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ABSTRACT

The use of the climatic parameter, the Thornthwislitésture Index (TMI) as a predictor of the depfhseasonal moisture
change Iy is now widely accepted. Many workers have pulgiststudies which include TMI-based mapsHaffor
specific regions of Australia. The use of the Tt this purpose involves many compromises and asgons which can
significantly affect the maps that are producedeskhinclude differences in the methods used tonaet#i potential
evapotranspiration, differences in the quality goentity of data used as a basis for the map, jedgmxercised in making
interpolations of the point data and the limitecgsibafor the correlation between TMI amtl. This paper explores the
significance of these factors in regard to thdielly effects orHs prediction maps, and it recommends that publistedies
include sufficient information so that the backgrduand reliability of maps can be assessed andeeigped. This
information includes data on the length of the eliim records used, details of the potential evamsipiration model used
and a map showing the position of the data poiptsuwhich interpolated maps are based. It concltidgswhere such
information is not provided, inconsistencies betwegitcomes/maps produced by different authors neaylifficult to
resolve.

1 INTRODUCTION

The design of footings to resist the effects ofctiwa soils is now a well established feature & fustralian building
practice (Walsh and Cameron, 1997). Generally, reefo footing can be designed in any particularasibm, some
indication of the potential for reactive soils tmuse adverse effects to the completed structurélmusbtained. This can be
expressed as a site classification, quantifieéims of a characteristic surface movement for itiee(4S2870, 1996).

The characteristic surface movement is a predigtehtity, calculated on a basis of soil profileoimhation, soil behaviour
and climatic effects. In a simple consideratiorg fgotential for ground movement can be estimategtrims of a small
number of important factors. These are:

¢ The thickness of clay layers in the soil profile

e The position (proximity to the surface) of clayday in the soil profile

*  The reactivity of clay layers in the soil profile

« The effects of burial depth

e The depth to which seasonal effects will causeimgetind drying of the reactive clay layek)

«  The magnitude (severity) of the wetting and dryifigach reactive layer

« Whether or not there is lateral confinement (thieeixto which cracks may exist in the soil).
Many of these factors relate to the current stapat{al characteristics) of the soil profile, arah de quantified from a
detailed borehole log. Soil reactivity can be assddy physical testing. The last three factorsydwer, have temporal
aspects which mean that they can not be readilptdigal from soil profile observations made at garticular instant in
time. The range and depth of seasonally inducedtoma change and the maximum depth of crackingocénbe directly
quantified in a reliable way by long term site ntoring of soil profile behaviour as the site expades many cycles of
seasonally induced wetting and drying. Such dateiig rare and, where it does exist, it is venalbycspecific. In practice,
the design phase of an engineering project is iabbrshort and there is insufficient time to allavstatistically significant
set of observational data to be collected. Furthgrthe collection of data on the depth and distidn of soil moisture

change is a relatively time consuming and laboriask, there is little incentive to gather it oweide areas, on a pre-
emptive basis. Consequently, such data seldonmsextstre and when it is needed.

In order to employ sound engineering principleshe design of foundations in reactive soils, inecessary to produce
rationally-based estimates of these climaticallgtoalled parameters.
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In the absence of good observational data, othanmef estimation must be employed. As the clingathe main driving
force for changes in soil moisture (in environmeht are otherwise unaffected by specific humaivigg, then it follows
that some measure of the climatic tendency towaditya or humidity might reasonably be employedaas estimator of
important climatically-driven design parameterse®the past 20 years or so, the use of a climadiex, the Thornthwaite
Moisture Index, or TMI, has become generally aceepds a reasonable basis upon which depths of redaswisture
change iy can be inferred. A number of studies, applyinig tipproach to produce depth of seasonal dryingsnfiap
various parts of Australia, have been publishetha Australian geotechnical literature. This pupa$ this paper is to
provide some discussion on the limitations of thgproach and on the need to ensure that the ap@w®adopted are
providing consistent advice.

2 HISTORY OF THE USE OF THE TMI IN FOUNDATION DESIGN

As early as 1961, Russam and Coleman attemptechpbog the TMI as an indicator of long-term equiiibn suction
values beneath covers such as pavements and famag&tbs. Their approach was based on the asgmtpgét, in the
absence of shallow water tables, the equilibriuatisn beneath a ground cover would be dominatethbyseverity of the
climate, through its effect on areas extraneoukdacover. This work was extended by Aitchison Richards (1965) in an
attempt to employ the TMI to the estimation of poi@ soil suctions beneath covered areas in differegions across
Australia.

Wray (1978) employed the TMI as a predictor of theisture changes that occur beneath the edgeohgrcovers. He
assumed that climatic influences dominated in ttoegss of wetting and drying beneath the edgeswifdation slabs and
so he was able to establish a correlation betwleemMI and the distance to which moisture changasepated beneath
the edges of a slab (or ‘edge distance’).

McKeen and Johnson (1990) used the TMI in the editom of diffusion rates for moisture in unsatudaseils, which were
in turn used in the estimation of the active zoegtd. This elaborate, yet rational, procedure weselbped on the
consideration that the active zone depth is a fandf the relative speed with which water can movand out of the soil
profile, and that this should be strongly influethidxy both climate and soil dependent phenomenadiffussion coefficient

was estimated from an empirical equation, derivesinf measured data, in terms of the TMI, the inversasture

characteristic of the soil and the suction compreshdex. Once obtained, this diffusion coefficievds employed in a
simple, steady state, unsaturated soil model tonatd the depth to which climatically-driven suctichanges might
penetrate.

Smith (1993) adopted a similar, but simplified, sggzh to the estimation of the active depth thatiemed that the effects
of climate dominated in the establishment of sadisture distributions in the active zone and thatinfluence of specific
soils could be disregarded without significant ertée proposed a direct empirical correlation betwéhe TMI and the
depth of climatically induced soil moisture chanble. used the earlier TMI values that were deterthimg Aitchison and

Richards (1965), to contour the inferred depth @f suction change across Victoria. This applicatias now found its
way into the Australian Standard for Residenti@bSland Footings (AS2870, 1996) and is used rdutwith success.

More recently, Pererat al (2004) presented a new model to predict suctimeseath pavements using the TMI in
conjunction with the Plasticity Index and a gradingve parameter.

Despite the interest shown by a few expansive sefiearchers and its usefulness as a parametmatsti tool to guide
design, widespread use of the TMI by the geoteehmimfession has been slow to occur. This wapaim, apparently due
to a perception within the geotechnical professiat the TMI is a difficult quantity to calculaté/hen the original work of
Thornthwaite (1948) and the calculation method amesidered, the basis of this perception is evidémnaluation of the
TMI was made easier by a revision of its definit{diiscussed subsequently) and the publication sifuctions and tables
to facilitate its calculation (Thornthwaite and Mat 1955; 1957).

In 1998, Fityus, Walsh and Kleeman extended thekvedrSmith (1993) to cover the Hunter Valley regionAustralia.
This work involved the calculation of new TMI vakidor 38 sites across the region. During this wdhe revised
definition of the TMI was discovered (Thornthwaded Mather 1955), that, after thorough testing ewdluation, was
found to give reliable TMI values with greatly reda computational effort. Since then, a numberubisequent studies
have further extended the application of the TMictaver other parts of Australia. These include \Wakkityus and
Kleeman, (1998), Barnett and Kingsland, (1999%,K2000, 2002), McManust al (2004) and Chan and Mostyn (2008).
Further extensions are expected.
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3 DEFINITION OF THE THORNTHWAITE MOISTURE INDEX

The Thornthwaite Moisture Index is described asuadity index and effectively it is a ratio betwettre available rainfall

and the potential for evapotranspirative loss gbagticular location. Thornthwaite (1948), defindtk tThornthwaite

Moisture Index in terms of two simpler indicdg, which represents the potential for aridity, dpdwhich represents the
potential for humidity. The aridity index is givéry

D
I, = 10((—) 1
a PE D

R
I, = 10((—) 2
h PE 2

where,PE is the net potential for evapotranspiration atshe,D is referred to as the moisture deficit and represthat
quantity of water which cannot be evapotranspirechfa ‘dry’ site because it is not availabieis the moisture surplus, or
runoff, and represents that amount of rainfall vahiannot infiltrate a ‘wet’ site. In the above ocextt a ‘dry’ site is one in
which all potentially extractable soil water is exsted and evapotranspiration cannot occur, whilstet’ site is one
which is effectively at field capacity and into whiwater can no longer infiltrate. It is usefulrefer to the extractable
ground moisture at a particular time as stored meate the conditions prevailing at ‘dry’ and ‘wsttes as minimum water
storage and maximum water storage, respectively.

and the humidity index by

In the original work of Thornthwaite (1948), theddry and humidity indices were combined to give thhornthwaite
Moisture Index as

T™MI=1,-06l, 3)
The factor of 0.6 is based on the idea that wedarenter a soil profile more easily than it carekiacted. It assumes that
rainfall will continue to augment a depleted steraggardless of the level of storage, until arséta condition is reached,
whereas actual evapotranspiration will fall belootgmtial evapotranspiration as storage diminishes the vegetation
struggles to satisfy its full requirements. Inerg=, the factor of 0.6 assumes that a surplu®mi®in one season will
balance a potential deficiency of 100mm in anoth&quation(3) was employed by Aitchison and Richards (1965) to
calculate the Thornthwaite Moisture Index valuesdusy Smith (1993) to estimate soil movements.

The TMI of equationg3) and(4) is defined as a yearly index which is calculateging a water balance approach, from
monthly values of precipitation and potential evagospiration. A guide to the calculation of TMllwes is given in
McKeen and Johnson (1990). In summary, the calonatf TMI values (from equation (3)) proceeds altofvs.

1) Monthly rainfall totals are extracted from cliticarecords.

2) Monthly potential evapotranspiration estimates made using an appropriate method (this is déstugn more detail
below).

3) Initial and maximum water storage (antecedeotigd moisture) values are estimated for soil peefih the region.

4) SurplusesR) and Deficits D) are calculated on a month by month basis usisgnale water balance approach. The
water balance proceeds according to simple rutetha in any month,

. any rainfall on to ground which is at less than mmamn storage will add to storage until maximum age is
reached and then yield a surplus runoff.

. any potential for evapotranspiration from groundalihhas some storage greater than the minimumgstosdll
deplete storage until it is exhausted and thenrgatisfied- a deficit.

. rainfall following a period of deficit does not neck the deficit it goes immediately into storage,

. potential evapotranspiration after a period of Bigpcannot be satisfied from the surplus it is St
immediately from the storage.

5) The monthly evapotranspiration, surpluses arfititteare then totalled and substituted into emunest(1) and (2) to
allow the TMI to be calculated.

The TMI is an annual index, calculated from histatimonthly data, and it is possible to calculatenemue TMI value for
any given year at a particular site. Obviously, Thél will vary from year to year, as some years atter or drier than
others. Fityuset al. (1998) presented data for sites in the Hunteréyalbhere the annual TMI varied between -20 and +100
within records of 30 to 40 years. There is, thussimgle unique TMI value for a particular site.i¥was also noted by
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McKeen and Johnson (1992). The usual approach abwi¢h this is to calculate annual TMI values frstatistically
significant number of years, and then to averagsedtvalues to produce characteristic values farticplar site.

A significant potential issue arises from the psscef calculating TMI values using a water balarthes to the need to
employ initial, minimum and maximum profile storagelues at each site. This data seldom if evernefw a site and
values must be assumed. For long term analysesogimgllong data records, the predicted TMI valuesdme relatively
insensitive to the assumed storage values, butefmrds of shorter duration the predicted TMI valueay be affected
significantly.

4 ALTERNATIVE DEFINITION OF THE THORNTHWAITE MOISTURE INDEX

The Thornthwaite Index formula was revised by Thiowaite and Mather in 1955 (Mather,1974), leadimghte omission
of the 0.6 factor, to give

T™I=1, —1, @

Using this simplified formula, and assuming thatlwe longterm there is no net change in soil s@ritgcan be shown
(Mather 1974) that the Thornthwaite Moisture Intébexomes

™I = 10((i - 1) )
PE

where P is the annual precipitation for a sitewdis shown in Fityugt al. (1998), that the correlation of the TMI from
equation(3) to the depth of soil moisture change, can alsmade with the TMI calculated using equat{dh although the
nature of the correlation is changed. Fityatsal. (1998) also demonstrated that use of equati)rieads to a major
simplification, in that TMI values can be calculdtgithout having to carry out a water balance dakion.

Using equation(5), a TMI value for any length of record can be obgdirirectly from annual precipitation and potential
evapotranspiration values. If average annual pitetipn and potential evapotranspiration valuesusmed, then this allows
a useful simplification in that it avoids the needcalculate surpluses and deficits and, henceetéopn water balance
calculations. More significantly, however, it aveidhe inconsistencies introduced through assumgptafninitial and
limiting storage values. Chan and Mostyn (2008natal that approaches which seek to calculate TMiesabased on long
term monthly climatic averages do not produce #rmeesresults as approaches which seek to averagesthies of a month-
by-month water balance conducted over the long.t&ims is, however, not strictly correct. As recisgn by Fityuset al
(1998), this is only the case when equai{@his used to calculate the TMI. However, if the sed definition of the TMI
given by equation(4) is employed, the use of long term averages doesluge consistent TMI values. This was
demonstrated by Fitywet al (1998).

Despite the simplifications afforded by equatigdy and (5), most other authors of TMI-based hhaps have chosen to
either adopt the original values of Aitchison andhRrds (1965) or to calculate new values of TMédzhon the original
TMI definition in equation(3). Hence the issues arising from assumptions déirdnd limiting storage values remain.

5 ISSUESWITH USING THE TMI TO ESTIMATE Hs

From the foregoing discussion, and in the gendrakace of directly applicable measured data, thé ibuld seem to
offer a rationally-based, readily-applied meangstfmatingHs values across Australia. It is now a widely acedptart of
Australian site classification practice and itswels being continually recognized by the seriestoflies producing TMI-
basedH; distribution maps for different regions throughdutstralia.

However, all TMI-based interpretations require amber of assumptions and compromises which havepthential to
affect the accuracy of TMI maps and the compatibbetween the different interpretations. This doeesimply that any of
the published interpretations are incorrect or @updhte; it simply recognizes that not all interatiens have the same
basis. The differences and their implications aseutsed in this section.

Major differences in predicted TMIs may arise fralifferences in the calculation method used to esttmhe potential
evapotranspiration. The definition of the TMI daest specify how these estimates should be obtaifbkid. is because
potential evapotranspiration is a difficult to eslite quantity with a complex theoretical basiseRtil evapotranspiration
is the total amount of evaporation and transpimatidich would occur from a ground surface, if therage in the ground
was unlimited. Evapotranspiration is truly a funatiof many variables including air temperaturef teenperature, ground
temperature, humidity, wind speed, solar radiat&mil, type and vegetation type. This is mostlyrdErest to agronomists
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seeking to optimise the irrigation of particulaogrspecies and in these cases efforts are madeasume most of the above
parameters.

There are many approaches to the estimation ohpatevapotranspiration. The original work of Aitson and Richards
(1965) used expressions by Prescott (1949) anderyds4), which are understood to be forms ofRBaman potential
evapotranspiration equation, which takes most efe¢hvariables into account (B.G. Richards persamahmunication,
1998). Unfortunately, complete sets of measured da¢ only available in exceptional cases. For @kanthe data of
Aitchison and Richards (1965). contain only 8 (o) galues across the wider Hunter region and thesenot sufficiently
well distributed to enable a reliable extrapolatiammoss the entire Hunter Valley.

The studies of Fityust al. (1998) and Chan and Mostyn (2008) employed a Igimgnd more approximate method of
estimating the potential evapotranspiration. Thighe Thornthwaite evapotranspiration equation (GH®64). Calculation
of the PE using the Thornthwaite formula is relaltyvstraightforward, and is described in Chow (1)9&4d McKeen and
Johnson (1990). The Thornthwaite equation uses tidymean monthly temperature and geographic degitas input
parameters, assuming a nominal vegetative coveileWne simpler approach of the Thornthwaite evegp@piration
equation may be less rigorous and is likely to leabbwer quality estimates of PE, the requirecadatmuch more readily
available and so a greater number of points arsilgies The mean monthly temperatures can be esthas the average of
the mean monthly maximum and minimum temperatureis data is readily available for many locationsoas Australia.

Clearly, the Thornthwaite evapotransiration equatiannot hope to provide as good an estimate as ngonrous models
such as the Penman equation. It is very likely, thigen the number of factors that can potentiaffgct evapotranspiration,
different estimation methods will result in diffetepredicted values. This in turn, may significgrdffect the predicted
value of the TMI. Hence, in evaluating the relidiibr consistency of any particular map of TMI fdyinferred from it), it
is important to know which potential evaporationdabwas used in its development. If there are isistaencies between
maps derived by different authors in different aredifferences in the potential evapotranspiraticdels adopted would
be one likely cause.

Differences in calculation methods are not the @alyrce of inconsistency in maps of TMIty: The maps themselves are
interpolations of point data, and the nature atidbiity of the interpolation is affected by theimber of points available,
their spatial distribution and the method of int#@gbion/contouring applied. There is a potentialde-off between the
accuracy that is lost by adopting a simpler po&mapotranspiration equation and the accuradyigtgained by having a
greater number of TMI values upon which to baseiriterpolation. As noted above, the comprehensiggkwf Aitchison
and Richards (1965) only contained around 8 TMugalfor the Hunter Valley. After assembling as mradlable data as
could be found, Fityust al (1998) were able to produce 38 simpler estimafdise average TMI across the Hunter.

There is no good argument to suggest that fewenegabased on a more rigorous analysis lead to & madiable
interpretation than a larger number of more appnaté values. Nor is there any reason to suggesttiteary. At present,
the state of research is insufficient to resolie ibsue. Regardless of this it is generally nemgssand justified, to make
the interpolation of whatever point data is avdéato include an amount of local knowledge and dabipresumption.
Fityuset al. (1998) presented contoured maps of both rainfall gotential evapotranspiration for the Hunter ®aland it
is clear for each of these that there are stromgelations to the topography and elevation, althotigey are correlated in
different ways. It is logical that rainfall, tempg¢ure, humidity etc should all affect the depthdofing at any particular
location, and that these should vary with proxini@ythe coast and due to orographic effects. Hanterpolations guided
by position, elevation and topography are reasgnamlproved, and to some extent compensated in det@arthe
deficiencies arising from insufficient data. Howguhe subjectivity associated with such an intetgtion could produce a
result that is more speculation than fact.

With these ideas in mind, it is prudent to consitter context in which the many disparate studies maps might be
compiled and adopted in practice. It is considehed, at least, any published study should prowd@mum information
comprising:

e The number of TMI values upon which a map is based

. Data recording the length of the climatic recorgsruwhich each of the TMI values is based
. A version of the map showing the position of théividual data points

. A detailed description of the potential evapotrarsgmn model employed.

Only when this information is available, can poiantsers of such studies reasonably evaluate tiaity of the
information presented.
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6 OTHER CONSIDERATIONS

Recent attention has been focused upon the signific of climate change for the application of th&l &s a predictor of
foundation drying (McManusgt al. 2004). There is mounting evidence that the climstehanging and well established
statistical evidence for some areas that the galiyof the 28 century was wetter than the latter part. Whilsthschanges
should be evaluated, such an evaluation raisegdsthat must be addressed. The first of theseeeelat the increased
difficulty that arises from subdividing climaticdtory into short periods of presumed consistenabielir. The foregoing
discussion has already alluded to the difficultiessourcing sufficiently long climatic/data recor@s a statistically
significant number of locations. If the already ig@aand limited data is further broken down intffedént time intervals,
even fewer data points become available as a Easiaterpolation. Certainly, this reduces the é¢defce in any spatial
prediction, and makes the significance of climatidations even harder to evaluate. If changehkenliMI are to be used to
evaluate the effects of climate changes, then cdsge should be limited to actual TMI values chdted for the same
locations, not interpolations. Further, it is esggrihat the same evapotranspiration model and @#finition be adopted
for the calculation of all TMI values compared la¢ tsame location. It is likely that the differerineTMI values arising
from climate change will be smaller than the difeces arising from the use of different PE prediictinodels. Hence
comparisons with the now historical values of Aistm and Richards (1965) will only be valid if TM&lues based on
more recent data are calculated using exactly aheesapproach. Precise details of the origin of daiat be included in
any published study on the effects of climate cleamdpong with sufficient data to allow the statatisignificance of the
outcomes to be appreciated.

In regard to the absolute accuracy of depth ofrdryiredictions, good predictions require not omeljable distributions of
the TMI, but also a reliable correlation of the TidIthe depth of drying. This aspect of the appindaanother significant
source of uncertainty. This is because the originatelation between TMI ands proposed by Smith (1993) was based on
only three points of data. Fityes al. (1998) introduced three additional values, whigrewgenerally in agreement with the
correlation trend suggested by the data of Smi@93). However, the basis for the adopted corrafatemnains limited, and
this should be appreciated by all users of TMI-Hadg relationships. More research to better define thiselation is
needed.

Fityus et al. (1998) pointed out a shortcoming of the originallfined correlation of TMI tdds, which suggested thai;
should change in a discontinuous stepwise mannerinated threshold values of TMI, as indicatedaible 1.

Table 1: Original correlation between TMI aHd (Smith 1993).

TMI Classification Depth of Moisture Change H,
>40 Wet Coastal/Alpine 1.5m
10to 40 Wet Temperate 1.8m
-51t0 10 Temperate 2.3m
-2510 -5 Dry Temperate 3.0m
-40 to -25 Semi-arid 4.0m
<-40 Arid >4.0m

Clearly it makes no sense th#t should be discontinuous either side of a line ome@. To remedy this, Fitywet al. (1998)
proposed that particular valuestdf should be tied to particular values of TMI, sottHais continuous across contours of
TMI on a map, and so that valuestéf can be estimated by interpolation betwétncontours of known value. This
relationship is given in Table 2. More recently,a@hand Mostyn (2008) recognized the same shortgpnbiat instead,

suggested that polynomial function be fitted thitotige original discontinuous TMk correlation.

Table 2. Revised correlation between TMI &hd(Fityuset al. 1998)

74

TMI Classification Depth of Moisture Change Hg
>40 Wet Coastal/Alpine 1.5m
10 to 40 Wet Temperate 1.5-1.8m
-51t0 10 Temperate 1.8-2.3m
-25t0 -5 Dry Temperate 2.3-3.0m
-40 to -25 Semi-arid 3.0-4.0m
<-40 Arid >4.0m
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7 CONCLUSIONS

Whilst the proliferation of TMI based maps for @ifént parts of Australia has the potential to ptevimuch needed
information upon which to base site classificatidhss likely that such maps will contain a numleérassumptions which
could lead to inconsistencies in the maps prodimedifferent authors, for adjacent areas. In ofdertthe reliability and

comparability of different maps to be assessed aputeciated by users, it is necessary that therenatuithe data and
analyses be clearly documented with the publicatiothe maps. The discussion presented in thisrpstpeuld be helpful
to anyone seeking to combine or reconcile the rfras different authors for applicability over widareas.

From the discussion provided, it is clear that ¢hir still much research to be done to improve d@pplicability and

reliability of the approach. This includes workdompare the different definitions of the TMI andtheals for estimating
the potential evapotranspiration, studies to camfor improve the correlation between TMI ahdg, and research to
determine whether climate change has had, or imfjaa significant effect ohls.
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