
the relationship between PAV and SPOT is reasonably consistent 
across medium textured soils (personal communication, Robert 
Dale, Purdue University).

Evapotranspiration: To simulate changes in soil and plant 
water status it is necessary to compute amounts of water lost 
from the soil by evaporation and transpiration. The energy 
available for these processes comes from net radiation. We 
assumed that net radiation is 76% of total incoming radiation 
and that 70% of net radiation is potentially available for 
evapotranspiration. This quantity of energy is expressed as 
mm of water potentially evaporated and/or transpired during a 
given time interval.
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Figure 2. The relationship between plant available water 
(PAV) and soil water potential (SPOT) in a given 
stratum as depicted in SIMED.

Figure 3. The influence of leaf area index (LAI) on the LAI 
factor used to compute evaporation from the soil 
(EVAP) in SIMED.
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Figure 4. The influence of plant available water (PAV) in 
the upper 15-cm soil stratum on the wet surface 
factor used to compute evaporation from the soil 
(EVAP) in SIMED.

In SIMED, simulated evaporation from the soil (EVAp) 
is adjusted downward with increasing LAI and upward with 
increasing PAV in the upper stratum according to the func
tions shown in Figures 3 and 4.

Transpiration increases with LAI and decreases with 
decreases in SPOT until LAI exceeds 2.7. For LAI greater 
than 2.7 and SPOT greater than -4 bars, transpiration is not 
limited by SPOT, but is a direct function of potential evapo
transpiration (PET). At high LAI and low SPOT, transpiration 
is a function of PET and SPOT. These calculations are sum
marized as follows:

At LAI < 2.7 and SPOT > -4 bars, 
TR = PET • (-0.21 -b 0.7 LAI0.5)

At LAI < 2.7 and SPOT < -4 bars,
TR = PET • (0.091 SPOT + 1.364) • (-0.21 + 0.7 LAI0.5)
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At LAI > 2.7 and SPOT > -4 bars, 
TR= PET - EVAP

At LAI >2.7 and SPOT < -4 bars, 
TR = PET • (0.09 SPOT + 1.634) - EVAP 

where:
LAI = leaf area index
SPOT = soil water potential
TR = transpiration
PET = potential evapotranspiration 
EVAP = evaporation from the soil

The proceeding relationships are based on concepts and data 
of Denmead and Shaw (1962), Ritchie and Burnett (1971), and Van 
Bavel (1967). Transpiration estimated in this way is used in 
SHIED to compute the amount for water removed from the soil as 
explained in the next section.

Removal of Water Prom the Soil: In SIMED, 70% of the cal
culated amount of water evaporating from the soil (EVAP) is 
from the VJC of soil stratum 1 and 30% from soil stratum 2. 
Water transpired is removed from each stratum in proportion to 
the quantity of roots in that stratum. The total root weight 
per unit land area is assumed to be distributed through the 
strata in fixed proportions, which were derived from the data 
of Lipps and Fox, 1964. The length of roots in each stratum is 
calculated by multiplying the weight of roots in that stratum 
by a length to weight ratio which varies with strata (Barley, 
1970). Thus, the model takes into account that the thicker 
roots in upper strata are shorter per unit weight than those 
in lower strata.

Leaf Water Potential; The alfalfa plant is a conduit 
through which water moves from soil to air along a water 
potential gradient. The most important resistances to this 
flow occur at the root membranes which water must traverse to 
enter root xylem and at the stomata. Root resistance is almost 
constant but stomatai resistance varies considerably.

Stomatai resistance increases sharply at times when soil 
water levels are low and atmospheric demand is high. Thus, the 
closing of the stomata prevents irreversible dessication of 
plant tissue except under extremely severe water deficits.

In SIMED, the variable used to represent atmospheric 
demand for moisture is called potential transpiration (P0TTRM). 
It is a function of PET and is expressed in mm of H20/unit 
leaf area.
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We adopted a broader definition of root resistance so that 
it includes not only the root membrane resistance but also 
resistance imposed by decreases in hydraulic conductivity of 
the soil in the immediate vicinity of the root. Thus, during 
a day when transpiration has been rapid and has partially 
depleted the water in the immediate vicinity of the roots, the 
hydraulic conductivity is assumed to decrease, thus increasing 
"root resistance (RR)", which is computed as follows:

RR = 3.3 + 0.1(mm H2O transpired that day)
Finally, having computed soil water potential (SPOT), 

potential transpiration (POTTRM), and root resistance. (RR), 
SHIED computes leaf water potential (WPLEAF),

WPLEAF = SPOT - (RR • POTTRM)
The term RR contains appropriate unit conversions so 

that WPLEAF is expressed in bars. The SPOT used in this cal
culation is that of the soil stratum with the highest SPOT. 
This approach to calculating leaf water potential is a modi
fication of a relationship developed by Neumann et al., 1972,

Leaf water potential can then be used as a factor in com
puting rates of various physiological processes during simulation.

EFFECT OF PLANT WATER POTENTIAL ON PHYSIOLOGICAL RATES

We encountered difficulty in trying to derive useful 
functional relationships between plant water potential and the 
rates of physiological processes. One of the problems is that 
much of the research on this matter was performed on greenhouse 
or growth chamber plants. This information apparently does 
not apply directly to field-grown plants. For example, one of 
Boyer’s studies (Boyer, 1970) showed a considerable reduction 
in photosynthesis at soybean leaf water potentials lower than 
-12 bars and sunflower and corn leaf water potentials less 
than -8 bars. If this relationship held for fieId-grown 
alfalfa, corn, or soybeans, these crops would carry on very 
little photosynthesis on warm, sunmy days, because their leaf 
water potentials ace less than -8 bars much of the time under 
these conditions (Cary and Wright, 1971; Neumann et al., 1972). 
Likewise, if leaf and stem expansion only occurred when water 
potentials exceeded -4 bars, field plants would only grow 
(expand) at night, and this may not be the case (Johnson, 1969),

Apparently field-grown plants acclimate to the more rigorous 
water and energy regimes in which they live and are able to 
carry on physiological processes at lower water potentials than 
greenhouse or controlled-environment plants.
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Figure 5. The effect of leaf water potential (WPLEAF) on the 
WPLEAF factor used to compute the rates of photo
synthesis, leaf growth, and stem growth in SHIED.

in SIMED, we assumed that alfalfa stomata begin to close 
when WPLEAF reaches -20 bars. Stomatai closure is complete at 
-25 bars. Leaf water potentials can drop as low as -50 bars in 
SHIED. These assumptions are based on measurements of leaf 
water potential in irrigated alfalfa in southern Idaho (Cary 
and Wright, 1971). Thus, simulated photosynthesis rate is 
sharply reduced as WPLEAF drops below -20 bars (Figure 5).

Since growth rates in SIMED are defined as rates of dry 
matter accumulation rather than cell expansion, these rates are 
assumed to be as tolerant of low water potentials as photo
synthesis. The same water potential factor is used to calculate 
leaf and stem growth rates as is used to calculate photosynthetic 
rate. The root growth rate calculation, however, utilises a 
different factor. This factor imposes no limitation on root 
growth until WPLEAF is less than -20 bars, then root growth 
decreases but is not completely inhibited even when WPLEAF 
equals -50 bars. This is an attempt to reflect reality, in 
which root water potentials exceed leaf water potentials, this 
difference increasing as leaf water potential decreases (Jordan, 
1970). This also recognizes the apparent ability of roots to
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Figure 6. The effect of leaf water potential (UPLEAF) on the 
WPLEAF factor used to compute rates of root growth 
and leaf, stem, and root respiration in SIMED.

grow toward moisture. The leaf water potential factor on root 
growth rate is shown in Figure 6.

Respiration apparently continues at very low plant water 
potentials, but at a reduced rate (Shearman et al., 1972), We 
depict this situation in SIMED by imposing a leaf water potential 
factor on leaf, stem, and root respiration (Figure 6). This is 
the same factor which is used to compute root growth rate.

At this point, translocation rates in SIMED are not influenced 
directly by water potential. To the extent that other physio
logical rates in the model are limited by low water potentials 
and carbohydrate concentrations are influenced by these limi
tations, translocation is influenced indirectly because trans
location in SIMED is a function of relative carbohydrate concen
trations in source and sink.

It might be appropriate to use water potential factors in 
the computation of translocation rates. Experiments in which 
translocation is monitored by sampling exudate from severed 
aphid stylets have shown that if the water status of a leaf 
decreases sufficiently, water is withdrawn from the phloem, 
slowing or stopping translocation (Peel and Weatherly, 1962). 
Rechtenberg et al. (1971) suggest that high vapor pressure 
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deficits may, at times, limit translocation and cause accumu
lation of carbohydrates in leaves. Future attempts to cali
brate SIMED may help to determine the need for water potential 
factors on translocation.

CONCLUSION

Development and refinement of a crop simulation model is 
an open-ended process. Obviously, the time is far off when 
everything will be known about alfalfa and will be incorporated 
into a model in a conceptually sound and practically useful 
manner. In the meantime, efforts at refinement are educational, 
challenging, intellectually stimulating, and serve to improve 
the conceptual framework within which research is conducted. 
Even in these early stages of development, many current and 
potential uses of crop growth models are possible (Holt et 
al., 1975).
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MODELLING THE PLANETARY BOUNDARY-LAYER

P .A. Taylor1

SYNOPSIS

The review to be presented considers several 
distinct types of planetary boundary layer model.
They differ as a result of the different situations to 
Which they apply, e.g. convectively unstable or stable 
nocturnal cases and also because some are, at this 
stage, primarily for research into modelling techniques 
and applied to the simplest situations while others are 
perhaps more suitable for application to complex 
situations.

INTRODUCTION

The application of numerical models has 
expanded rapidly in most branches of science over the 
past decade and studies of the planetary boundary-layer 
have been no exception. In part this has been because 
the tools are available, in part because large scale 
numerical weather prediction models have reached the 
stage where transfers from the surface through the 
planetary boundary layer affect their results and in 
part because micrometeorologists have expanded their 
upper boundaries, both conceptually and observationally, 
to include more than the lowest few tens of meters.

Precise definitions of the 'planetary boundary 
layer*  or PBL will probably depend on who gives them 
but few would object to Sheppard's (1969) phrase "the 
layer of air above the earth's surface in which sig
nificant fluxes of momentum, heat or matter are carried 
by turbulent motions of a scale of the order of the 
height or less". The ground, or underlying water sur
face, acts as a source (or sink) of heat, water vapour 
and momentum which are then mixed by turbulence through
out the layer. Mixing between the planetary boundary
layer and the "free atmosphere" above is believed to 
take place on a rather more intermittent basis, princip
ally at fronts and as a result of deep convection 
(Charnock and Ellison [1967]). During summer after
noons, at least, we normally think of the PBL as being

Department of Oceanography, University of Southampton, 
U.K. and Atmospheric Environment Service, Downsview, 
Canada.
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well mixed and "capped" by an elevated stable, 
inversion layer at a height, h, of about 1 km. 
Sheppard (1969) states, "The top of the boundary
layer is probably well defined at a majority of 
places and times by the existence of a stable 
layer ... whose height is quite variable but is 
generally below 2 km". In Canada, Portelli (1976) 
has recently compiled a climatology of mixing heights 
similar to the earlier study by Holzworth (1967) for 
selected locations in the United States. These 
investigations were primarily for air pollution 
potential purposes but the definition of mixing depth 
that they use can be loosely interpreted as the top 
of the boundary-layer. Portelli finds mean annual mid
afternoon mixing heights ranging from about 200 m in 
the Arctic to 1500 m in Southern Alberta. Typical 
values in Southern Ontario range from about 500 m in 
winter to 1300 m in summer.

Under other circumstances the top of the 
planetary boundary-layer may be less well defined and, 
with neutral thermal stratification, could have an 
'Ekman layer' structure with the wind gradually turn
ing and approaching its geostrophic or gradient 
value, Ug , with increasing height. Under these cir
cumstances we would expect the turbulence, now 
entirely mechanically generated by the wind shear, to 
slowly decay with height. Dimensional arguments 
suggest that the boundary-layer depth will be con
trolled by u*/f, with possibly some dependence on the 
roughness Rossby number, Ro = |Ug| / fzo. Here u* is 
the surface friction velocity, zo the°surface roughness 
length and f the coriolis parameter. Observations 
suggest that the boundary-layer depth, H ~ 0.1 - 0.3 
u*/f depending upon the definition of H. For u* = 
0.33 ms2 and f = 10-4 s-1 this gives H ~ 0.3 - 1.0km.

At night we often have a totally different 
situation in which a strong surface based inversion 
develops as a result of long wave radiational cool
ing under clear skies. Then, in effect, the air above 
about 100 m is effectively decoupled from the retarding 
influence of the ground and can perform inertial 
oscillations leading to the development of a low level 
jet (Blackadar [1957]).

The three different idealised boundary layer 
structures described above are shown schematically 
in Figs. 1, 2 and 3. While several models can deal 
well with two or even all three situations there has 
been a natural tendency for them to be modelled 
separately. There is also a division to be made between 
models of the planetary boundary-layer and models of 
the surface layer. In the latter case the equations 
are simplified by the neglect of coriolis effects and



a) Convective, Inversion 
capped boundary layer

b) Neutral ’Ekman’ 
layer

c) Nocturnal boundary layer
with neutral stratification above.

Figure 1: Potential Temperature Profiles
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Figure 2: Wind Hodographs: Heights in Metres



Figure 3: Turbulent Energy Profiles
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the assumption that the 'basic state' of the surface 
layer is one in which fluxes of momentum, heat etc. are 
independent of height.

∂Ū / ∂t= f(Ṽ - Vg) + ∂τx / ∂z, (1)

∂Ṽ / ∂t = f(Ug - Ū) + ∂τy / ∂z (2)

and

ρCp θ / t = - H/z ' (3)

where τx, τy are the two horizontal components of 
turbulent kinematic shear stress, - u1w1,  - v'w' and H 
is the upward turbulent heat flux, ρcp w’θ'. The 
synoptic pressure gradient is represented by (fVg ,- fUg) 
where Ug , Vg are the geostrophic wind components parallel 
and perpendicular to the surface wind direction. We 
have, as is customary, neglected the variations in mean 
density ρ with z. This gives some simplification 
but is not really that good an approximation over a 
depth of 1 km. We assume that Ug and Vg are constant 
and ignore thermal wind effects.

As a result of equation (3), in which we 
have assumed no sources or sinks of heat except at the 
surface, we see that the only possible steady state with δ / δt = 0 is when H = constant. This applies to both the

planetary and surface boundary-layers. The momentum 
equations can have non-trivial steady solutions satisfy
ing U = 0 on z = 0 and Ū = Ug - (Ug , Vg) as z --> ∞ pro
vided suitable closure hypotheses are postulated to 
relate the shear stresses to the velocity gradients. 
Often this simply consists of the specification of an 
eddy viscosity, K , and the assumption that

(τx, τy) = KM (δŪ / δz, δṼ/δz) (4)
An attractive alternative approach for this 

simple situation is the use of matched asympotic ex
pansions as in the similarity theories of Kazansky and 

If we consider for a moment the equations 
for mean velocity (Ū, Ṽ) and potential temperature, (θ) 
for a simple, dry, horizontally homogeneous planetary 
boundary-layer we can write 
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Monin (1961), Gill (1967), Csanady (1967) and others. 
Reviews of this approach are given in Sheppard’s 
(1969) article and by Tennekes (1973a).*

* Tennekes' article, along with several others, cited 
in this paper appear in a useful collection of 
articles published by the American Meteorological 
Society as the proceedings of their 1972 'Workshop 
on Micrometeorology'.

When we cone to consider a shallow, near 
surface, layer through which the turning of the wind 
is snail it is customary to neglect coriolis effects 
and replace equation (1) by

∂Ū / ∂t = ∂τx / ∂z (5)
Now, in order to have a steady state solution 

for flow above horizontally honogeneous terrain, we 
nust have τx independent of z. This then becones the 
idealised 'constant flux layer', nuch beloved by micro- 
neteorologists , within which we assume τ = ρu*2, and 
for neutral stratification the velocity profile is 
found to be logarithmic. From the point of view of the 
planetary boundary-layer modeller however we can note 
that ∂τx / ∂z is in fact greatest at the surface and one 
needs to be rather cautious about applying constant 
flux theories through too deep a layer. (See Tennekes 
[1973a]). A depth of 0.01 u*/f is sometimes quoted 
for the surface layer which would give 30 m in our 
typical case. The variation in τ over this depth 
might be about 5-10%. There is considerable interest 
in modelling this surface boundary-layer but the present 
review will concentrate on models which include the 
entire planetary boundary-layer.

WELL MIXED, INVERSION CAPPED LAYERS

Models of the growth of such layers have 
been developed recently by Carson (1973) and Tennekes 
(1973b) following the earlier work of Ball (1960). They 
are formulated as time dependent models of the develop
ment of convective, well mixed, layers above horizontally 
homogeneous terrain but can also be regarded in the 
Lagrangian sense of following a particular column of 
air if we neglect wind shear effects. They have the 
great advantage of relative simplicity and avoid the 
need for detailed assumptions about turbulent transport 
within the layer. Mean velocity variations are not 
included in the models quoted but Carson and Smith 
(1974) give some preliminary results from a 'thermo- 
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dynamic' model and recently Venkatram (Atmospheric 
Environment Service, Downsview - personal communication) 
has developed a model which includes the momentum 
equations.

The basis of these 'slab' or 'mixed layer' 
models is the assumption of idealized potential tempera
ture profiles of the type shown in Fig. la, but usually 
ignoring the details of the surface layer. If we then 
consider changes of height, h and potential temperature, 
as a function of time as a result of input of heat at 
the surface at a rate Ho we can derive two governing 
equations for θ and Δθ where Δθ is the potential 
temperature jump across the top of the layer. These 
take the form

ρcph ∂θ / ∂t = Ho + ρcp Δθ ∂h / ∂t (6)
and 

∂ / ∂t (Δθ) = γ ∂h / ∂t - ∂θ / ∂t (7)
where γ is the potential temperature gradient in the 
stable air above the well mixed layer. Equation (6) 
essentially states that the temperature in the layer 
increases as a result of heating from below, Ho and the 
entrainment of warm air from above, across the top of 
the layer. The problem now is that we only have two 
equations for the three unknowns, θ, h and Δθ. ’Closure' 
in this case can be achieved by assuming the heat trans- 
ferred across the upper boundary, Ho = ρcp Δθ ∂h / ∂t to be 
proportional to the surface heat flux, i.e.

ρcp Δθ ∂h / ∂t = A Ho (8)
Ball used a value 1.0 for A while Tennekes 

has A = 0.2. Carson assumes A will vary in the range 
0 to 1. With this closure hypothesis and a knowledge 
of the initial state and the surface heat flux the 
equations can be integrated to predict the variations 
of temperature and mixed layer height while the layer 
is growing.

In a simple case where we set A = 0.2 and 
assume h = Δθ = 0 at t = 0 and Ho = constant we can 
obtain the simple analytic solutions:

h = 14 /5 Hot / ρcpγ and Δθ = γh / 7 
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Note that this gives h α t 1/2 .
With γ = 5°K/km and Ho =0.25 cal cm-2 min-1 = 174.4 
watts m-2 we find the following quite reasonable results 
for h and ∆θ.

t (hrs) h (km) ∆θ (°k)

0 0 0
1 0.55 0.39
4 1.1 0.79
6 1.34 0.96

Although these are relatively simple models 
they do match the physics of the situation in a very 
appealing way and there is considerable research 
activity at present in trying to improve the basic 
closure assumption. They are in many ways analagous 
to models of the mixed layer of the upper ocean 
developed by Kraus and Turner (1967), Pollard, Rhines 
and Thompson (1973) and others.

'EDDY VISCOSITY' MODELS

When mixing is less vigorous than in the 
convectively unstable case the traditional way to close 
the problem has been to assume a relationship between 
the turbulent Reynold’s shear stresses and the vertical 
gradient of horizontal velocity as in equation (4) and 
to use an eddy diffusivity for heat in the form

H = ρcp KH ∂θ / ∂z. 

The difficulty here lies in the specification of KM. and 
KH. For the simple case of the steady, neutral baro
tropic planetary boundary-layer over homogeneous terrain 
Blackadar (1962) proposed the use of a 'mixing-length' 
model with KM = |τ|1/2 ℓand

ℓ =  κ (z + zo) / (1 + κz / λ) (9)

where κ is von Karman's constant (0.4) and λ is the max
imum value attained by ℓ as z --> ∞. This is taken by 
Blackadar to be 0.00027 |Ug|/f. (For |Ug| = 10 ms-1
and f = 10-4 it gives λ =z7 m) . Several other forms 
for ℓ have been proposed, see for example the review by 
Estoque (1973) , but, provided they have ℓ ~ κ(z + zo) 
near the ground and have a. sensible maximum value do not 
produce significantly different results (Taylor [1969]).
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A useful variation of the/mixing-length 
approach is to assume that KM α E1/2 ℓ where E is 
the local mean kinematic turbulent energy level. The 
turbulent energy equation must be added to the system 
to be solved and suitable assumptions made concerning 
diffusion and dissipation of turbulent energy but 
the resulting model is rather more flexible and should 
be better suited to more complex flow situations. 
This approach has been used by several Soviet authors 
e.g., Zilitinkevich et al. (1967),Lykosov (1972) 
and originates with the work of Kolmogorov & Prandtl 
(see Monin & Yaglom 11971, p 378]). Delage (1974) 
uses this method in his numerical study of the nocturnal 
boundary-layer. Some results due to Delage are given 
by Taylor (1974)*  for the neutral barotropic PBL. An 
alternative to specifying the form of ℓ as a function 
of z is to relate it to the distribution of E (see 
Zilitinkevich et al. [1967]) but we see little advantage 
in this.

* This and several other papers referred to have appeared 
in the proceedings of the IUTAM-IUGS Symposium on 
'Turbulent Diffusion in Environmental Pollution1 held 
in Charlottesville in 1973. Many other articles in 
these proceedings will also be of interest.

When, as is most often the case, the vertical 
thermal stratification is non-neutral we must expect 
changes in eddy diffusivity, or mixing-length as a 
result. While the behaviour of exchange coefficients 
in the surface layer as stability changes is quite 
well documented,see for example Busch (1973) , their 
behaviour in the deeper planetary boundary-layer is open 
to more speculation. For rather basic mixing-length 
models the forms

KM = ℓ2 ∂S / ∂z (1 + α Ri)2 for Ri < 0, Unstable

ℓ2 ∂S / ∂z (1 - α Ri)2 for Ri > 0, Stable 

where S = |U| , α = -3 and ℓ is the Blackadar form 
for mixing length (equation [9]) are proposed by Estoque 
(1973) and have been used successfully by Estoque and 
Bhumralkar (1970) in their studies of the PBL. The 
gradient Richardson number is given by

Ri = g (∂θ/∂z)/θ (∂S/∂z)2
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Extensive details of the 'eddy viscosity' 
approach to planetary boundary-layer modelling are 
given by Estoque (1973) and Wipperman (1973) who give 
results for a range of cases.

HIGHER ORDER CLOSURE

Dissatisfaction with the concept and per
formance under certain circumstances of simple eddy 
viscosity closure hypotheses has led several researchers 
to consider closure at a higher level. In the general 
turbulent flow context this has been pioneered by 
Donaldson (1973), Lumley and Khajeh-Nouri (1974), 
Launder et al. (1975) and others while Wyngaard et al. 
(1974), Mellor and Yamada (1974) and Lewellen and 
Teske (1975) have applied the ideas to the planetary 
boundary-layer. The basis of this work is to leave 
the Reynold's stresses -u'w etc. and heat fluxes θ'w' 
as they appear in the mean momentum and heat equations 
(1, 2, 3) and to formally derive differential equations 
for them from the full instantaneous momentum, heat 
and continuity equations. Closure hypotheses must 
then be made to relate third order velocity and 
temperature correlations, e.g. u'w'2, w'θ'2 and 
pressure velocity correlations w'ρ' etc. to the second 
order correlations. The details are rather too complex 
to be dealt with here, let it suffice to say that, for 
the horizontally homogeneous PBL, the number of equations 
rises from three (for Ū, Ṽ and θ) to ten (for Ū, Ṽ, θ, u'2 
v'2, w'2, u'w', v'w', w'θ', θ'2) and the number of 
closure hypotheses required increases considerably. 
Proponents of these schemes are perhaps overly optimistic 
about their potential but it is probable that, in due 
course, they will replace the simpler eddy viscosity 
models. Mellor and Yamada's (1974) paper, where they 
consider a hierachy of turbulence closure models, is a 
good introduction to the subject.

Although higher order closure models represent 
a considerable advance on previous studies they can still 
only tell us about average properties of the flow, 
although these now include second order correlations, 
and do not attempt to simulate the individual 'eddies' 
responsible for turbulent transport. They also follow 
earlier models in making local closure hypotheses. A 
non-local system involving integrals over a neighbour
hood in space and time of the point at which closure is 
to be applied might be a possible future development.
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DEARDORFF’S SIMULATIONS

A totally different approach has been taken 
by Deardorff (1970a, 1970b, 1972, 1973, 1974a, 1974b) 
in a series of papers describing his simulations of 
the planetary boundary-layer in which the larger 
eddies, as well as the mean flow are modelled. Of 
necessity his model is time dependent and three 
dimensional, although the mean flow need not be, and 
requires very heavy use of computing facilities. Since 
the flow is at high Reynold’s number it is impossible 
to resolve all the turbulent eddies down to the scale 
at which the turbulent energy is dissipated and con
verted to heat. It is thus necessary, as in numerical 
weather prediction to average the basic momentum and 
other equations over a grid volume. This takes the 
place of the ensemble averaging formally undertaken 
by the other models described. As a result of this 
averaging eddies larger than the grid size are modelled, 
along with their transports of momentum and heat while 
transports due to eddies smaller than this must be 
parameterized by "sub grid scale" closure assumptions. 
It is important to realize that this is conceptually a 
totally different thing to closure assumptions follow
ing ensemble averaging and that, in the case of sub 
grid scale closure, the closure parameters will depend 
on the grid size. In his simulations of Clark et al's. 
(1971) Wangara data, Deardorff (1974a, 1974b) uses 
a sub grid scale higher order closure.

The region studied in this case is an 
advected 5 km x 5 km x 2 km box of a predominantly con
vectively unstable, inversion capped planetary boundary
layer with a grid size of 50 m in the vertical and 
125 m in each of the two horizontal directions. The 
lower boundary is uniform and periodic lateral boundary 
conditions are imposed. Even this 40 x 40 x 40 grid 
leaves one wondering if higher resolution would be 
desirable, especially near the surface and the 'lid1. 
Computation times on a CDC 7600 are about 10 x real 
time and about 350 hrs of computer time were used in 
simulating and analysing 24 hrs. in the life of this 
rather small region of the planetary boundary-layer. 
Dearorff's work is a major numerical experiment which 
has provided vast quantities of ’data' - far more 
than any field experiment. How good these data are 
may depend on the assump Lions made in the model but 
this approach should be able to teach us a lot about 
the mechanisms of turbulent transport in the planetary 
boundary layer.
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At the present time it should be emphasized 
that this is very much a research tool and, with pre
sent computer technology, cannot really be used except 
in very limited applications.

URBAN-SCALE MODELLING

We have concentrated on describing some 
different modelling approaches to simple situations. 
In addition to the continued refinement of such models 
there has been a considerable amount of research 
effort in applying established models to more complex 
situations. Examples include sea and lake breezes 
(e.g. Physick [1975]), urban heat islands (Gutman & 
Torrance [1975]), (Yu & Wagner [1975]). Surface layer 
flows above changes in surface roughness (Peterson 
[1969]) or thermal properties (Taylor [1970]) and flow 
over 'gentle topography' (Taylor & Gent [1974]). Most 
of the models developed for these situations are of 
the 'eddy viscosity' type discussed in here although 
Rao et al. (1974a, b) have applied higher order closure 
models to the roughness change and surface thermal 
change problems.

The number of fully three dimensional studies 
of the dynamics of the boundary layer are quite limited 
but with the increasing demand for urban air pollution 
prediction models this is now an area of considerable 
research activity. Although on a rather larger scale 
Pielke' (1974) model of the Florida sea breeze is a 
good example of a three dimensional model of the dynamics 
of the flow while Bornstein's (1974) and other models 
are specifically designed for the urban situation. In 
Taylor (1974)loutline the problem we would like to solve. 
Although I perhaps then overestimated the rate at which 
progress would be made most of the techniques are now 
available and realistic three dimensional urban 
meteorological models should be operational in the not too 
distant future.



-■ 59 -

REFERENCES

Ball, F.K., 1960. 'Control of inversion height by 
surface heating'. Quart. J. Roy. Meteorol. 
Soc. 86, 483-494.

Blackadar, A.K., 1957. ’Boundary-layer wind maxima 
and their significance for the growth of 
nocturnal inversions'. Bull. Amer. Met. Soc. 
38, 283-290.

Blackadar, A.K., 1962. 'The vertical distribution of 
wind and turbulent exchange in a neutral atmos
phere', J. Geophys. Res. 67, 3095-3102.

Bornstein, R.D., 1975. 'The two dimensional URBMET 
urban boundary-layer model'. J. Applied Met. 
14, 1459-1477.

Busch, N.E., 1973. 'On the mechanics of atmospheric 
turbulence' in Workshop on Micrometeorology, ed. 
D.A. Haugen, American Meteorological Society, 
1-65.

Carson, D.J., 1973. 'The development of a dry 
inversion-capped convectively unstable boundary
layer. Quart. J. Roy. Meteorol. Soc. 99 , 450-467.

Carson, D.J. and Smith, F.B., 1974. 'Thermodynamic 
model for the development of a convectively 
unstable boundary-layer'. Adv, in Geophys.
18A, 111-124.

Charnock H., and Ellison, T.H., 1967, 'The boundary
layer in relation to large scale motions of the 
atmosphere and ocean'. Study Conference on GARP 
(ICSU/IUGG, WMO and COSPAR).

Clarke, R.H,, Dyer, A.J., Brook, R.R., Reid, D.G.
and Troup, A.J., 1971. 'The WANGARA experiment: 
boundary-layer data'. CSIRO, Div. of Meteorol. 
Phys. Tech. Paper No. 19, 340 pp.

Csanady, G.T., 1967. 'On the resistance law of a 
turbulent Ekman layer'. J. Atmos. Sci. 24, 
467-471.

Deardorff, J.W., 1970a. 'A three dimensional numerical 
investigation of the idealized planetary boundary
layer ' . Geophys . Fluid Dynamics , _1, 377-410 .

Deardorff, J.W., 1970b. 'Preliminary results from 
numerical integrations of the unstable planetary 
boundary-layer'. J. Atmos. Sci. 27, 1209-1211.



60

Deardorff, J.W. , 1972. 'Numerical investigation of 
neutral and unstable planetary boundary-layers'. 
J. Atmos. Sci. 29, 91-115.

Deardorff, J.W., 1973. ’Three dimensional numerical 
modelling of the planetary boundary-layer1 in 
Workshop on Micrometeorology, ed. D.A. Haugen, 
American Meteorological Society, 271-311.

Deardorff, J.W., 1974a. ’Three dimensional numerical 
study of the height and mean structure of a heated 
planetary boundary-layer'. Boundary-Layer 
Meteorol. 2/ 81-106.

Deardorff, J.W. , 1974b. 'Three dimensional numerical 
study of turbulence in an entraining mixed layer'. 
Boundary-Layer Meteorol. 199-226.

Delage, Y., 1974. 'A numerical study of the nocturnal 
atmospheric boundary-layer'. Quart. J. Roy. 
Meteorol. Soc. 100, 351-364.

Donaldson, C. du P., 1973. 'Construction of a dynamic 
model of the production of atmospheric turbulence 
and the dispersal of atmospheric pollutants', in 
Workshop on Micrometeorology, ed. D.A. Haugen, 
American Meteorological Society, 313-392.

Estoque, M.A., 1973. 'Numerical modelling of the 
planetary boundary-layer', in Workshop on Micro
meteorology, ed. D.A. Haugen, American 
Meteorological Society 217-270.

Estoque, M.A. and Bhumralkar C.M., 1969. 'Flow over 
a localized heat source'. Mon. Wea. Rev. 97, 
850-859.

Gill, A.E., 1967. 'The turbulent Ekman layer', 
unpublished manuscript, Dept, of Applied 
Mathematics and Theoretical Physics, Univ, of 
Cambridge.

Gutman, D.P. and Torrance, K.E., 1975. 'Response of 
the urban boundary-layer to heat addition and 
surface roughness'. Boundary-Layer Meteorol. 
9, 217-234.

Holzworth, G.C. , 1967 . ’Mixing depths, wind speeds 
and air pollution potential for selected locations 
in the United States'. J. Applied Met. 6_^ 
1039-1044.



61 -

Kazansky, A.B. and Monin, A.S., 1961. 'On the dynamic 
interaction between the atmosphere and the earth's 
surface’. Bull, (lzv.) Acad. Sci., USSR, 
Geophys. Ser. _5, 786-788.

Krauss, E.B. and Turner, J.S., 1967. 'A one-dimensional 
model of the seasonal thermocline. II. The 
general theory and its consequences'. Tellus 19, 
98-106.

Launder, B.E., Reece, G.J. and Rodi, W., 1975. 
'Progress in the development of a Reynolds stress 
turbulence closure’. J. Fluid Meeh. 68, 537-566.

Lewellen, W.S. and Teske, M. , 1975. 'Turbulence modelling 
and its application to atmospheric diffusion, Parts 
I and II EPA reports, EPA-600/4-75-016 a, b.
Research Triangle Park, North Carolina.

Lumley, J.L. and Khajeh-Nouri, B., 1974. 'Computational 
modelling of turbulent transport* . Adv. in 
Geophys. 18A, 169-192.

Lykosov, V.N., 1972. 'Unsteady state in the planetary 
boundary-layer of the atmosphere. Izv. Atmos.
Oceanic. Phys. _8, 142-155 (85-91 in Eng. trans.),

Mellor, G. and Yamada, T., 1974. 'A hierachy of turbulence 
closure models for planetary boundary-layers'. J.
Atmos. Sci. 31, 1971-1806.

Monin, A.S. and Yaglom, A.M., 1971. 'Statistical Fluid 
Dynamics, Vol. I, (English translation edited 
by J.L. Lumley), M.I.T. Press, 769 pp.

Peterson, E.W., 1969. 'Modifications of mean flow and 
turbulent energy by a change in surface roughness 
under conditions of neutral thermal stability'.
Quart. J. Roy. Meteorol. Soc. 9 5, 561-575.

Physick, W.L., 1975. 'A numerical model and observa
tions of the sea-breeze system over a gulf'. 
Flinders Institute for Atmospheric and Marine 
Sciences (South Australia), Research Report No. 18.

Pielke, R.A. , 1974. 'A three dimensional numerical model 
of the sea breezes over South Florida*.  Monthly 
Weather Review, 102, 115-139.



62 -

Pollard, R.T., Rhines, P.B. and Thompson, R.O.R.Y., 
1973. ’The deepening of the wind mixed layer'. 
Geophysical Fluid Dynamics 4_f 381-404.

Portelli, R.V., 1976. 'Mixing heights, wind speeds and 
air pollution potential for Canada*.  Subm. to 
Atmosphere.

Rao, K.S., Wyngaard, J.C. and Cote, O.R., 1974a. 'The 
structure of a two dimensional internal boundary
layer over a sudden change of surface roughness'. 
J. Atmos. Sci. 31, 738-746.

Rao, K.S., Wyngaard, J.C. and Cote, O.R. , 1974b. 'Local 
advection of momentum, heat and moisture in 
micrometeorology' . Boundary-Layer Meteorol. 7_, 
331-348.

Sheppard, P.A., 1969. 'The atmospheric boundary
layer in relation to large-scale dynamics', in 
The Global Circulation of the atmosphere, ed. G.A. 
Corby, Royal Meteorological Society, 91-112.

Taylor, P.A., 1969. ’On planetary boundary-layer flow 
under conditions of neutral thermal stability'. 
J. Atmos. Sci. 26 , 427-431.

Taylor, P.A., 1970. 'A model of airflow above changes 
in surface heat flux, temperature and roughness 
for neutral and unstable conditions'. Boundary- 
Layer Meteorol. JL, 18-39 .

Taylor, P.A., 1974. ’Urban Meteorological Modelling - 
Some relevant studies'. Adv. in Geophys. 18B, 
173-185.

Taylor, P.A. and Gent, P.R., 1974. 'A model of atmos
pheric boundary-layer flow above an isolated 
two-dimensional 'hili'; an example of flow above 
’gentle topography'. Boundary-Layer Meteorol. 7_, 
349-362.

Tennekes, H., 1973a. 'Similarity laws and scale 
relations in planetary boundary layers' in 
Workshop in Micrometeorology, ed. D.A. Haugen, 
American Meteorological Society p 177-216.

Tennekes, H. , 1975b. 'A model for the dynamics of the 
inversion above a convective boundary layer’. J. 
Atmos. Sci. 30, 558-567.



- 63 -

Wipperman, F., 1973. The planetary boundary layer of 
the atmosphere, Deutscher Wetterdienstr Annalen 
der Meteorologie Nr. 7, pp 346.

Yu, T.S. and Wagner, N.K., 1975. ’Numerical study of 
the nocturnal urban boundary layer* . Boundary- 
Layer Meteorol. 9^, 143-162.

Zilitinkevich, S.S., Laikhtman, D.L., and Monin, A.S., 
1967. 'Dynamics of the atmospheric boundary
layer 1 . Izv. Atmos. & Oceanic Phys. 3^, 297-333. 
(170-191 in English trans.).



- 64 -

VERIFYING AN URBAN SURFACE CLIMATE SIMULATION MODEL

J.E. Lewis Jr.1, S.I. Outcalt1 2, R. Pease3

1 Department of Geography, McGill University
2 Department of Geography, University of Michigan
3 Department of Earth Science, University of California - Riverside

SYNOPSIS

Verification of simulation results are essential if 
progress is to be obtained through modelling. Digitized thermal 
imagery collected for May 11, 1972 at 1345 EDT for a flightline 
across the city of Baltimore is used as observed information in 
the form of a surface radiant temperature map. Utilizing land 
use as a surrogate to estimate surface characteristics such as 
aerodynamic roughness, wet fraction and thermal diffusivity, a 
temperature equilibrium model generates surface temperatures for 
nine types of land use. In comparing the observed map with the 
simulated results, the spatial association was fairly good con
sidering differences in resolution. However, in the absolute 
sense, the model consistently underpredicted the observed tem
perature but similar values for the range and hierarchical rank 
of temperature did occur,

INTRODUCTION

The development of any research program is largely 
dependent upon the questions to be answered by the proposed work. 
In urban climatology, we believe that a central question is how 
does land-use interact with weather to modify the urban climate? 
The mean surface temperature in any area of urban terrain is a 
unique response to local weather and the physical properties of the 
earth's surface and substrate.

The nature of the urban surface controls both the magnit
ude and partitioning of energy at the earth’s interface. The site 
properties which affect the local climate are the thermal propert
ies of the surface (thermal diffusivity and conductivity), surface 
aerodynamic roughness, surface reflectivity (albedo), and the 
distribution of moisture (evaporation and transpiration) at the 
interface. The combination of these surface properties will then 
establish a mosaic of microclimates in the city, each having its 
particular radiation-energy budget. Therefore, when the surface 
properties are modified the phase and amplitude relationships 
between the components of the surface energy are perturbed.

Present modeling technology permits the numerical simu
lation of the surface thermal and energy balance regime as a func
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tion of local meteorological observations and the radiative, aero
dynamic and thermal properties of the near surface environment.
The specific data in these categories necessary for simulation is 
listed in Table 1.

Table 1: Necessary simulation data.

Meteorological Variables Geographical Terrain Parameters

Station Pressure
Incoming Solar Radiation
Incoming Thermal Radiation
Mean Air Temperature
Mean Relative Humidity
Mean Wind Velocity

Substrate Thermal Diffusivity

Surface Albedo (Effective) 
Surface Aerodynamic Roughness 
Surface Wetness

This paper described the verification attempts of the 
authors in testing an equilibrium surface temperature simulation 
model. "Verification testing" is accomplished through the use of 
aircraft multispectral scanning information which is employed to 
construct observed maps of surface radiant temperatures for an 
urban area. The general approach in modeling urban temperature 
fields is based on the simulation of a set of temperatures associat
ed with surface characteristics representative of a particular land 
use. The rationale of this method is that each land-use type with 
its individual mix of surface properties generates an energy regime 
unique to that type.

Observed Data Source

Multispectral scanner imagery was collected for the city 
of Baltimore, Maryland on May 11, 1972 at 615, 1015, and 1345 EDT. 
The aircraft flew at 1524 meters above sea level for which data was 
collected in following radiation band 9.8 - 11.7 p. Very detailed 
procedures for calibrating the thermal imagery were followed. The 
interested reader is referred to Lewis et al. (1975) and Pease 
(1974). One flightline and time of day was chosen for use in 
verifying the simulated results.

A smoothed digitized computer map was constructed 
employing the Stefan-Boltzmann relationship assuming an emissi
vity of .95 (see Fig. 1). This emissivity assumption is reasonable 
because the city does not have widely varying types of moisture 
sources due to the existence of mostly man-made impervious 
materials, and the range of radiant temperature values for emissiv
ities from .90 to .95 is subsumed in the class interval of 5°C used 
on the map.
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Figure 1 (Left) Video replay of 9.8 - 11.7u band showing surface 
radiant temperatures by grey tones (1345 EDT).

(Right) Digitized map of surface radiant temperatures
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Simulation Model

The details of the simulation strategies are available 
in the current literature (Outcalt, 1972) and will not be discussed 
here in detail. Briefly, the method hinges on the specification 
of all the variables needed to calculate the components of surface 
energy transfer based on the meteorological (M) and geographical (G) 
data listed in Table 1. Then, the four components of surface 
energy transfer (net radiation (R), soil (S), sensible (H) and 
latent (L) heat flux) can be specified as transcendental in surface 
temperature (T) in the familiar energy conservation equation.

Eq. 1: R(G,M,T) + S(G,T) + H(G,M,T) + L(G,M,T) = 0.0

A suitable numerical algorithm (interval-having or 
secant) is selected to carry out a search for that surface temper
ature which will drive Equation 1 to a zero sum condition. Then, 
an explicit or implicit finite difference algorithm is employed to 
generate an update soil temperature/depth profile. Thus, at each 
iteration, the surface temperature and all the components of sur
face energy transfer are output in addition to the substrate (soil) 
thermal profile.

Estimation of Boundary Conditions

The next stage of model development required the estima
tion of the geographical terrain parameters from easily measurable 
characteristics of urban terrain in sample tracts several blocks 
in area. It was discovered that the geographical parameters were 
related to three easily measured features of urban terrain which 
could be abstracted from stereo air photography, multispectral 
imagery, insurance maps, etc. The relationships are contained in 
Table 2 and were derived from consideration based on the earlier 
work of Lettau (1969) and Myrup (1969). In turn, the three under
lying terrain parameters are defined as listed in Table 3.

Table 2: Computation of geographical parameters.

Parameter Definition A Function Of

1) Substrate Diffusivity traditional definition wetness fraction
2) Surface Albedo 

(Effective)
includes radiation 
absorption from 
vertical surfaces

silhouette ratio 
obstruction ht.

3) Surface Aerodynamic 
Roughness

used in computation of 
turbulent fluxes

silhouette ratio 
obstruction ht.

4) Surface Wetness direct surface wetness
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Table 3: Urban terrain factors.

Wet fraction — That fraction of a terrain tract in 
irrigated lawn cover and tree cover.

Silhouette Ratio — The ratio of the vertical silhouette 
area in a tract to the horizontal 
area of that tract.

Obstruction Ht. — The mean height of building and 
vegetation which forms an obstruction 
to air flow and creates a vertical 
silhouette which collects radiation in 
addition to the radiation absorbed on 
horizontal surfaces.

The modeled temperature field is constructed in the 
following manner. A specific set of geographical (urban) terrain 
factors (surface roughness, substrate diffusivity, surface albedo, 
percent of transpiring surface-wet fraction, and silhouette ratio) 
are estimated from the particular land-use. Once the temperature 
for the respective land use are simulated, a 40 x 15 grid is over- 
lain on the land-use map of the study area and a temperature value 
is plotted for the land-use type occurring at that grid intersection.

For this study the values of the geographical terrain 
parameters, given in Table 4, are obtained using techniques outlined 
by Jenner (1975) with the exception of surface albedo and substrate 
diffusivity. Surface albedo values for each land-use type were 
assessed from observed multispectral data. Diffusivity values were 
obtained from Myrup and Morgan (1972). An internal change was made 
in the surface budget simulation model in which sky radiant tempera
ture is usually set at 22 C below mean air temperature, however, 
for this simulation exercise an observed mean sky radiant temperature 
of -5 C was used.

The U.S. Geological Survey's land-use classification 
(Anderson, 1972) employed was modified slightly. The residential 
class was subdivided into low, medium, and high densities and com
mercial land-use was defined CBD for a specific area in downtown 
Baltimore. In addition, park and open category were combined into 
one class while institutional land-use temperature was calculated by 
weighting commercial and open land-use (park) temperature values on 
a 1/3 and 2/3 bases respectively.

Results and Discussion

The 1400 EDT simulated temperature for the respective 
land-use are shown on Table 5.



Table 4: Application of simulation parameters.

Land Use Albedo Substrate
Diffusivity

Wet
Fraction

Surface
Roughness

Silhouette
Ratio

(%) (cm2/sec) (%) (cm)

Low density 
residential

18 .011 60 73 .13

Medium density 
residential

18 .0155 30 86 .19

High density 
residential

14 .0192 1 110 .19

CBD 15 .0192 5 400 .22

Commercial 15 .0192 5 78 .02

Transportation 15 .0177 15 6 .02

Urban parks 23 .0065 90 80 .17

69
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TABLE 5.—SIMULATED SURFACE RADIANT TEMPERATURES

AS FUNCTIONS OF LAND USE FOR A PORTION OF FLIGHTLINE 3

1400 EDT, MAY 11, 1972

Land Use Temperature (°C)

Residential

Low density 24.3

Medium density 28.3

High density 37.2

CBD 25.6

Commercial 33.4

Transportation 40.3

Urban parks 20.4

Institutional (schools, etc.) 22.6

Water surface 15.0
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The simulated temperatures were then mapped (see Fig. 2) 
based on the grid method previously discussed. Given this grid system 
600 temperatures are used to produce the simulated map. The geograp
hical limits of the map are reduced compared to the observed map 
displayed on Fig, 1. Following a NW-SE direction, the simulated 
map begins at the northern end of Druid Hill Park continues into 
the high density residential area on Baltimore's west side, on 
through the CBD and ending on the south side of Patterson Park.

The simulated, as well as the observed, map has 7 class 
values in which the range of simulated temperatures are from 15 C 
to 40.3 C. The grey tone shading follows the same tone progression 
as the observed thermal map on Fig. 1 where the darker tones are 
the cooler temperature and as the tone decreases, the temperature 
increases.

The relative spatial association of the simulated vs. 
observed thermal pattern is good, Druid Hill Park and Lake have 
the cooler temperature with a SE progression into the much warmer 
temperatures of the high density residential areas. Cool islands 
of vegetation poke through the dominant pattern of higher temperat
ures in the form of Greenmount Cemetery and Patterson Park. Also 
two cooler arms are seen on the west side of the map which are pro
duced by the cooler CBD and the intrusion of the Chesapeake Bay 
which had the coolest temperature for the entire location. In light 
of the experiment, we feel the simulation model performs an adequate 
job of replicating the observed surface radiant temperatures at 
1345 EDT, Further analysis is being conducted for other times of 
the flight.

In an absolute sense, however, the simulation model 
consistently underpredicted the observed temperatures for all land
use types as shown on Fig. 3. However, the underprediction is a 
result of the overall conservative nature of the simulation model 
and also because the atmospheric damping depth remains constant 
for a 24 hour period simulation. This constant damping depth produces 
a steeper than usual lapse rate during the afternoon hours resulting 
in much greater amounts of sensible energy being removed from the 
surface than otherwise would occur. It follows that modeled 
surface temperatures would be underpredicted,

A comparison of the predicted range 25 C (15.0 - 40.3 C) 
versus the observed of 28 C (20,0 C - 48.0 C), and appropriate 
hierarchical ranking are considered good results for a relatively 
untuned simulation model.

Conclusion

This type of analysis may eventually explain the some
what confused mass of empirical data on the seasonal and diurnal 
variations in the heat island effect. Further, the work strongly
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Figure 2: Simulated surface temperature map for a 10 km strip from Druid Hill park to Patterson Park,

Baltimore, Maryland.
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Figure 3: Graph of simulated vs. observed temperature
for various land use.
(TRANS - transportation; COM - commercial;
HDR, MDR, LDR - high, medium and low density 
residential, respectively).
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suggests that the physical basis of the "heat island effect" is 
both geographically and temporally variable, and that an explanat
ion suitable for London’s winter may not be suitable for New Orleans 
or Tucson or even London in summer. Thus, this primitive model 
indicates the danger of subjecting the phenomena to explanation by 
"universal hypotheses" as the energy budget equation as developed 
here has a response sensitivity to geographical parameters variabil
ity which is dependent on both weather and the values of other 
geographical variables, (Outcalt, 1972 b). Thus, the system 
sensitivity to, say, increased park area (wetness) is not temporally 
or spatially stationary, but depends both on the values of 
obstruction height, silhouette ratio and local weather.

This work on Baltimore points the way toward the develop
ment of a new branch of climatology, "terrain climatology", in 
which modeling and remote sensing data acquisition operating at 
compatible spatial scales can be employed to gain a sound theoreti
cally-based understanding of the physical basis of surface thermal 
contrast.
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MODELLING AND GROUND FREEZING IN THE TERRESTRIAL ENVIRONMENT

B.D. Kay1

SYNOPSIS

Research approaches which are currently being employed 
to study ground freezing are discussed and used as a basis for 
preparing an inventory of different aspects of ground freezing. 
The characteristics and purposes of models are discussed and used 
as a basis for evaluating the current state of modelling ground 
freezing. A current model which describes heat and water flow 
in freezing soil is presented and the fluxes predicted by the 
model are compared with observed values. Subsequently the future 
role of modelling the phenomenon of ground freezing is considered.

INTRODUCTION

One of the characteristic features of large areas of 
the earth’s surface environment is the reversible change in 
phase between the liquid and solid state of one of its major 
components. This component is water and the phase change is 
brought about by seasonal changes in atmospheric temperature. 
The planet earth may not be unique in this regard. There is 
reason to believe that the planet Jupiter may experience a 
similar phenomenon, however in this case the major component is 
NH3 (Anderson et al., 1967). If fine grained porous soils exist 
on the planet Jupiter, then many of the features which we 
associate with ground freezing in the earth's surface environment 
may also exist on Jupiter due to the freezing of NH3.

The onset of seasonal freezing of water at or above 
the earth's surface generates repercussions in leisure time 
activities, business, economics; yes, even in the realm of 
literature. When this phase change occurs below the ground 
surface the effects are no less significant. Ground freezing 
has important implications in agriculture, hydrology, engineering, 
geomorphology, and ecology. Yet there is still a great deal to 
be learned about this phenomenon.

The objectives of this paper are to examine the 
different research approaches which are being used to study 
ground freezing, to prepare an inventory of all the known aspects 
of ground freezing, to assess the current state of modelling in 
studying these different aspects, and finally to evaluate the 
future role of modelling in studying ground freezing.

Associate Professor, Dept, of Land Resource Science, University 
of Guelph
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RESEARCH APPROACHES

The different research approaches which are being 
employed to study ground freezing have goals which are generally 
compatible with one or more of the following goals:

(a) a better understanding of all of the processes 
involved in ground freezing

(b) a better understanding of the consequences of 
ground freezing on the geomorphological 
development of landscapes, the ecology of 
terrestrial environments and the agricultural 
and engineering use of soil materials

(c) development of the technology which will permit 
management of the freezing process in order to 
optimize economic return, environmental quality, 
etc.

The system, towards which these studies are directed, 
is illustrated in figure 1 and includes the components: 
atmosphere, ground cover and soil materials. Such a system 
must be viewed as a continuum in the transport of mass and energy. 
For the sake of brevity, subsequent discussion will be limited 
to that part of the system whose upper boundary is the ground 
cover surface.

The research approaches which are being used to study 
ground freezing might be categorized as the process approach, 
the consequence and correlation approach, and the management and 
manipulation approach. These three approaches relate directly 
to the three broad research goals defined above. The process 
approach is employed as an attempt is made to identify and 
quantify (including the variability) all the components in the 
system and subsequently to elucidate all the processes which 
involve these components. The consequence and correlation 
approach is employed in studies which Identify and document all 
the positive and negative effects associated with ground freezing 
and subsequently correlate these effects with environmental 
parameters. The management and manipulation approach is employed 
in studies which evaluate means of manipulating components of the 
system and managing processes in order to maximize benefits of 
minimize costs which are associated with ground freezing.

ASPECTS OF GROUND FREEZING

An inventory of the different aspects of ground freezing 
can be completed by considering the components of soil and the 
research approaches which may be employed to study these aspects. 
Such an inventory is given in Table 1 and provides a framework 
whereby current understanding and needs for future research 
might be assessed. The items in Table 1 are largely self-explana
tory. Several items are included which are conjectural in nature
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Figure 1: Total system in which heat and water is transported.
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Table 1. INVENTORY OF DIFFERENT ASPECTS OF GROUND FREEZING 
CLASSIFIED ACCORDING TO RESEARCH APPROACH WHICH MIGHT 
BE USED IN THEIR STUDY.

Component-Process Consequence of Variables which might
Process be manipulated in order

to manage process

Heat - Transport 
of heat

-Penetration of -Surface radiation
frost line characteristics
-Alteration of soil -Nature and depth of
mechanical ground cover
properties over -Drainage
winter -Over burden
-Alteration of soil 
hydrologic 
properties over 
winter
-Alteration of soil
temperature in 
seedling environment 
after winter

Water - Transport 
of water

-Movement of ground -Surface radiation 
surface over winter characteristics

-Movement of piles, -Nature and depth of 
stones, foundations, groundcover 
roots, over winter -Drainage

-Loss of bearing -Overburden
strength of soil 
during melting

-Alteration of 
moisture content 
of seedling environ
ment after winter

Solutes -Production 
-Transfor
mation 
-Transport

-change in levels -Surface radiation
of available characteristics
nutrients -Nature and depth of
-change in bio- ground cover
activity of -Drainage
pesticides -Overburden

-Supplemental addition 
of nutrients, 
.pesticides
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Table 1. (Continued)

Component Process Consequence of 
Process

Variables which might 
be manipulated in order 
to manage process

Colloids Alteration 
of 
-bulk 
density 

-soil 
structure 

-pore size 
distribu
tion

Alteration of 
-mechanical 
properties 

-hydrologic 
properties 

-tilth of 
seedling 
environment

-Surface radiation 
characteristics

-Nature and depth of 
ground cover

-Drainage
-Overburden
-Tillage Practices

Living -Dessication, 
Tissue -Cell 

disruption, 
-Heaving of 
plant roots

-Winterkill of 
organisms, 
plant tissue

-Surface radiation 
characteristics

-Nature and depth of 
ground cover

-Drainage
-Plant morphology and 

physiology
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since there is no experimental evidence to validate their 
existence. Such items include the transformation of solutes in 
the soil solution as a consequence of freezing temperatures and 
the dessication of living tissue in the soil as a consequence of 
ground freezing. The soil atmosphere has not been included in 
this inventory since the gaseous components (with the exception 
of water) are not expected to be influenced greatly by freezing.

CURRENT STATE OF MODELLING

The current state of modelling in studies of ground 
freezing can be evaluated by examining the definition and purpose 
of models as well as the current use of models.

Beer (1966) has defined a model as "a representation 
of one’s perception of the real world". This is a particularly 
useful definition for two reasons. Firstly the term model is 
sufficiently broad that it can be applied to paintings, sculpture, 
and literature, as well as mathematical models. The distinction 
between the different forms of models is based solely on the 
medium involved. In the case of painting the medium is paint and 
a canvas whereas mathematical models use mathematical equations 
and often a computer. The second useful feature of this defin
ition is that it recognizes the possibility of an infinite 
number of different models due to differences in both perception 
and representation,

Recognizing that a large number of models are possible 
in order to describe ground freezing it is profitable to attempt 
to characterize different classes of models rather than individual 
models. Drawing on the analogy between art and mathematical 
models, a characterization scheme based on the degree of realism 
and level of detail can be considered. Such a scheme is 
illustrated in figure 2 (in this context the term detail relates 
to the concepts of both precision and generality which are 
discussed by Levins, 1966). The stippled areas in figure 2 
represent unsuitable tradeoffs between detail and degree of 
realism. For instance the upper stippled area represents a high 
degree of realism with very little detail. The lower left area 
represents a low degree of realism but a high degree of detail. 
Clearly these extreme cases of tradeoffs are unacceptable. The 
stippled area in the lower right of figure 2 also represents an 
unsuitable combination of detail and realism but for different 
reasons. In this case models would be required which would 
involve too many parameters, many of which are only vaguely 
defined. In addition attempts to solve the resulting equations 
using numerical analysis techniques may exceed the capacity of 
existing computers or be prohibitively expensive to run. The 
area which is not stippled represents acceptable combinations of 
detail and realism, and forms a cone-shaped area in which move
ment towards the mouth of the cone indicates greater resolution.
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Figure 2: Characterization of Models
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Selection of a model with the right degree of realism 
and level of detail, will be determined by the purpose of the 
model. Models may be developed for any one or a combination of 
the following purposes:

(a) to provide a convenient framework for assembling 
existing information about complex multi-component 
systems whereby the most serious gaps in existing 
knowledge may be identified.

(b) to provide a mechanism for accurate, rational 
forcasting

(c) to optimize competing processes for the purpose 
of selecting techniques for increasing profits, 
controlling environmental quality, etc.

These three different uses of models correspond with the three 
general goals and research approaches discussed earlier.

Models are being used to different degrees in studies 
which use the different approaches. Ground freezing has not 
generally been recognized as an important factor in most manage
ment programs and as a consequence there has been little incentive 
for modelling. Exceptions to this generalization are studies 
related to the installation of oil and gas pipelines in Arctic 
environments. In addition current attempts to model world 
production of agricultural crops using meteorological data as 
the principal inputs in order to regulate national grain sales 
may require a ground freezing component in the future. This may 
be necessary in order to estimate time of seeding as well as 
moisture reserves at the time of seeding. Like management studies, 
consequence and correlation studies have also not employed models 
to any extent.

Process studies have employed models to a greater 
degree than have either of the other two types of studies. The 
processes which might be modelled as well as the interrelations 
among the processes are outlined in figure 3. The processes 
which have been modelled to date include energy exchange at the 
ground cover surface and both heat and water transport on 
freezing soils. Processes which involve solutes, living tissue 
in the soil, or deformation of the matrix have received minimal 
attention.

Heat and water transport in a system which includes 
both the atmosphere and the soil have been modelled (Dikinov, 
1967; Outcalt, 1971). However the greatest current limitation 
to this approach is that transport mechanisms, boundary 
conditions and transport coefficients remain uncertain in parts 
of the system. This limitation must be circumvented currently 
by the introduction of simplifying assumptions. These assumptions 
are applied to the interfacial zone between the atmosphere



Figure 3: Processes associated with the phenomenon of ground freezing.
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and the ground cover, the ground cover zone, and the interfacial 
zone between the ground cover and the soil surface. Such models 
might be considered currently to be closer to the apex than the 
mouth of the cone in figure 2.

The transport of heat and water in a freezing system 
which includes only soil has received more attention than any of 
the other processes (Everett, 1961; Guymon and Luthin, 1974; 
Harlan, 1973; Kay and Groenevelt, 1974; Kennedy and Lielmezes, 
1973). All of these models draw on an analogy between frozen 
and unfrozen soil systems. The following equations may be used 
as a starting point to describe the flow of heat and liquid water 
in freezing soil.

∂θ/∂t = ∂/∂z 
(Kw ∂p/∂z) (1)

C ∂T/∂t = ∂/∂z (Kh ∂T/∂z) + Cw ∂(vwT)/∂z (2)

where θ is the total water content (including both liquid 
and solid phases)

t is the time coordinate
Kw is the hydraulic conductivity

z is the distance coordinate 
p is the liquid pressure
C is the apparent heat capacity of the freezing soil
T is the temperature
K is the thermal conductivity w

Cw is the heat capacity of water
vw is the fluid velocity of the water

Many of the terms in the above equations are strongly 
temperature dependent. The dependence of liquid pressure on 
temperature is given by the Clapeyron equation, i.e.Ṽ1 dp = Ṽidp = Hf dT/T (3)Ṽ1 is the partial specific volume of waterṼi is the partial specific volume of ice

p is the ice pressure

Hf is the partial specific heat of fusion of the soil 
water

If the ice in the freezing soil remains at atmospheric pressure, 
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substitution of necessary variables into equation (3) shows that 
the liquid pressure decreases by about 12 bars for a drop in 
temperature of 1 C from the normal freezing point of water. Since 
the liquid water content in both frozen and unfrozen soils is a 
function of liquid pressure, then one would expect that the 
liquid water content must also be strongly temperature dependent. 
This dependence is illustrated in the data summarized by de Jong 
(1973) and which is given in figure 4. Since the hydraulic con
ductivity, the heat capacity and the thermal conductivity are 
dependent on the ice-water phase composition, these coefficients 
can also be expected to be very temperature dependent at subzero 
temperatures. The temperature dependence of these coefficients is 
illustrated in figure 5.

In order to solve equations (1) and (2), functional 
relations between temperature and the different parameters must be 
established and these functions then substituted into equations 
(1) and (2). The following functions have been used by Sheppard 
(1976) in a model which describes the coupled flow of heat and 
water in freezing soil:

θw = a(-p)-b (4)

λ : λiθiλwθwλaθaλsθs(5)

C : ciρiθi+ cwρwθw+ csρsθs + ∆Hf (6)

Kw : Ks (e -gp2 + d) (7)

where y is the bulk density
a, b, d and g are constants
λiλwλaλs are the thermal conductivities of ice, water, 

air, and soil materials respectively.
θw, θi, θa, θs are the volume fractions of liquid water, ice, 

 air, and soil respectively.

Ci , Cw , Cs are the specific heat capacities of ice, water 
and soil materials.

ρi, ρw, ρs is the density of ice, water and soil solids 
respectively.

Ks is the hydraulic conductivity of saturated
soil under unfrozen conditions.
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Figure 4: Summary of published data on unfrozen water contents for soils 
at different subzero temperature. de Jong (1973).
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Figure 5: Temperature dependence of apparent heat capacity, thermal 
conductivity and hydraulic conductivity of partially frozen soil 
materials.
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These functions are all derived from the properties of 
the soil materials under unfrozen conditions and are employed 
under the assumption that the constants do not change if the 
geometry of the matrix is altered during the freezing process.

Equations (3) to (7) inclusive can be substituted into 
equations (1) and (2) and finite difference techniques used to 
solve the resulting equations.

Sheppard, 1976, has developed a model based on the 
above equations to predict the advance of the 0 C isotherm and 
the redistribution of water in soil freezing under both laboratory 
and field conditions. The values predicted by the model were 
compared with observed values. This exercise represents the 
first attempt to test models describing the coupled flow of 
heat and water in freezing systems and identified several 
problems. The most serious problem arose when a comparison was 
made between the predicted values and the values observed under 
field conditions. Spatial variability in both depth of snow 
accumulation and microhydrologic properties were thought to be 
responsible for spatial variability in depth in the soil, at which 
ice lenses were observed. This variability introduced large 
standard deviations in moisture contents at different depths in 
the profile making subsequent testing of the model more difficult.

A number of simplifying assumptions were made by 
Sheppard (1976) in the design of her model. As additional experi- 
mentalwork is carried out the validity of these assumptions can be 
determined and the model revised and improved accordingly. Once 
a description of heat and water transport is complete, attention 
can then be profitably directed towards the remaining processes 
which are listed in figure 3 and which are contingent on heat 
and water flow.

The Future Role of Modelling

The exercise of developing models which describe the 
ground freezing phenomenon is in the initial stages compared to 
the development of models associated with other phenomena. The 
importance of the phenomenon to engineering studies in arctic 
terrain is providing a financial incentive to stimulate the 
further development of such models. Unfortunately much of this 
incentive can be expected to be directed towards management 
studies. In considering the general future of modelling ground 
freezing phenomenon it is therefore appropriate to ask what 
contribution process-oriented models can be expected to make in 
the development of management-oriented models, (the two classes 
of models being developed for completely different purposes).

There appears to be at least two possible ways that 
process-oriented models can contribute to the development of 
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management models. The process-oriented models could be extended 
in order to provide the basis for management models. Alternatively 
the process-oriented models could be used to identify the processes 
and parameters which are of greatest concern to the management 
studies and new models developed on this basis. Most process- 
oriented studies have in the past been very site-specific, with 
little abstractionism and a great deal of detail. However, 
management studies, by their nature, require integration over 
extended time and large areas and must still be reasonably simple 
employing a minimum number of input parameters. The extension of 
a model which is site-specific, to large areas over long times 
would require spatial and temporal specification of all pertinent 
parameters - a requirement which would often be very difficult to 
meet. A solution is to assign representative average values to all 
of the parameters in a simplified model (e.g. it may be assumed 
that the soil is an idealized homogeneous medium whose parameters 
coincide in magnitude with the averaged values). An alternative is 
to use a stochastic-conceptual model in which each parameter is 
described by a probability density function. Such an alternative 
increases the complexity of the model by several orders of magnitude. 
Freeze (1975) has shown that the use of averaged values in ground 
water flow models applied to idealized soil systems may give 
questionable results and that a stochastic-conceptual model may 
provide the only accurate method of integration. However, the cost 
of running such models will be enormous and may only be possible 
when there is a substantial economic benefit. Such possibilities 
would appear to be limited in studies of ground freezing at this 
time. As a consequence models based solely on processes may be too 
cumbersome to integrate or extend to a point which would be of 
direct use to management studies.

A second way that process-oriented models may contribute 
to management models is through the identification of the processes 
and parameters which are most significant to the management study. 
Management-oriented models could then be developed which involve 
a minimum number of parameters and which would permit the necessary 
integration over space and time. The greatest justification for a 
concerted effort towards the development of process-oriented models 
in the future would appear to lie in the direction and perspective 
that such models might provide for the development of models which 
are precise enough to allow for meaningful application in 
management decisions,
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