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FOREWORD

In response to the recommendations of the UN Conference on the Human Environment (Stock
holm, 1972) urging WMO and FAO to assist Member Governments in collecting and interpreting climatic
data and soil physical properties in relation to soil erosion hazards, and taking into consideration the large
part played by weather and climate in determining the areas which are liable to irreversible losses of national
production potential due to deterioration and erosion of soils, the fifth session of the Commission for Agri
cultural Meteorology (Geneva, October 1971) established a Working Group on the Meteorological Factors
Concerning Certain Aspects of Soil Degradation and Erosion, under the chairmanship of Dr. R. W. Gloyne
(U.K.). The group collected a large amount of valuable information on the subject.
The sixth session of the Commission (Washington, October 1974) established a Working Group on
Meteorological Factors Associated with Certain Aspects of Soil Degradation and Erosion, with reviewed
terms of reference, including that of finalizing the work of the earlier group. Dr. R. Fauck (France) was
subsequently appointed chairman of the working group; Dr. G. Aubert (France), Dr. D. W. Fryrear (U.S.A.)
and Dr. R. W. Gloyne (U.K.) were invited to join the group. The group undertook its tasks with great care
and thoroughness and prepared a final report which is now published as this Technical Note.
It is with great pleasure that I take this opportunity of thanking the members of the working group:
G. Aubert (France), S. A. Bedarev (U.S.S.R.), R. Fauck (France), F. Fournier (Unesco), D. W. Fryrear
(U.S.A.), R. W. Gloyne (U.K.), W. J. Goedert (Brazil), 0. Jones (FAO) and P. K. Peer! Kamp (Netherlands)
for their valuable contributions in the preparation of this publication.

A. c. WUN-NIELSEN
Secretary-General

SUMMARY

This report deals with some of the processes of soil degradation in which meteorological factors
play a significant part. The emphasis is upon erosion by water (rainfall), by wind and by frost action, but
certain other chemical and physico-chemical actions (e.g. waterlogging and leaching, salinization and alkali
nization) are also examined.
Mass action (e.g. rockfalls, avalanching, mud-flows) is mentioned only briefly - mainly during the
discussion on the effects of frost. Coastal and estuarine erosion are not considered. Apart from stressing, and
illustrating from case studies, the pre-eminent importance of vegetative cover in combating erosion, the
report does not deal with degradation by biological agents. However, the rather detailed study of erosion
which is undertaken - and in which the interaction between soil degradation and meteorological processes
has been intensively studied - should adequately indicate the current state of the art and point to ways in
which progress in the understanding and control of other modes of degradation can be made.
Erosion is an inevitable natural process associated with soil formation; it becomes undesirable when
accelerated by human activities and particularly so when the damage is, in practical terms, irreversible.
Throughout the Note it emerges that much soil degradation could be avoided by adopting certain land-use
practices; but these are not necessarily those which satisfy short-term economic or social requirements, e.g.
the ploughing-up of mid-U.S.A. grasslands and the much longer-standing overgrazing of the Mediterranean
lands and other regions (e.g. part of the U.S.S.R.). A recent example is the opening-up of the high latitudes
and in particular the effects of oil exploration and extraction in Alaska on the ecologically fragile permafrost
environment.
Soil degradation results from the joint action between certain properties of the soil mass and a
number of mechanical, physical, chemical and biological processes. Meteorological factors play varying roles
in these interactions: in some they dominate the process, in others they operate in various phases and/or for
short periods; in others they are of negligible practical importance compared with, say, various cultural
practices or the destruction of forest and shrub cover. With respect to erosion from rainfall, soil loss is the
joint result of the erosivity ("aggressiveness") of the rainfall and the erodability of the soil: an early section in
the Note describes relevant aspects of this second component.
In the analysis of erosion the attempt has been made to identify and quantify data to insert into the
meteorological terms of the two soil-loss equations for water and wind erosion, associated respectively with
the names of Wischmeier and Chepil.
With regard to water erosion, evidence drawn from research, controlled field studies and larger
scale case studies clearly shows that the energy in a fall of rain - more specifically the total kinetic energy of
the raindrops - dominates the initial stages (particle detachment) of erosion. This, in turn, is closely associated
with rainfall intensity, and the most efficient parameter governing erosivity is the product of the total energy
in the storm and the maximum intensity registered in the storm for a consecutive period of 5, 15 or 30
minutes; of which the 30-minute intensity is that most commonly quoted and used. Such sophisticated data
are not widely available, and least so in those regions most subject to the threat of erosion, hence cruder
formulations based upon the type of data available have to be used. AU the empirical and approximate
formulations incorporate some rainfall characteristic(s) associated with intensity and in spite of the crudity of
the approaches, appreciable and very useful information on identifying risk situations and on forecasting and
taking countermeasures has emerged: one such method (that of Fournier) requires monthly rainfall totals.
In the case of chemical and physico-chemical degradation processes, water balance rather than the
energy of the rainstorm becomes the important meteorological variable.
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SUMMARY

The dynamics of soil and sand movement by wind are described, from which it is clear that, in
laboratory studies and controlled plot experiments, the processes are quite well understood. However, in
practice. the change of wind velocity with time, including its sequential behaviour, the influence of other
factors (particularly the moisture content of the surface soil), topography, cultural practices and vegetative
cover render the practical application of the basic knowledge difficult. Nevertheless, progress has been made
in establishing criteria, e.g. critical wind-speeds and moisture content and the required duration of such
conditions. Wind erosion arises from drag of the wind on the soil surface, and some important recent work in
specifying the size, shape and geometrical disposition of sheltering obstructions (whereby surface drag is
transferred to form drag on the obstructions) is described in some detail. In addition, associated information
on the layout of windbreaks and shelter-belts and on the exploitation of natural topography is included.
Degradation processes associated with frost action (a feature of high altitudes in all latitudes, and
dominating the environment in the high latitudes) are listed and described in varying degrees of detail. Most
attention is given to the seasonal freezing and thawing of the "active" (i.e. the surface) layer, which largely
dictates the agricultural possibilities and practices in the high-latitude regions.

RESUME

Le present rapport traite de certains processus de degradation des sols dans lesquels les facteurs
meteorologiques jouent un role significatif. II fait porter !'accent sur le phenomene d'erosion par action de
l'eau (precipitation), du vent et du gel, mais certaines autres actions chimiques et physico-chimiques (par
exemple, engorgement et lixiviation, salinisation et alcalinisation) soot egalement examinees.
Le rapport mentionne brievement l'effet de masse (par exemple, eboulements rocheux ou boueux,
avalanches), principalement dans l'etude des effets du gel. Les phenomenes d'erosion des cotes et des estuaires
ne sont pas mentionnes et la notion de degradation par Jes agents biologiques est abordee uniquement par le
biais de )'importance primordiale de la couverture vegetale dans la Jutte contre !'erosion qui est soulignee et
illustree par des etudes de cas. Toutefois, l'etude assez detaillee de !'erosion qui a permis d'examiner de
maniere approfondie !'interaction entre la degradation du sol et les processus meteorologiques devrait donner
une bonne indication de l'etat actuel des connaissances et des voies dans lesquelles ii faut s'engager pour faire
progresser !'explication d'autres formes de degradation et )utter contre elles.
L'erosion est un processus nature! inevitable qui est associe a la formation du sol; ii s'agit d'un
plienomene indesirable lorsqu'il est accelere par Jes activites humaines et en particulier lorsque Jes degats
deviennent pratiquement irreversibles. II ressorl d'un bout l'autre de la Note que )'on pourrait eviter bien
des degradations du sol en adoptant certaines pratiques d'amenagement des terres qui ne correspondent
toutefois pas necessairement a celles qui permettent de faire face aux exigences economiques ou sociales a
courte echeance comme par exemple le labourage des herbages du centre des Etats-Unis d'Amerique et le
surpaturage de tongue date des terres qui bordent la Mediterranee et d'autres regions (par exemple, une
partie de l'URSS). La conquete des zones situees aux latitudes elevees et, en particulier, les effets de !'explora
tion et de !'extraction du petrole en Alaska sur l'ecologie fragile du pergelisol constituent des exemples
recents de ce phenomene.

a

La degradation du sol decoule de ]'action combinee qui s'exerce entre certaines proprietes de la
masse du sol et un nombre de processus mecaniques, physiques, chimiques et biologiques. Les facteurs
meteorologiques jouent un role qui differe d'une interaction l'autre; dans certains cas, ils dominent le proces
sus, dans d'autres ils interviennent dans diverses phases et/ou pour de courtes periodes; dans d'autres encore,
leur importance pratique est negligeable si on la compare, par exemple, a diverses pratiques culturales ou a la
destruction de la couverture sylvestre et arbustive. En ce qui concerne !'erosion par Jes precipitations, la perte
de sol est le resultat combine de l'erosivite (agressivite) des precipitations et de l'erodabilite du sol: les aspects
pertinents de ce deuxieme element soot decrits dans une section de la premiere partie de la Note.

a

Dans la partie sur !'analyse de !'erosion, on a essaye de determiner et de quantifier Jes donnees a
faire figurer dans les termes meteorologiques des deux equations de la perte de sol due a )'erosion par l'eau et
le vent auxquelles soot attaches respectivement Jes noms de Wischmeier et Chepil.
En ce qui concerne !'erosion par l'eau, Jes travaux de recherche, Jes eludes controlees effectuees sur
le terrain et Jes etudes de cas a plus grande echelle prouvent que c'est l'energie de la chute de pluie, ou plus
precisement l'energie cinetique totale des gouttes de pluie, qui joue le role primordial au cours des premiers
stades de !'erosion (detachement de particules). Ce phenomene est a son tour etroitement lie a l'intensite de la
precipitation et le parametre le plus efficace de l'erosivite est le produit de l'energie totale de l'orage par
l'intensite maximale enregistree durant l'orage pour une periode consecutive de 5, 15 ou 30 minutes, l'intensite
correspondant a 30 minutes etant le facteur qui est le plus souvent cite et utilise. On ne dispose pas, en
general, de donnees aussi elaborees, notamment dans les pays qui sont les plus exposes a )'erosion et ii faut,
par consequent, utiliser des formules plus rudimentaires fondees sur le type de donnees disponibles. Toutes Jes
formules empiriques et approximatives tiennent compte de certaines caracteristiques des precipitations asso-
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ciees a l'intensite et l'on a obtenu, malgre le caractere rudimentaire des methodes, des renseignements ap
preciables et tres utiles qui ont permis de determiner des situations de risque, de faire des previsions et de
mettre en place des dispositifs de lutte; l'une de ces methodes (celle de Fournier) fait appel a la quantite totale
de precipitations mensuelles.
Dans le cas des processus de degradation chimique et physico-chimique, c'est le bilan hydrique et
non plus l'energie des precipitations orageuses qui est la variable meteorologique importante.
II ressort de la description de la dynamique du mouvement du sol et du sable du au vent que Jes
processus qui se deroulent au cours des etudes effectuees en laboratoire ou des experiences controlees dans les
enclos sont assez bien expliques. Toutefois, dans la pratique, la modification de la vitesse du vent en fonction
du temps, y compris l'enchajnement de son comportement, ('influence d'autres facteurs (en particuJier, la
teneur en humidite du sol en surface), la topographie, les pratiques culturales et la couverture vegetale
compliquent ('application pratique des connaissances fondamentales. Des progres ont neanmoins ete realises
dans la definition de criteres, par exemple des vitesses critiques du vent, de la teneur en humidite et de la
duree pendant laquelle ii est necessaire que ces conditions subsistent. L'erosion eolienne est due a la trainee
du vent sur la surface du sol et ii est rendu compte en detail de certains travaux importants de definition de la
dimension, de la forme et de la distribution geometrique des coupe-vent (qui transfonnent la trainee en
surface en trainee sur Jes obstacles). II y a, en outre, des renseignements complementaires sur la disposition
des brise-vent et rideaux protecteurs ainsi que sur ('exploitation de la topographie naturelle.
Les processus de degradation associes a )'action du gel (une caracteristique en haute altitude sous
toutes Jes latitudes qui domine sous Jes hautes latitudes) sont enumeres et decrits avec plus ou moins de details.
La plus grande attention est accordee au gel et au degel saisonniers de la couche <active> (c'est-a-dire la
couche de surface) qui determine en grande partie Jes possibilites et pratiques agricoles dans les regions
situees sous Jes latitudes elevees.

PE3IOME

B 3TOM onere O ITHChll3alOTCl! npol.(eCCbI IlO'!BeHHOH .uerpa.uaum-1, B KOTOphIX MeTeopOJJOrH'leCKHe
q>aKTOpbI 11rpa10T cyLUeCTBeHHYl-0 pOJib. OCHOBHOe BKHMam,e y.uenl!eTCl! 3p03HH, Bhl3BaHHOH BOJ:{OH (.ll.0)1(.UeM),
aeTpOM 11 MOp03aMH, HO TaK)l(e H3y1.Ja1-0TCll onpe.ueneHHhle .upyn1e XHMH'leCKl-le H cpH3MKO-XHMH'leCKHe
B03.UeHCTBHll (ttanp11Mep, 3aTonnem,,e H BhrweJia'IJ,IBaHHe, OCOJJOHU.eBaHHe H OLUeJiatrnBaHHe). O'!eHb KpaTKo,
rnaBHbJM o6pa30M, BO BpeMll o6cy)l(.D.emrn BJ111l!Hlfll Ha 3p03HI-O IIO'IBhI MOp030B, ynoMHHaeTCll Maccoeoe
B03.UeiiCTBHe Ha Hee HanpHMep, o6aaAOB, CHe)l(HblX o6BaJIOB, rpl!3eBbIX IIOTOK0B. 3p03Hl! no6epe)l(flfi H
3CTyap11ea He paCCMaTp11aaeTCll. B 0T'!eTe rOBOpHTCll O BJIHJIHHH Ha B03HHKHOBeHHe 3p03HR BhJIIJeyn0MllHYTblX
cpaKTOpoa" npHBO.UHTCll l,IJIJII-OCTpaUHll npHMepOB; B OT':leTe TaK)l(e roaopHTCll 06 HCKJIIO'll-fTeJJbHOH Ba)l(H0CTH
pacnrreJJhHOro Il0KpOaa B 6opb6e C 3p03HeH, HO B HeM HH'lero He rosopHTCll 0 .uerpanal(IHf Il0'IBhI II0)l B03.Ue
l1CTBHeM 6HOJIOnt'leCKHX cj)aKTopoB. O.uttaKO 6onee no.upo6ttoe ;r3yqeHHe 3p03HH T<0Topall, IIOHllTHa H
B T<OTopow. xopowo 11ccne.uoaatto a3aHMO.Ue»cTBHe Me)l(.uy noqseHHOH .uerpa.uau1-1eii H MeTeoponorw1eCKHMH
npoueccaMH, .U0JJ)l(H0 orpa311Tb cyLUeCTBYI-OWee C0TOl!HHe .uen 0TH0CHTeJihHO cnoco6oa, K0TOphlMH MO)l(HO
.uocn1rnyTh nporpecca B 110H11Mamrn caMoro npouecca 3p03HH H Mep no 6op1,6e c Heu.
3po3Hll llBJilleTCll Hein6e)l(HblM npHp0llHblM npoueccoM, CBll3aHHhlM C o6pa30BaHHeM IlO'IBhI; 3TOT
npouecc CTaHOBHTCll He)l(eJiaTeJihHhlM B TOM cnyqae, Kor;:i:a OH YCT<OplleTCll ITO.LI. B03.UeiicTBHeM '!eJIOBe'!eCKOH
.UellTeJihHOCTH H Kor.ua rrpaKTH'leCKHH ymep6 OT 3Toro CTaHOBHTCll Heo6paTHMh!M. lb 3arnJCKH BhlTeKaeT,
:ITO B 60JihlllHHCTBe cny,iaea TIO'lBeHHOH .uerpa.uau,,m MO)l(HO 1136e)KaTb rryreM rrpHHllTIUI onpe.ueneHHhIX
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npaKTHK HO 3eMAeITAb30BaHIUO, HO 3TH rrpaKTHKH He06J!.3aTeJJbHbl .UJIH Tex cnyqaea, Kor.ua Y. U OBJ!eTBOpJ!.lOTCll
1<par1<0cpO'IHhie 3KOHOMH'leCKHe HJIH COU.HaJlbHbie Il0Tpe6HOCTH, HanpHMep, BCnawKa paHOHOB nyroB H
nacr6Hl.U B cpe.uHeii: '!aCTH CillA H Bbmac Cl<0Ta B Te'!eHHe .umneJibHOro BpeMeHl'l Ha 3eMJIJ!.X B paiioHe
Cpe.n11JeMH0MophH H B .upyrnx paifoHax (ttanpHMep, xaxoii-nH6o 'laCTH CCCP). He.uaBmni npHMep CBll3aH c
OTKphITHeM B BhICOK0I.DHp0THb!X paii:oHax MeCTOpO)l()leRHH Hecjin1 H, B '!aCTH0CTH, C 'BJIHSlHHe'M pa3pa6oTKH
Heq>TllHblX MeCTOpO)l(,neHHH Ha AJJllCKe Ha 3K0JI0nI'leCKH xpynKylO 0Kpy)KalOl.UYl-0 cpe,ny B paiioHe Be"!HOH
Mep3JI0Tb!.
IlO'!BeHttasi .uerpa.naUHR J!.BJIJ!.eTCH pe3yJibTaT0M C0BMeCTHOro B03.D;eHCTBHJ!. Me)l(,ny onpe,neneHHhlMB
CBOHCTBaMH Mace IIO'IBhl H psi,na MexaHH'leCKHX, q>H3H'!eCKHX, XHMH'leCKHX H 6wonorH'!eCKHX npoueccoB.
MeTeoponornqecKHe cpaKTOpbI ttrpalOT nepeMeHHI,[e pom, B 3THX B3aHMO.D;eUCTBHJ!.X - B HeKOTOph!X cny'lallX
OHH c,nepi1rnaa10T npouecc, B .z:i;pyrnx cny'lal!X OHH BMeWliBa.IOTCH B 3T0T npouecc Ha pa3JIH'lllh!X cpa3aX H/HJJH B
Te'!eHHe KOpOTKHX nepHO.UOB; B HeKOTOPX cny'lal!X OHH npe.ucraBJil!IOT He3Ha'!HTeJibHYIO npaKTH'leCKYIO
Bal!CHOCTh B cpaaHeHHH, CT<alKeM, C pa3JIH'IHblMH KYJihTHBHpoBaHHhIMH BH.D;aMH o6pa60TKH 3eMJIH HJIH C
pa3pyweHHeM necoa H 1<ycrapHHK0BblX IlOKpblTHH. B OTHOWeHJm 3p03HH, B03HBJ<alOUJ,eH B pe3yJibTaTe
o6HJibHblX oca.uKoB, cne.z:i;yeT CKa3aTh, '!TO ORa l!BJJlleTCH COBMeCTHb!M pe3yJihTaTOM pa3MbIBaHHH, ("arpeccHB
HOCTH") B pe3yJibTaTe 06HJJbHbIX oca .uKOB 11 3P0.UHPOBaHHll IlO'IBhl: Ha'!aJihHbie pa3,nenhl 3am1cKH 0ilHCblBalOT
C0OTBeTCTBYIOlllHe acneKTbl 3Toro BT0poro KOM IIOHeHTa.

II pH attaJIH3e npouecca 3p03HH 61,rna C,!l;eJiaHa IlOIT.blTKa H.UeHTH(pH ll,HpoBaTb FI onpe,nenHTb KOJIH'leCTB0
,!l;aHHbTX, KOTop1,1e cne.uyeT BBeCTH B MeTeopoJI0fH'leCKHe ycJI0BHll .UBYX ypaaHeHHH: ypaBHeHHH BO,!l;HOro 6anaHca
li aerpoaoj:j 3p03HH, CBl13aHHble 0OOTBeTCTBeHHO C HMeHaMH Wischmeier H Chepil.
B OTH0WeHHH BO.LI.HOH 3p03HH CJie,!l;yeT CKa3aTh, 'ITO ,!l;aHHb!e, nony'leHHbie B pe3yJihTaTe rrpoBe.rteHHbIX
TIOJieBbIX OilhIT0B H KpynHOMaClllTa6Hb!X Hccne.uonaHHH, l!CHO n0Ka31,rna1-0T, '!TO 3HeprHJ!. npH Bbina.rteHHH
.llO)l(,l{Sl - o6maH KHHeTH'leCKaJ!. 3HeprHll .llO)K,!l;eBbIX KaneJib - npeo6nanaeT B nepBOHa'!aJibHOM CTa,llHH 3p03HH
(qaCTH'IHOe paccnoeHHe). 3TO, B CBOIO O'lepe,nb, TeCH0 CBl13aHO C HHTeHCHBH0CTbl-0 Bhma,neHHJ!. oca,UKOB;
HaH6onee 34>cjieKTHBHblM napaMeTpOM OCHOBHOH cnoco6HOCTH 3pO,nHpOBaTbCJ!. llBJllleTCll nponyKT o6weii:
3HeprHH npH UIT0pMe H MaKCHMaJibHall HHTeHCHBH0CTh, perHCTpHpyeMaH npH WTOpMe B CO0TBeTCTBY1-0l.UBe nepBO.llbl
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HJ!li 30 MHHYT; H3 KOTOph!X 30-MHHyrHall HHTeHCHBH0CTb RBJil!eTCll HaH6onee '!aCT0

npHMettl!eMOU. TaKHe CJlO)l(HI,Ie .nattHbie He acer.na HMel-OTCll a HaJIH'IHH. a Tex paMoHax, KOT0pb!e HaH6onee
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00.llBep)KeHhl yrpo3e B03HHKHOBeHHSI 3p03HH, npHX0.llHTCSI HcnonhJOBaTh Heo6pa6oTaHHhle cpopMynHpOBKH,
0CHOBaHHhle Ha HMelOtUHXC.SI BH.llaX ,!laHHhlX.

Bee HMnepH'leCKl!e H

npH6nH3HTeJlbHble

cpopMym1pOBKH

o6be.LJ.HH.SIIOT HeK0TOpble xapaKTepHCTHKH 0ca.llKOB, CBSIJaHHble C HHTeHCHBHOCThlO H, HeCMOTpst Ha Hepa3pa6oTaHHbte no.D.XO.llhI, nosremreTcsr O'leHh noneJHasr, no.ll.!la101Ua.srcsr ouettKe, HH<j)opMaUli.st no onpe.lleJieHHIO
pHCK0BblX CHTyau11i1 II no nporH03HpoaaHHIO H npHH.SITHIO K0HTpMep: O.llHH TaKOH MeTO.!l (Fournier) Tpe6yeT
JlaHHHble HpH Bhlfla.lleHHH 061Uero KOJIH'leCTBa OCaJ.lKOB B Te'ICHHe Mecsrua.
8 cny'lae BJll,fSIHlt.SI 11a Jlerpa.llal.(HIO XHMH'leCKHX H <j)MJHKO-XHMH'ICCKHX npou.eccoa HaH6onee Ba)KHOH
MeTeoponorH'fCCKOH BCJIH'IHHOH CTaHOBHTCR CKOpee BOJl,HhlH 6ana11c, 'ICM 3Hepnrn JIHBH.SI.
OoHCb!BaeTCSI Jl.HHaMHKa .llBH)KCHHll TI0'IBbl H neCKOB

no,ll

B03ACHCTB11CM

BeTpa, HJ

KOTopoil.

CTaHOBllTCSI RCHO, 'IT0 3TH npouecch! O'leHb xop0lU0 n0H.SITilhl B peJyJibTaTe na6opaTopHblX }ICCJlC.llOBaHHH H
O ITbITHhlX JKCnepHMCHTOB. O.uHaKO Ha npaKTl1KC H3MCAem,e CKopocn1 BCTpa, BKJIIO'la.SI ero CO0TBCTCTBYJ-01Uee
llOBC.lleHJ"le, BJIIUIHHC .npyrnx <j)aKTOpOB (e '!aCTHOCTH, co,aep)Kamre BJianr Ha noaepXHOCTH B no'lee), penhe<l>
MeCTHOCTH, KYJlbTypHall o6pa6oTKa 3CMJlH H paCTHTeJlbHhlH llOKp0B JJ,eJiaJOT rrpaJ.."TH'lCCKOC rrpHMeHeHMe
OCH0BHblX JHaHHH O'leHb TPY.llHOH 3a,aa'leu. TeM He MCHee 6bIJl .nocniryHT nporpecc B ycTaH0BJlCHHH KpHTepHH,
HanpHMep KpHTH'ICCKHX CKopocTeu BCTpa, KpHTep1rn co.nep)KaHH.SI BJiarn H Tpe6yeMOH npO.llOJl)KHTCJlbH0CTH
TaKHX YCJIOBH H . Berpoeasr 3p03Hll B03HHKaeT 8 pe3yJThTaTe MC.!lJleHH0f0 .llBHlKCRWI BeTpa no llOBCpXH0CTH
ll0'IBbl, H B JallHCKe ITO.!lp06HO lcl3JiaraeTCSI llOCJieJJ,HSI.SI Ba)KHal! pa6ora no onpeJJ,eJTeHHIO paJMepa, cjlopMbl H
reoMeTpH'leCKOfO

pacnono)KeHHR 3alJ.lHTHblX

rrperpa.a. (eJaHMOCBllJb MC)l(JlY CMelUCHHCM noeepXHOCTH H

<j)opMOR rrperpa.u). KpoMe Toro, HMeeTCSI HHcj)OpMaUHSI no JaKna,a.Ke eeTp0A0MOB H JatUIITHhlX IT0JI0C J,f no
HCIT0nbJ0BaHHIO npHpOJlHOfO peAbe<j)a.

C

pa)Jlll'IH0H CTeneHblO rro.npo6HOCTH onHChlBalOTCSI npoueCCbl .nerpa.a.auHH, CB.Sl3aHHble C 803.lle

HCTBHeM MOPOJOB (xapaKTepHCTHKa 60JlbWHX BblCOT BO ecex WHporax H npeo6na.n.a101Uall OKpy)KalOW.all
cpe.na B BblC0KHX WHPOTax). Hatt60JlbWee BHHMaHHe YJlCJTSleTCSI TaKHM ceJ0IIHblM <j)aKTOpaM, KaK MOp03 H
0TTatteaHHe • aKTHBHOro » (noeepXHOCTHOro) CJTOSI, C KOTOpbIM B 6oJTbWeH CTCllCHH CB.SIJaHbl ceJTbCKOX03.SIHCT
BeHHbte B03MO)K!I0CTn n o6pa6oTKa 00'181,1 8 BblCOKOWHpOTHblX paHoHaX.

RESUMEN

En este informe se trata de algunos de los procesos de degradacion del suelo en los que los factores
meteorologicos desempenan una notable funcion. Se insiste en la erosion causada por el agua (lluvias), por el
viento y por la accion de las heladas aunque tambien se estudian otros procesos quimicos y fisico-quimicos
como por ejemplo la saturacion hidrica, lixiviacion, salinizacion y alcalinizacion.
Los movimientos de masas, como las caidas de rocas, aludes yflujos de lodo se citan solo brevemente
yen especial al estudiar los efectos de las heladas. No se trata de la erosion costera yde los estuarios. Aparte
de insistir e ilustrar mediante estudios de casos concretos la gran importancia que tiene la capa vegetal para
combatir la erosion, el informe no trata de la degradacion por los agentes biologicos. Sin embargo el estudio
bastante detallado de la erosion que aqui se hace, en donde se ha insistido bastante en la accion mutua que se
ejerce entre Ja degradacion del suelo y los procesos meteorologicos, permite deducir de manera adecuada cual
es la situacion actual de los conocimientos que se poseen y en que direccion se ha de proseguir para com
prender y controlar otros tipos de degradacion del suelo.
La erosion es un proceso natural e inevitable asociado con la formacion del suelo; pasa a ser
indeseable cuando se ve acelerado por las actividades humanas y en particular cuando los daiios son practi
camente irreversibles. De la Nota se deduce que se podria evitar en gran parte la degradacion del suelo
adoptando detenninadas practicas de aprovechamiento de !as tierras aunque estas practicas no son necesaria
mente !as que satisfacen las necesidades econornicas o sociales a corto plazo, como por ejemplo labrar las
tierras de pasto de la parte central de los Estados Unidos de America o mantener durante demasiado tiempo
el excesivo pastoreo de las tierras mediterraneas y de otras regiones (como algunas partes de la URSS).
Como ejemplo reciente podemos citar el comienzo de la explotacion de las tierras situadas en !as grandes
latitudes yen particular los efectos que la prospeccion yextraccion de petroleo en Alaska ejercen en el medio
ambiente ecologicamente fragil constituido por el permafrost.
La degradacion del suelo es consecuencia de la accion conjunta de detenninadas caracteristicas de
las masas del suelo yde ciertos procesos mecanicos fisicos, quimicos ybiologicos. Los factores meteorologicos
desempenan diversas funciones en estas acciones mutuas de modo que en ciertas ocasiones predominan en
estos procesos yen otras actuan en distintas fases o durante breves periodos mientras que en algunos casos
son de desdenable importancia pratica si las comparamos por ejemplo con las distintas practicas de cultivo o
con la destruccion de los bosques y capas de arbustos. En lo que respecta a la erosion causada por la lluvia,
se produce perdida del suelo como resultado de la agresividad de la lluvia y la susceptibilidad del suelo
ante la erosion. En otra seccion de la Nota se describen los correspondientes aspectos de este segundo
componente.
En el analisis de la erosion se ha tratado de identificar y cuantificar los datos que han de insertarse
en los tenninos meteorologicos de las dos ecuaciones que reflejan !as perdidas de suelo debidas a la erosion
del agua ydel viento, asociadas respectivamente a los nombres de Wischmeier y Chepil.
Con respecto a la erosion causada por el agua, las pruebas obtenidas mediante trabajos de in
vestigacion, estudios verificados sobre el terreno y otros casos concretos en gran escala muestran que la
energia de la caida de la lluvia, mas concretamente la energia cinetica total de las gotas de lluvia, predominan
en las fases iniciales (desprendimiento de particulas) de la erosion. Este proceso a su vez esta estrechamente
relacionado con la intensidad de la lluvia de modo que el parametro mas eficaz que rige la erosion es el
producto de la energia total durante el temporal de lluvias y la intensidad maxima registrada durante ese
temporal durante un periodo consecutivo de 5, 15 o 30 minutos, siendo la intensidad correspondiente a 30
minutos el dato mas comunmente citado y utilizado. Estos datos tan complejos no estari facilmente dis
ponibles, sobre todo t>n las regiones mas sujetas a la amenaza de la erosion, por lo cual ha de recurrirse a
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formulaciones mas rudimentarias fundadas en el tipo de datos de que se disponga. Todas las formulaciones
empiricas y aproximadas incluyen algunas caracteristicas de la lluvia asociadas con la intensidad y, a pesar de
su tosco planteamiento, se ha logrado obtener informacion apreciable de gran utilidad para identificar las
situaciones peligrosas y para predecir las medidas necesarias para combatirlas. Uno de los metodos, et de
Fournier, requiere la utilizacion de valores totales mensuales de la lluvia.
Cuando se trata de los procesos quimicos y fisico-quimicos de degradacion, la variable meteorologica
mas importante es et balance hidrico en lugar de la energia de los temporales de lluvia.
Se describen los procesos dinamicos del movimiento del suelo y de la arena a causa del viento, y de
ellos resulta evidente que en los estudios de laboratorio y en los experimentos de parcelas controladas se ha
logrado ya comprender bastante bien todos estos procesos. Sin embargo, en la practica et cambio de velocidad
del viento con respecto al tiempo, incluido su comportamiento por series, asi como las influencias de otros
factores (particularmente el contenido de humedad de la superficie del suelo), la topografia, las praticas de
cultivo y la capa vegetal hacen dificil la aplicacion practica de los conocimientos basicos. No obstante se han
realizado progresos para establecer criterios como por ejemplo los valores criticos de velocidad del viento y el
contenido de humedad, asi como la duracion requerida de dichas condiciones. La erosion del viento se
produce por el rozamiento del mismo sobre la superficie del suelo. Se describen con algun detalle ciertos
importantes trabajos recientemente realizados en los que se especifica el tamafio, fonna y disposicion geo
metrica de las obstrucciones protectoras mediante las cuales el rozamiento superficial se transforma en roza
miento sobre las obstrucciones. Ademas se incluye tambien informacion relativa a la instalacion de para
vientos y pantallas de proteccion y al aprovechamiento de la topografia natural.
Se enumeran y describen con mayor o menor detalle los procesos de degradacion asociados con la
accion de las heladas, que es caracteristica de los terrenos de gran altitud situados en todas las latitudes y que
predominan en las condiciones ambientales existentes en las latitudes mas elevadas. Se dedica gran atenci6n
a las heladas estacionales y al deshielo de la capa "activa" (es decir, la superficial) que en gran medida
deciden las posibilidades y practicas agricolas aplicables en las regiones situadas en latitudes elevadas.

CHAPTER I

INTRODUCTION

1.1

History of the project

Soil, as generally understood - i.e., the principal medium for the root growth of plants - is the final
product of a long series of mechanical, physical, chemical and biological processes acting upon an original
mineral parent rock. In the course of this sequence, rock fragments are weathered and, as particle size
decreases, become increasingly subject to chemical, physico-chemical and biological agents. The resuJt is an
extremely complex and variable mixture of mineral particles, plant and animal residues, inorganic and organic
chemicals, the whole permeated by a range of soil flora and fauna including bacteria and particularly plant
root systems. At all stages soil material may be exposed to the transporting capacity of water, the surface
layers to wind action and the entire mass to other water-dependent or assisted activity and to thermal effects.
At times, the soil material is subject to the powerful, but short-range, displacements associated with water
films and surface forces, with the growth of crystals and with the freezing and thawing of water; it is also
subject to root pressure. The surface and the very top layers are exposed to every meteorological element
including, for example, solar radiation and lightning strikes.
Amongst the degradation processes, erosion by water and by wind is of the greatest importance.
However, natural erosion is inevitable and indeed a continuing necessity for the creation of soil and for the
existence and support of human and animal populations, e.g. the erosion of the higher reaches of the Nile
gives rise to the fertile Nile Delta. What, however, is not beneficial is accelerated (Birot, 1969) or rapid
erosion when the rate of removal of soil completely overwhelms that of its formation. Whilst such processes,
as in rock-falls and landslides accompanying the annual thaw, may be due to natural causes only, others have
been initiated by human activity, e.g. the Dust Bowl of the middle U.S.A. began with the removal of native
vegetation in favour of cultivated annual crops. Again, much serious erosion in the drier Mediterranean areas
and in parts of the U.S.S.R. (see Section 3.3.4) can be directly attributed to over-grazing. In high latitudes
too much working and disturbance of the surface can result in serious damage to the permafrost layers and
the destruction of a very fragile vegetative cover which is difficult to regenerate and which is required to
protect the underlying non-frozen and frozen layers from mechanical instability.
A graphically described and illustrated account of wind erosion and of the advancing desert is given
by Gore and Gerster in the National Geographic Magazine for November 1979, whilst certain technical
aspects of the problem of desertification in the Sahe) and other regions are dealt with by Flohn in WMO
Technical Note No. 116.
Soil-degradation processes can be of short duration and/or subject to treatment and hence reversible;
or, at the other extreme, the return to the former state can take decades, or hundreds or thousands of years
and is, in human terms, irreversible. In this Note the emphasis is on the less tractable forms of degradation
although it will be very evident that wise decisions implemented by and/or made possible by modern tech
nology, together with the adoption of tried traditional measures, can significantly decrease serious environ
mental deterioration.
During recent decades, there has been an increasing awareness of the need for wise management
and conservation of our natural resources in face of the competing pressures on land and of the growing gap
between food production and the requirements of an expanding population. The Stockholm Conference on
the Human Environment, held in 1972, was one of a number of gatherings concerned with the above
mentioned topics. The Conference highlighted the need for interdisciplinary co-operation and this, in inter
national terms, implies inter-agency activity. Consequently the World Meteorological Organization requested
its Commission for Agricultural Meteorology to consider, at its fifth session (1971), setting up a working
group in which other United Nations Agencies would be invited to co-operate. In the event the group formed
consisted of members from several countries associated with the World Meteorological Organization, and
representatives from the United Nations Educational, Scientific and Cultural Organization (Unesco) and the
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Food and Agricultural Organization (F AO). Their task was lo analyse the problem, explore and clarify the
connexions between the various specialisms and prepare a Technical Note which, inter a/ia, would assist in
forging links and so contribute towards effective collaboration. This Working Group on Meteorological
Factors Concerning Certain Aspects of Soil Deterioration and Erosion collected and analysed a great deal of
material, but organizational difficulties prevented the completion of the work. The group was revised in 1975
- with some changes in individual membership and with slightly different terms of reference - and re
established under the title of Working Group on Meteorological Factors Associated with Certain Aspects of
Soil Degradation and Erosion. As the work proceeded some changes in emphasis emerged which are reflected
in the title of this eventual Note.
During this period FAO and the United Nations Environment Programme (UNEP) undertook a
number of ventures relevant to the current work, namely:
(a) Expert Consultation on Soil Degradation (June 1974);
(b) Expert Consultation on Soil Degradation (January 1978);

(c) Working Group on Soil Degradation Assessment Methodology (May-June 1978).
The findings of these meetings significantly contributed to the shifts in emphasis mentioned in the previous
paragraph.
It is desirable at this stage to mention that by no means all processes associated with the development
and history of the soil have been examined either in this Note or indeed in the joint FAO/UNEP activities.
Specifically these are:
(a) All processes of soil formation from rock weathering and disintegration down to "soil", hence

in general excluding important natural phenomena such as rock-falls and avalanches, landslides
and mud flows (although the last two types of event are a concern of the F AO/UNEP delibera
tions);

(b) The whole problem of erosion of river banks, related estuarine phenomena and - most important

- coastal erosion.

However, some reference to some of these topics could hardly be avoided in Section 5.3.
The terms of reference of the working group required that it should proceed with the aim that "the
(eventual) Technical Note should be written primarily for meteorologists, agrometeorologists, planners and
administrative decision-makers. The primary purpose of the report is to educate and inform meteorologists
about the role of meteorology/climatology in the process of soil degradation and to place on record the
requirements by soil scientists of measurements on meteorological and climatological parameters in assessing
soil degradation". There was thus no obligation to cover all aspects, nor to compile a guide to soil degradation
and its control, but rather to provide a sufficient common background to allow a two-way dialogue between
meteorologists on the one hand and soil scientists and other groups on the other, so opening the way to
fruitful collaboration.
1.2

Definition and categories of soil degradation

The FAO/UNEP Consultation of January 1978 suggested the following definition of soil degrada
tion:
"Soil degradation is the diminution of the current and/or the potential capability of soil to produce
(quantitatively and/or qualitatively) goods or services as a result of one or more degradation
processes."
Processes are then grouped into six "often interacting" classes:
(a) Water erosion: subdivided into sheet and rill erosion, gully erosion and various types of mass

movement such as landslides and mud flows;
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(b) Wind erosion;

(c) Excess of salts, subdivided into salinization and alkalinization (recently (1979) renamed sodica
tion);

(d) Chemical degradation: subdivided into leaching of nutritive elements and acidification, and

toxicities other than excess of salts;

(e) Physical degradation: consisting of loss of structure, sealing and crusting of the soil surface,
reduction in permeability, compaction in depth, decrease in macroporosity and limitations to
rooting;
(f) Biological degradation: consisting of mineralization of humus, increase in activity of micro
organisms responsible for organic decay, but decrease in C02 release if organic decay and
humidification do not compensate for the mineralization of humus.
Waterlogging is not considered a soil degradation process by itself, although it can limit root growth
and also contribute to physical (e.g. compaction) and chemical (e.g. through toxicity) degradation as well as
leaching of nutritive elements. However, because of its close association with degradation processes, the topic
is discussed separately (Section 3.5).
This Note discusses categories (a) and (b) in detail, categories (c), (d) and (e) less so; only passing
reference is made to category (/). This in no way implies judgement on the relative economic and environ
mental importance of the several processes - indeed, the FAO/UNEP reports place at least as much import
ance on category (c) as on (a) and (b). The procedure followed in this Note can be justified by the statement
that many of the meteorological aspects of categories (c), (d), (e) and (/) are covered in the course of the
detailed examination of categories (a) and (b).
In category (a) the main meteorological element is obviously rainfall, with temperature as a primary
variable in periglacial regions where water is present in the solid phase. Water balance also appears in (a) but
is of much greater relative importance in (c), where it dominates the process, and in (d) and (e). In addition
to category (b), wind action may also enter into the analysis of categories (c), (d) and (/), particularly in
relation to airborne transport, dilution and deposition of undesirable materials such as sea-salt, urban pollu
tion and pathogens.
1.3

Plan of the work

After a brief review of the scale of the problem in Chapter 2, the various degradation processes to be
examined are commented on in Section 3.1; following which, in Section 3.2 an account is given of those soil
properties and conditions which relate to erosivity. Sections 3.3 and 3.4 present a detailed examination of
erosion by wind and water - although the analyses of many specifically meteorological aspects are held over
until Chapter 4 - after which the other degradation processes are considered.
In Chapter 4 an attempt is made to present a coherent and systematic account of those meteoro
logical topics which influence, in particular, water and wind erosion. By this means soil scientists should be
enabled to identify and then mobilize the most suitable available meteorological technique or other resource
required for the solution of a particular problem: equally, meteorologists would be assisted in identifying the
type of, and stage in, a degradation process which could be clarified or rationalized by the utilization of a
particular meteorological approach. Many empirical and approximate expressions are presented, a number of
which have been designed to utilize the incomplete and/or crude data typically associated with many erosion
susceptible areas. The virtue in keeping all options open in a changing situation is well illustrated by the
resurgence of an improved version of Fournier's index in the 1978 FAO/UNEP Consultation (see Section
4.2.1.1) after its very critical reception in the 1974 FAO/UNEP deliberations, and the then strongly advocated
use of the physically more acceptable Wischmeier expressions (see Section 4.2.1.3), which, it was agreed,
demanded much more sophisticated rainfall data. Surface obstructions - more generally ground roughness are an extremely important element in the reduction of wind erosion and are expressed through the decrease
of drag on the ground surface by the wind. Methods of specifying "roughness" and of incorporating ap-
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propriate parameters in formulae connecting wind speed with height above the ground surface have been
progressively elaborated and improved. Economically viable anti-wind-erosion measures in cropped areas
could depend upon the proportion of the area "sterilized" by the non-productive obstructions; and this fact
is held to justify the detailed information given in Section 4.3.2.3.2. Chapter 4 ends with a section dealing
with relevant meteorological elements not considered in Sections 4.1, 4.2 and 4.3, and mainly related to
degradation processes listed as (c) to (f) inclusive.
Chapter 5 consists of three groups of case-studies: one for the wet tropics with only a short dry
season or none, the second for the humid tropics with a long dry season, and the third a somewhat extended
treatment of degradation phenomena in periglacial climates in which temperature and gravity-initiated mass
movement play a more important role than in other regions. Degradation processes arising from frost action
and freeze-thaw cycles are by no means confined to the high latitudes but are a feature of the climate of many
hilly, and most mountainous, regions. These processes are very significant in many non-agricultural activities,
e.g. the construction and maintenance of roadways and all types of building and industrial installation; in
addition, they decisively influence the extent and management of green matter production of which the
potential in these regions may not be generally realized (see regular issues of Agroborealis, University of
Alaska).

CHAPTER 2

THE IMPORTANCE OF THE PROBLEM OF SOIL DEGRADATION

Throughout history the productivity of the land has been regarded by many authors as being
directly associated with the rise and fall of civilizations. The relationship between the productivity of the land
and society was probably best described by William Jennings Bryan, a famous nineteenth-century United
States statesman, when he said: "Destroy the land surrounding a city and grass will grow on the busiest
street, but destroy the city and leave the land and the city will rise again." His statement may be an over
simplification in this day of efficient transportation, but the importance of the productivity of the land in
general to a city's or society's survival remains unaltered.
Historians record many instances where lands that had at one time supported thriving civilizations
have been turned into barren wastelands by the processes of soil degradation. It is needless to say that those
civilizations vanished together with the productivity of the land.
Normally we like to think that we learn by experience so that mistakes of the past will not be
repeated in the future. This may not be true in the case of soil degradation, as shown by a recent study by
FAO of soil degradation in forty-one developing countries. The study, which was undertaken as part of the
World Assessment of Soil Degradation Project supported by UNEP, revealed that the rate of soil degradation
had increased in the last two or three years in thirty-seven of the countries and had remained about the same
in the other four. The rate had decreased in none.
The study further revealed that countries in general are doing very little to combat soil degradation.
Fewer than half, only eighteen countries, had a charter or decree of any kind setting forth policy on soil
conservation and comments by those questioned indicated that about half of these were not enforced or
adhered to. Twenty-three countries had no charter or decree at all on the subject. The seriousness of the
problem should not be overlooked by governments especially when the world is experiencing a dwindling
supply of food reserves and increasing population.
In view of the tremendous impact soil degradation has had on mankind in the past and certainly
will have in the future, it is of utmost importance that the factors affecting soil degradation be clearly
understood so that effective measures may be taken to predict and control it.

Certain - mainly physical - processes of soil degradation will be covered in detail later in this
Technical Note; however, it is desirable to point out the basic factors inherent in most soil-degradation
processes. The most common process of soil degradation is soil erosion: Figures 4.1 and 4.2 give an approxi
mate indication of the areas at risk from water and wind erosion respectively.
There are basically four factors which influence soil erosion and, more generally, soil degradation:
these are soil properties and characteristics, topography, climate and vegetation (human activity plays a very
significant role in influencing the first and the last of these four groups).
The interaction of these four factors at any particular point in the landscape will determine whether
soil degradation or soil building is taking place. The influence which each of these factors has on soil
degradation at any given place and time is dependent on the properties of the factor which relates to the
processes of soil degradation.
The basic properties which need to be considered in evaluating the hazard of soil degradation for
each of the factors mentioned above are principally as follows:
(a) Using primarily its surface texture and structure as a basis, soil needs to be assessed for its

erodability and its potential for salinity and alkalinity as well as for waterlogging.

(b) Topography should be evaluated regarding steepness or flatness, consideration being given to

the position in the landscape and the length and direction of slope.
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(c) Climate should be evaluated with regard to erosivity by both wind and water, using as a basis

primarily rainfall intensity and wind velocity; and also with regard to its influence on salinization
and alkalinization, using primarily precipitation-evaporation balances. Temperature may have
a bearing on all climatic characteristics.

(d) Vegetation should be considered with regard to its effectiveness in protecting the soil against the
combined adverse effects of climate and topography.
Nature's method for controlling soil degradation is usually by vegetative cover of either living
plants or their residues or both. It is recognized, however, that mechanical land-treatment measures such as
contour farming, terraces, etc., may, in most instances, substitute for all or a part of the vegetative protection
requirement to control soil degradation. When the interrelations of the effects of each of the above factors on
soil degradation have been evaluated, it becomes possible to predict the hazard of soil degradation.
In an evaluation of the relationship between the factors affecting soil degradation, climate, topo
graphy and soil properties are usually regarded as constants since these factors are (with certain exceptions see e.g. Section 3.6) - little influenced by man. On the other hand, the vegetative protection factor is greatly
influenced by man's activities. As population increases, the pressure on the land invariably increases in the
form of more intensive cultivation, removal of forests and over-utilization of grazing lands, resulting in less
vegetative protection for the soil, and accelerated soil degradation results unless control measures are taken
to compensate for the lack of protective cover.
One of the problems in making such predictions is the lack of adequate data in usable form on
which to base the evaluation. This is particularly true with respect to climate. Although a great deal of
information has been gathered about climate, it is generally not available in a form which is usable for
predicting soil degradation, particularly in developing countries. It is hoped that this Technical Note will be a
step toward the synthesis of existing information and the gathering of additional information on the climate
which will be useful in making predictions and for designing soil-degradation control measures.

CHAPTER 3

MECHANISMS AND PROCESSES OF SOIL DEGRADATION
3.1

Genera] considerations

Soil degradation is a complex phenomenon comprising numerous aspects, and the meaning taken
for the word "degradation" sometimes varies according to the individual author. The present study takes as
reference the definition given by FAO in 1977: "Soil degradation is the result of one or several processes
which reduce the soil's normal or potential capacity to produce (quantitatively and/or qualitatively) goods or
services."*
The most common phenomena are caused by water or wind erosion and by salinization and alkali
zation (or sodication (FAO/UNEP, 1978)). In addition, there are also various types of chemical, physical and
biological degradation, due to leaching, waterlogging and pollution. Not all these phenomena are of the same
importance. For example, in the case of leaching it is difficult to distinguish a real degradation from a
significant evolution of the soil which modifies its properties but does not necessarily represent an appreciable
reduction in its potential. Indeed, soil evolution in time, i.e. pedogenesis, is a normal occurrence, since soil is
formed by the action of climate and vegetation factors (i.e. weathering) on a rock or given material. Its
profile deepens, then is progressively differentiated into horizons. Adjacent soils constitute toposequences
according to their topographical position. Their morphology and physico-chemical characteristics are trans
formed in time to form chronosequences. "Normal" pedogenetic evolution in the natural environment extends
over varying periods of time of the order of millions of years. But evolution is sometimes quicker. The most
rapid types are on an annual basis and depend on the climatic cycle and on the alternation of moistening and
desiccation. This is the case with certain properties such as pH, carbon and nitrogen, which regularly revert
to their initial state. Other types of evolution take some tens of years and are initiated by modification of the
factors of pedogenesis, by climate, vegetation or human activity. Only in certain specific conditions can these
types of rapid evolution be termed degradation. Again, the latter term must be used with caution as not all
degradation is irreversible. Man has various techniques at his disposal, such as the spreading of organic and
mineral fertilizer, or methods of irrigation and drainage, which can reverse the direction of degrading evolu
tion and even bring about an improvement in the soil, which results ultimately in increased agronomic
potentiaL
These influences having been considered, there then remains to be studied the role played by
meteorological factors in provoking the various degradation phenomena. In practice, the subject matter
extends beyond this framework as the action of the climate factor can never be separated from that of the
other environmental conditions. The mechanisms and processes of the various forms of degradation are to be
analysed in turn. But in all its forms, the first stage of the evolution is always a quick modification of certain
properties of the soils in their upper horizons, and this point will therefore be treated first (Section 3.2).
The erosive phenomena caused by wind and water will then be considered. The importance of
meteorological factors in provoking water erosion has involved holding over detailed examination of many of
these aspects to Chapter 4. The degradation processes which are largely chemical in nature, namely leaching
and waterlogging (leading to hydromorphy), are dealt with in Section 3.5, and salinity and alkalinity in
Section 3.6.
The various types of degradation termed chemical, physical and biological are theoretically distinct,
though they are not independent of each other. Physical degradation corresponds to a reduction in the
structural quality of the surface horizons, resulting in phenomena of compaction, caking and a reduction in
permeability. This point will have already been dealt with in Section 3.2 as these are generally "rapid"
actions. The processes of biological degradation, such as definitive loss of organic matter, have only remote
or indirect links with climatic action, although temperature often plays a recognizable role. Finally, the
• N.B. A modjfied version was adopted by the 1978 FAO/UNEP Experl Consultation, namely: "Soil degradation is 1he diminution of
the currenl and/or potential capability of soil 10 produce quantitatively and/or qualitatively goods and services as a result of one or
more degenerative processes." (Ed.)
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problem of pollution and toxicity, which is a complex mixture of chemical and biological phenomena, will be
analysed briefly in Section 3.7.
3.2

Rapid modifications of soil properties

The soil surface is the interface between Earth and atmosphere and therefore the place where
atmospheric effects attack the soil most strongly. Hence rapid modifications of soil properties under natural
circumstances occur particularly in the top layer of the soil and we consequently confine ourselves in this
section to this layer.
It will be clear that vegetation, depending on its density, more or less protects the surface soil
against atmospheric influences. Therefore, when discussing in this section the mechanisms of rapid modifica
tions of soil properties caused by weather, we suppose the soil surface to be bare.
3.2. l

SOIL AND SOIL STRUCTURE

The spatial construction of a top-soil under natural conditions is generally very complex. The
"building-stones" are mineral particles varying in size from smaller than O. l µm to some centimetres. In the
top-soil organic matter is present usually as particles between, or as thin films on, the mineral particles. In so
far as this organic material consists of humus particles of colloidal dimensions or of unstable sticky material,
and is produced during the microbial conversion of more or less fresh organic matter, it causes bonds
between neighbouring mineral particles.
If such particles are smaller than about 2 µm (the clay fraction) another type of bond can occur, for
clay particles are mostly plate-shaped and both faces bear a negative charge. Because water molecules are
dipoles, a bridge consisting of two water molecules with a divalent cation between them can bind two clay
particles together. Thin roots, root-hairs and mycelium threads can tie soil particles in a mechanical way.
As a result of these different bonds the top-soil is not generally in a closely packed block, but it is a
more roomy construction, often composed of soil aggregates of different sizes. In a small aggregate some soil
particles are joined by bonds as described above. Some of these small aggregates can be joined again to a
bigger one, etc. In this way a soil pore-space is developed consisting of pores of different sizes. The smaller
pores in a moist soil hold water by capillary forces; the bigger ones contain the soil air.
The spatial distribution of soil pore-space, together with its stability, is called soil structure and is
analogous to the quality (layout and solidity) of a house. Soil structure is an important property in relation
to soil fertility. It must permit the plant to develop its root-system in the pore-space and the latter must have
such a pore-size distribution that the roots are able to function well. This means that the soil contains (within
its smaller pores) enough water that can be taken up by the roots and, at the same time, a system of air-filled
(larger) pores which enables the roots to breathe. For this root respiration oxygen from the atmosphere has
to be supplied throughout the soil and carbon dioxide must be removed through the soil into the atmosphere.
Furthermore, soil structure determines the environment of the soil micro-flora and -fauna to a high
degree. These microbes bring about the decay of vegetable and animal materials in and on the soil. There
plant nutrients can be liberated, micro-biological non-resistant sticky material (which glues soil particles
together temporarily) can be produced and ultimately a rather resistant kind of organic matter (humus) will
arise.
It will be clear that besides soil structure, which is the physical aspect of soil fertility, the chemical
aspect - i.e. the richness in nutrients which are available for plants or can be made available by natural
processes in the soil - is very important. Generally speaking, however, this chemical aspect of soil fertility, as
well as other chemical properties, changes much more slowly than soil structure, which can alter instantane
ously, e.g. by the intervention of man (increasing pore-space by ploughing, or decreasing it by driving heavy
implements on the soil surface) or by the weather (see the subsequent sections). We shall therefore confine
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ourselves in this paragraph to the influences of weather on the structure of the top layer of a bare soil.
Usually, but not invariably, these influences decrease soil fertility. At worst, the disturbance of soil structure
is so great that the whole top layer disappears.
3.2.2

DECAY OF SOIL STRUCTURE AND EROSION

Generally we understand by erosion the entire process of loosening, transportation and settlement
elsewhere of soil particles. This can be caused by water or wind.
In Section 3.2.1. it is pointed out that in the top layer soil particles are mostly joined to aggregates
by bonds. The bigger and the more solid these aggregates, the smaller the chance of erosion generally. Solid
aggregates with a diameter of more than 2.5 mm, for instance, cannot be blown away by wind.
In most cases erosion is introduced by a breakdown of soil structure. Forces acting on the aggregates
in the top-soil reduce their size, even sometimes to elementary particles, which have a greater risk of being
removed by water or wind. Such forces, related to meteorological influences, are brought about by:
(a) Raindrops falling to the soil surface;
(b) Rainwater, in which soil particles are suspended, streaming down a sloping soil surface;
(c) A bombardment with sand-grains blown over the soil surface by wind;
(d) Alternate wetting and drying or alternate freezing and thawing of the top-soil.
3.2.3

SOIL SPLASH BY FALLING RAINDROPS

The ability of a rain-shower to attack the structure of the top-soil and to erode the soil surface
depends upon the size of the raindrops and on the intensity of the shower.
A raindrop with a diameter of about 4 mm, falling in a quiet atmosphere, reaches a top speed
(terminal velocity) of approximately 34.29 cm s- 1 and so a maximum kinetic energy of roughly 203 dynes.
Theoretically it would be possible with this energy to lift a sand-layer (d = 2.65 g cm- 3) of l cm 2 and 1.3
mm thickness up to about 6 cm. This example may illustrate that large raindrops obtain energy sufficient to
disturb the structure of the top-soil.
The mechanism of this kind of structural decay is as follows. A part of the kinetic energy of a large
raindrop falling to the soil surface is used to compress the top-soil, another part to loosen soil particles, which
then become suspended within the small splashing drops in which the raindrop bursts asunder on impact
with the soil surface. These jumping or splashing drops extract kinetic energy from that of the primary
raindrop.
In loosening the soil particles the phenomenon of exploding soil aggregates can also play a part.
For if an aggregate becomes completely wetted, the water penetrates it by capillarity and compresses the
enclosed air, often to such an extent that the aggregate explodes.
The jumping water-drops into which a raindrop is split when falling on the soil surface land at some
distance around the point of contact of raindrop and soil. The water of these drops infiltrates the soil and the
particles which have been suspended in it plug soil pores and decrease by this method the permeability of the
top-soil. Its infiltration rate is reduced after a while to such an extent that it becomes less than the rainfall
intensity. Then rainwater will inundate the soil surface or, if the latter slopes, it will flow downhill.
On a horizontal, flat soil surface the jumping or splashing drops which arise from a raindrop
striking the soil surface descend on spots circularly distributed around the point of contact of raindrop and
earth. The soil particles which have been transported in these jumping drops therefore show no average
displacement in any horizontal direction. As mentioned above, these soil particles plug the top-soil and as a
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result there appears on the soil surface - if it is dried up - a thin dense layer of closely-packed soil particles.
This type of crusted soil surface is usually termed a slaked one.
On a slope, however, the places where the soil particles splashed by a falling raindrop settle are not
circularly distributed. Geometrically it will be clear that the droplets splashing in the direction down the slope
contact the soil surface at a greater distance from the spot where the raindrop hit the soil surface than the
droplets splashing up the slope. On average this results in a movement downhill of the soil particles attached
to the splashing droplets. Consequently this mechanism results in a loosening, a downhill transport and a
deposition (usually at the foot of the slope) of soil particles, i.e. it results in a particular type of erosion
(splash erosion).
As has already been stated, the falling raindrops decrease the infiltration capacity of the top-soil in
two ways: by compressing the latter as they strike the soil surface and by plugging soil pores with loosened
particles, and by the seepage downwards into the soil of moving soil grains. On a slope this increases the
downhill flow of rainwater carrying suspended soil particles (runoff).
3.2.4

SCOURING EFFECT Of A STREAMING SOIL-WATER SUSPENSION

If rainfall intensity exceeds the infiltration capacity of the top-soil on a slope, runoff occurs. The
raindrops falling on the layer of water flowing down the slope cause turbulence in this water layer, which
assists the soil particles to remain suspended. Even gravel with a diameter up to I cm can be transported by
such a turbulent water layer.

The streaming soil-water suspension loosens particles from the soil surface by scouring. Because this
suspension when flowing down-slope seeks out the deepest spots in the soil surface, the scouring erosion
grinds out a number of narrow channels which join each other successively into wider and deeper gullies
(gully erosion).
3.2.5

ATTACK ON THE SOIL SURFACE BY BLOWING SAND

A bare soil surface can erode by wind if it consists for the greater part of loose quartz particles with
diameters smaller than 1.0 mm and/or loose aggregates smaller than 2.5 mm and/or loose organic particles
smaller than 1.2 mm. Among the quartz grains the size-fraction between 100 and 150 µm is the most erodable
one.
Quartz grains smaller than 100 µm and soil aggregates smaller than I 80 µm move in a soil-air
suspension if airborne. The quartz grains in the size fraction I 00- I 50 µm and the aggregates of the fraction
I 80-1200 µm move by jumps during wind erosion. This typical movement, called saltation and affecting 55-

72 per cent by weight of the blown soil, is caused by the upward force which is generated by the Magnus
effect of a rotating particle in an air current.*
Quartz grains with diameters between 0.5 and 1.0 mm and soil aggregates with sizes between 1.2
and 2.5 mm do not rise from the soil surface, but roll on it (surface creep).

If a soil particle moving in saltation jumps up (usually not higher than 30 cm), it reaches a level
where, due to the steep speed gradient, the wind speed is greater than nearer to the soil surface. The velocity
of the particle parallel to the surface is increased and by that its kinetic energy. This energy gain is used for
the greater part to dislodge two or more other particles. So a type of "avalanche effect" occurs and the
number of soil particles in saltation (and consequently the erosion) increase in the direction of the wind. This
goes on until an equilibrium is reached between the avalanche effect and the decrease of the number of
saltating particles caused by the decrease of the wind speed near the soil surface. This reduction of wind
speed is enhanced by the increasing concentration of soil particles in the lowest atmospheric layer. The
• There is some doubt about the reality of rotation. (Ed.)
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distance, in the wind direction, from the place where wind erosion starts (for instance, just behind an adjacent
parcel of grassland) up to the place where the state of equilibrium (erosion intensity becomes constant) is
reached is between 10 and 20 m depending on the circumstances.
Large quantities of soil can be removed by wind erosion. From a bare plot with an aeolian and
therefore easily erodable sediment as, for example, dune sand, a soil layer of 0.5 cm thick can be removed
each hour if the wind speed measured at a height of I O m reaches 15 m s- 1•
If an air current over a sandy field is laden near the soil surface with sand grains from wind erosion,
then passes over an adjacent non-eroding plot, a number of different possible events may occur. Should this
plot be covered with a low vegetation, e.g. grass, then the wind speed near the ground is decreased to such an
extent that the blown particles will settle and cover the vegetation, which may eventually die. If the plot is
bare but not eroding, however, the particle size distribution of the soil may be such that the latter is not
erodable (i.e. has a large percentage of particles bigger than I mm or just smaller than 2 µm). It may also be
possible that a high percentage of solid aggregates bigger than 2.5 mm or even a surface crust, brought about
by a heavy rain shower (see Section 3.2.3), may have protected the soil against wind erosion. In both these
cases, however, an air current laden with blowing soil grains may attack the aggregates or the crust by sand
blasting so that they become destroyed and the plot can be eroded. As is pointed out for water erosion in
Section 3.2.3, it is also possible that a rain shower may introduce wind erosion by destroying the protecting
aggregates of the top-soil.
3.2.6

EFFECT OF ALTERNATING WEATHER CONDITIONS

Two other somewhat more slowly acting processes which produce loose erodable particles or ag
gregates in the top-soil are alternate wetting and drying and alternate freezing and thawing of the soil. Both
are important only with soils containing a certain quantity of clay.
When such a soil dries rapidly, the dehydration of the soil colloids (clay particles) that causes
shrinkage is not uniform throughout the soil. Therefore unequal strains will arise, which produce cracks. On
wetting the soil, the water enters the soil layer through these cracks and causes an unequal swelling that
produces a further fragmentation. The latter can be assisted by the process of "explosion" of aggregates as
described in Section 3.2.3. Repetition of this drying-wetting cycle accomplishes a high degree of disintegration
of cohesive soil clods. An excess of water, however, can restore the soil easily to its original condition.
Alternate freezing and thawing cause, on soils with clay, a fragmenting action that is usually more
effective than alternate drying and wetting. It results mainly from the pressure exerted upon the walls of the
soil pores by ice crystals as they are formed, as well as if they are growing. Rapid cooling gives large numbers
of small crystals in the finer pores, causing a breaking up of aggregates by the expansion of water when
freezing. Slow cooling results in large crystals, which partially melt during thawing, attract water from else
where by distillation and are therefore grown when the soil is frozen again. As soil moisture is essential for
the fragmenting action by alternate freezing and thawing, this process is largely ineffective on a dry soil. If,
on the contrary, the soil is excessively wet, alternate freezing and thawing result in a dispersion of aggregated
material. Excessive high moisture contents can be obtained if a frozen soil with a snow cover is exposed to a
sudden thaw. Then the seepage of melt-water to deeper soil layers is blocked by a layer of ice in the soil
profile. The top-soil becomes supersaturated and therefore very soft. If this occurs on a slope the entire
wetted soil layer can slide down. This topic is considered in Section 5.3.
3.3

The influence of wind on soil degradation, principally erosion

3.3.1

STRUCI1JRE OF THE WIND

Wind is defined as the displacement of air relative to the Earth's surface in a horizontal direction.
The immediate cause of wind is a disequilibrium in the distribution of atmospheric pressure in different parts
of the globe. Air continues to be displaced until the pressure is balanced horizontally. In turn, the uneven
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distribution of pressure is caused by thermal conditions. Consequently, the primary cause of the air currents
is considered to be the spatial distribution of temperature.
Wind does not have a constant speed and direction. It blows in separate rushes or gusts interspersed
with intervals of weaker wind and its direction is constantly changing. This behaviour is termed the gustiness
of the wind due to turbulence of the air flow. At low wind speeds (1-2 m s-1) the flow may be laminar, i.e. it
may consist of distinct parallel streams; however, when the wind speed exceeds certain limits, the moving
stream becomes turbulent.
The wind's gustiness depends on the nature of the air mass. In thermally stable air masses the wind
has a more steady character, whereas in unstable masses gustiness is high and the forces on obstacles can be
very large (see Table 3.1). Cases have occurred when the wind has overturned train carriages, removed roofs
and caused structural and other damage. The wind's gustiness is high over rugged terrain, hills, forests, etc.
With increasing distance from the surface, the gustiness decreases.

TABLE 3.1
Beaufort scale of wind force for reporting surface wind

Beaufort
number

Descriptive
term

Wind speed equivalents
ms-1

Specifications for observations
Land

knots

0

Calm

0 - 0.2

<l

Calm; smoke rises vertically

I

Light air

0.3- 1.5

1- 3

Direction of wind shown by smoke drift but
not by wind vanes

2

Light breeze

1.6--- 3.3

4- 6

Wind felt on face; leaves rustle; ordinary
vanes moved by wind

3

Gentle breeze

3.4- 5.4

7-10

Leaves and small twigs in constant motion;
wind extends light flag

4

Moderate breeze

5.5- 7.9

11-16

Raises dust and loose paper; small branches
are moved

5

Fresh breeze

8.0-10.7

17-21

Small trees in leaf begin to sway; crested
wavelets from on inland waters

6

Strong breeze

10.8-13.8

22-27

Large branches in motion; whistling heard in
telegraph wires; umbrellas used with difficulty

7

Near gale

13.9-17.1

28-33

Whole trees in motion; inconvenience felt
when walking against wind

8

Gale

17.2-20.7

34-40

Breaks twigs orr trees; generally impedes
progress

9

Strong gale

20.8-24.4

41-47

Slight structural damage occurs (chimney
pots and slates removed)

10

Storm

24.5-28.4

48-55

Seldom experienced inland; trees uprooted;
considerable structural damage occurs

II

Violent storm

28.5-32.6

56---63

Very rarely experienced; accompanied by
widespread damage

12

Hurricane

32.7
and over

and over

64

-

No1e: The equivalents refer to a standard height of 10 metres above open flat ground.

Squalls
Squalls are defined as sudden, brief strengthening of the wind speed over limited areas accompanied
by changes in direction and with durations of the order of minutes. The wind speed during a squall suddenly
increases in a gust up to 20-30 m s- 1•
Squalls can be differentiated into air-mass (internal) and frontal squalls. The air-mass squalls occur
over land, usually when temperatures are high and with a high degree of vertical instability of the atmosphere,
and are associated with the formation of cumulus clouds with large vertical dimensions.

MECHANISMS AND PROCESSES OF SOIL DEGRADATION

13

Frontal squalls are formed at any time of the year during the passage of a cold front. They often
move in a line along the front and are accompanied by heavy rain or hail showers.
3.3.2

TYPES OF

WIND

EROSION

Strong winds cause a significant amount of damage to the economy and they are considered dan
gerous meteorological phenomena. Particularly dangerous to the environment is blowing dust accompanied
by erosion of the earth's upper crust. This phenomenon, which varies in intensity and is known also under
the more general term of wind erosion or deflation of soil, is more frequent in arid zones and leads to
degradation of the soil cover and a high degree of strong air pollution.
Extreme manifestations of deflation in the form of blowing dust (sand) annually cause degradation
in large areas of ploughed and grazing land [7, 8, JO, 18, 22, 47]. The considerable increase in deflation
processes in the twentieth century caused by human activity is one of the main causes of the increased dust
content in the air [12, 17, 52].
In the U.S.A., Canada and some other countries, this phenomenon is called wind erosion and this
term is also used fairly frequently in the Soviet literature. On the subject of terminology, A. K. Dyunin
writes: "The term deflation comes from the Latin verb de/fare - to blow away, i.e., it translates the meaning
of the phenomenon literally". The word "erosion" corresponds to the Latin erodere - to eat away - and to
the French eroder - to eat or wash away, which should also be understood in the literal sense.
Soil erosion or deflation is the degradation and transfer by wind of soil particles of dimensions
mainly less than I mm from the zone of deflation to accumulation areas which occur due to favourable
conditions of relief or terrain, or to reduced wind speed. Depending on the weather conditions and many
other factors, soil erosion occurs in the form of blowing or drifting dust or dust whirls.
Wind erosion of soil largely occurs in arid, treeless regions with sudden fluctuations in weather and
an active wind regime. A customary classification of wind erosion is into two forms depending on their
degree, namely the "everyday" form, when the soil becomes slightly dusty, and that of blowing dust, which
arises in high-speed winds and occurs over a more or less extensive area. The everyday soil erosion is generally
caused by a wearing action of the air flow, i.e. by low-speed winds, local air eddies and small gusts. The soil
particles are not transferred very far by this process.
3.3.2.1

The everyday soil erosion

The causes of the everyday type of wind erosion include the influence not only of wind, but also of
all types of implement, machine and means of transport used in agriculture. In this case, small particles of
soil are detached from the surface layer, caught up in the air's convection currents and transferred over a
varying distance [2, 3, 4, 5, 9, 24].
The everyday type of erosion produces dusty air, particularly in dry regions during long periods
without rain. The smallest soil particles are thus lifted into the air and usually are not deposited in the same
area in which they originated.
If one considers the large number of mechanisms introduced into those human economic activities
which are actively influencing the soil, it is possible to get a rough idea of the extent of everyday wind
erosion. The wind itself is an agent of transfer and of soil removal, whilst external mechanical influences play
an active part in the breaking up of the surface soil [23].
Although local erosion takes place unnoticed, it is very harmful since it gradually degrades and
depletes the soil. This type of erosion can produce exposure of seeds planted in the soil and the desiccation of
young plant shoots, etc. [19, 25]. Moreover, the daily action on the soil of implements of production and
excessive and unsystematic cattle-grazing on pasture land help produce areas of erosion over which blowing
dust forms in high-speed winds.
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Blowing dust (dust-storms)

The second form of soil erosion caused by high-speed winds is that of blowing dust and no clear,
generally accepted definition of such dust storms as yet exists. The term is understood in the Hydro
meteorological Service of the U.S.S.R. as that phenomenon which occurs when many dust, sand and dry earth
particles are raised into the air in a strong wind, causing turbidity in the atmosphere and significantly
reduced visibility (25, 29, 36).
Depending on the amount of dust in the air and on the turbidity of the atmosphere, weak blowing
dust (with visibility of from 2 000 to 10 000 m) can be distinguished from moderate (with visibility of from
I 000 to 2 000 m) and strong (with a visibility of less than I 000 m). Thus, this phenomenon is reported by the
hydrometeorological station network only when atmospheric turbidity is present, and irrespective of the
place from which the dust is blowing and of the properties and state of the soil surface.
Zaitsev (23) considers that the occurrence and development of blowing dust are connected with
winds of high speed and the presence of extensive areas of ploughed land which are not protected by living
plants or their dead remains. It occurs only if the powdered soil can be lifted into the airstream.
There are two types of mechanism whereby the wind lifts soil particles from the earth's surface;
these are associated with gales and with thunderstorms (25].
In the first case, i.e. in gales, a more or less steady, strong wind is observed with prolonged storms.
This type of dust-raising mechanism occurs in an anticyclonic synoptic situation when there is a steep pressure
gradient between a strong anticyclone and the approaching cyclone (25). Owing to the stable (thermal)
stratification of the atmosphere at the edge of the anticyclone, there are no large-scale vertical air movements
at this point and the dust rises and scatters in the small eddies of turbulent air which move gradually upwards
from one layer to the next.
The areas covered by such blowing dust are very large, covering over a million square kilometres.
The gale mechanism for raising dust is persistent, sometimes lasting not just for hours but for days and even
for weeks. However, the relatively weak turbulence of the flow enables only the fine dust to be raised to the
uppermost layers (38, 39, 44, 52].
The second (thunderstorm) type of dust-raising mechanism is connected with the systematic ascent
of air in the convective currents of a storm cloud. The dust here is raised to a great height in the course of a
few minutes. The area covered by blowing dust-storms of the thunderstorm type is small compared with the
first type, occupying an isolated patch before a thundercloud or a narrow strip along a cold (thunderstorm)
front line. Blowing dust-storms of this type are of short duration, lasting a few minutes or tens of minutes,
and end with the falling of precipitation. The strongly developed turbulance of the flow enables not only
large but also heavier particles of dust to be raised to the uppermost layers. A wall of dust some hundreds of
metres high is frequently raised along the thundery squall line.
In blowing dust, the fine dust may be raised up to a height of 6 km [39). When raised to great
altitudes it is sometimes transferred over very large distances by the air currents. Some research workers
divide blowing dust into types according to the place of formation and observation. For example, Shenberg
[60] distinguishes two types of dust cloud: (a) dust clouds of entropic origin or local dust clouds and ( b)
those of exotic (distant) origin.
Ostrovsky proposes dividing blowing dust-storms into three types: local, transit and mixed. He
designates as local storms those which are formed from dust particles from a local substratum raised by the
wind into the lower layers of the atmosphere; the transit storms are formed from dust lifted into the atmo
sphere outside the limits of the observation point; and mixed storms are those resulting from a mixture of the
transit flow of dust particles with those of local origin.
The above definitions of blowing dust do not indicate sufficiently clearly the essence and nature of
the phenomenon. As applied to agriculture, blowing dust must be understood as a phenomenon usually
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observed in dry regions where the upper dry layer of soil is degraded and blown away by strong winds. Crop
sowings may also be blown away with the soil. The mass of dust lifted into the air considerably reduces
visibility.
When raised into the air, the dust may form a continuous screen through which the sun shines
feebly. Visibility is then sharply reduced and the sky becomes a dull grey colour. The particle size composition
of the soil is then characterized by fractions of from hundredths of millimetres to 2-3 mm. This type of
blowing dust causes a large amount of damage to agriculture.
As a rule, blowing dust storms occur in winds with speeds exceeding 15 m s- 1• Besides blowing
dust, the transfer of soil particles may be observed in the form of drifts, i.e., the particles are raised into the
atmosphere and deposited around obstacles. Such drifting occurs in wind speeds which are not very high in
the immediate vicinity of the underlying surface. If the height to which the aeolian material is raised does not
exceed two metres, these erosion processes are commonly called drifting dust in meteorology. In such cases,
the particles are not blown over very great distances and Sobolyev and Zaitsev therefore regard such drifting
as local or everyday wind erosion of soil. Romanov (38] also notes that sand drifts are a frequent phenomenon
in deserts and especially with course-grained, easily winnowed sand.
Drifting dust is closely associated with vertical instability of the atmosphere [53, 54]. Cases of
deflation of weak intensity and non-continuous character occurring in average wind speeds of 3-5 m s - 1 at
the height of the wind vane are produced by individual periods of stronger wind during the passage over the
observation site of convective cumulus of the type Cumulus humilis, Cumulus mediocris or Cumulus congestus
developed in the air mass. Wind gustiness caused by the cumulus is considered in a paper by Watts (76]. The
duration of the drifting process rarely exceeded a few tens of seconds or a few minutes, and the areas of
deflation were small.
Drifting is observed most often with clouds of the type Cumulus congestus because of their very
high condensation level.
Besides that associated with the formation mechanism described above, drifting is often observed in
conditions of thunderstorm-type erosion processes, where it frequently alternates with dust-storms of weak
intensity. However, differentiating between intense drifting and a weakly blowing dust-storm is very difficult
and sometimes simply impossible.
In an area with a temperate climate, dust whirls cause very little soil deflation, though they are
widespread in some dry steppe zones, semi-deserts and deserts. According to a study by Varantsov [11],
whirls develop in clear weather when the Earth's surface is strongly heated and with low wind speeds in the
lower layer. With such conditions in the lower layers of the atmosphere, the vertical temperature gradients (y)
are considerably greater than the adiabatic, frequently y ;;a, 3.4 °C per 100 m. The height of the layer with y >
J°C per JOO m in a steppe zone averages 200-300 m; in semi-deserts it is 400-500 m but the whirl frequently
fails to reach the upper boundary of this layer.
The altitude of the whirls varies from a few metres to a thousand metres, but those exceeding 700800 metres are rare. In steppe regions the altitude of the dust whirls rarely exceeds 40-50 metres, in semi
deserts it extends to 200-400 metres whilst in deserts it can reach 700-800 metres. The main diameter of the
whirl is almost always less than half and usually a third of its height. The whirls most often encountered have
a diameter of between 5 and 15 m.
The transfer of dust in the upper layer of the atmosphere is connected with the development in the
eddies of strong upward currents of air with vertical speeds which considerably exceed the falling speed
( Wg) of dust particles under the influence of gravity. In order to raise particles with dimensions of ~ 0. l
mm, according to the formula of Stokes, there must be upward rising currents with W = 3-3.5 m s- 1. The
drop in pressure in the centre of the eddy is equal to 1-1.3 hPa, and the rise in wind speed is 10-12 m s- 1•
The wind speed is almost nil at the height of a few centimetres from the earth, growing quickly in the eddy
and reaching 10 m s- 1 and more at the level of 40-50 metres. The vertical speeds also increase rapidly with
height and reach 3-4 m s- 1, which allows the eddy to transfer fine sand and dust to a height of up to 1-2 km
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and even higher. The deposition and spread of dust in the upper layers of the eddy takes place as a result of
the sharp decrease in the speed of the rising flow in conformity with the inequality Wg > W.
During the phenomenon of erosion (deflation) described, the main mass of aeolian material is
transferred in the immediate vicinity of the earth's surface (13, 20, 25, 26, 43, 63, 69]. Measurements by
Bagnold [5] and Chepil (46] have shown that up to 99.5% of all the transferred soil mass is transferred in the
layer up to a height of one metre. Consequently, all the measurements referred to below were carried out only
in the layers up to a height of one metre; this reduces their value somewhat and does not permit them to be
used for such a vital matter as the calculation of air pollution, although according to data of Fett about i
to¾ of the dust transported in the atmosphere arises largely from the soil layer of the planet, i.e. it is caused
by erosion processes.
The detailed measurements made by Znamensky of the mass of sand transferred by the wind in the
0-10 cm layer in a wind tunnel, and similar experiments by Senkevich in natural conditions, have produced
very close results. About 40% of all the transferred mass of sand was transported in the thin surface layer one
centimetre thick, 20-24% at a height of two centimetres, 13-14% at three centimetres, 7-9% at four centimetres,
5-7% at five centimetres, 3.5% at six centimetres, 2.4% at seven centimetres 1-2% at eight centimetres and
about 1% at nine and ten centimetres.
This sudden reduction with height of the mass of transferred aeolian material is explained by the
characteristics of the wind transfer of particles of varying dimensions and their constitution in the upper layer
of the soil cover.
It follows from a comparison of the various forms of deflation (the everyday weak type and the
intense type in the form of blowing dust) that, in order for the second form to appear, the degrading work of
the first must take place for a certain period of time. In other words, blowing dust is not a cause but a
consquence of soil degradation. Once formed, it itself becomes a factor of greater degrading force [23].
3.3.3

INFLUENCE ON WIND EROSION OF THE PROPERTIES OF THE SOIL AND OF THE SOIL SURFACE

3.3.3.1

Soil composition and properties. Influence of bed-rocks

Apart from the causes listed above, the mechanical and structural composition of soil also plays an
important part as well as the nature of the relief and the moisture content of the soil, etc.
It has been established that the threshold of the soil's resistance to wind erosion arises when the
ratio of erosion-resistant lumps ("large", d > I mm) to erodable lumps ("small", d < 1 mm) in the 0-5 cm
layer is I: I. The greater the proportion of the latter, the less resistant is the soil to wind action. In general, it
could be said that the resistance of soil to erosion when plants have all been removed depends on the
quantity and cohesiveness (mechanical strength) of the structural elements composing it.
Also of great significance is the strength of the lumps or clods, i.e. their resistance to the washing
action of water. However, not all soils whose clods can be dissolved in water are equally subject to wind
erosion. In this connection, alkalinity, which helps form a water-resistant crust, increases the clods'
cohesiveness, but the carbonate content which reduces the colloids' hydrophilic characteristics causes the
disintegration of the clods into micro-aggregates and reduces their resistance to wind.
The nature of the bed rocks, which determines the properties of the soil forming on them, strongly
influences the resistance of the latter to wind. The mechanical composition of soils in all zones plays a
decisive role in the cohesion of the soil's aggregates: the smaller the clay and muddy fractions in the soil, the
less it resists breaking-up action of the wind. Sandy areas undergo erosion in strong winds even if they are in
forest areas.
Soils which are light in mechanical composition are bound together largely by the roots of the
natural vegetation, and the lumps and aggregates in these soils have extremely low cohesion. To begin
ploughing these soils without protective measures may lead to erosion over considerable areas.
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Gravelly soils lying in a thin layer over coarse gravel or crushed rock are particularly susceptible to
erosion. In some steppe regions of the K.havkassian Oblast, fertile soils, lying 30-50 cm over coarse gravel or
crushed rock, were ploughed and used without due protective measures [31]. Under the action first of the
everyday erosion and then of blowing dust (dust-storm), the fine earth was removed from the soil and the
coarse gravel and crushed rock included in the ploughed layer lay on the underlying rocks. In this way stony
deserts are sometimes formed in places where rich herbage grew before the ploughing. Similar processes take
place on the slopes of hills whose ploughed layer is removed not only by wind but also by water erosion [31,
32].
Soils which can be classified, according to mechanical composition, under cohesive sands and sandy
loams undergo wind erosion as early as the second or third year after ploughing. Weighting of the mechanical
structure increases the wind resistance of the soil by increasing the lump size and cohesiveness.
In chernozem zones the structural composition of the humus horizons is fairly pronounced. In zones
with brown soils, micro-aggregates predominate, whereas there are very few large structural aggregates in
sierozems, as a result of which the resistance of the soil to wind erosion is reduced.
3.3.3.2

The significance of relief

The degrading action of moving water on soil has been clearly recognized, but the role of relief in
the development of wind erosion has clearly been underestimated.
In extensive plains the wind, being unhindered by obstacles, attains a high level of speed; the
impulsive force of the wind-borne soil particles increases sharply, resulting in the most dangerous type of
erosion.
In broken relief the water flow is concentrated in limited beds and the destructive force is maximized:
in contrast, for the broad air stream, the unevenness of the relief forms obstacles which break up the mono
lithic nature of the air current and cuts down its speed and degree of influence. In such conditions blowing
dust gives way to everyday erosion - where nevertheless the degrading action is sometimes no less strong.
The degradation caused by everyday erosion is increased by the fact that the material produced rolls
down the slopes of the terrain. For example, on the gentle slopes of central and northern Kazakhstan, which
were ploughed and sown with annual crops, wind erosion had, in places, removed the ploughed layer down
to the rock stratum [45, 46].
The hilly topography of, for example, Kazakhstan greatly increases the ruggedness of the surface of
wide areas, which considerably hampers the development of blowing dust. However, besides serving as mech
anical obstacles, their hilliness also increases the possibility of vortices forming owing to the high temperature
gradient. Wind erosion in conditions of broken relief is also particularly dangerous because weak rocky soils
tend to develop there. Consequently, many precautions must be taken before ploughing slopes in regions
with a continental climate because of the danger of loss of the soil layer (see Section 4.3.2 for an extended
discussion of the effect of terrain and other obstructions on air flow).
3.3.4

THE

3.3.4.1

Vegetative cover

INFLUENCE OF VEGETATIVE COVER, LAND USE AND CULTURAL PRACTICES ON WIND EROSION

As will be apparent, the main cause of the growth of deflation up to catastrophic proportions is the
removal of the natural plant cover from the soil and the pulverization of the upper layer. Whilst the destructive
effect of the wind is most evident in arid areas with sparse plant cover, it can nevertheless break up the soil in
all types of climatic conditions [17].
In order to grow crops it is necessary to destroy completely the natural vegetation, which is replaced
by various types of plant of agricultural value, the role of which in soil protection is very varied. From time
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immemorial man has had to destroy the natural cover and plant or sow delicate, cultivated plants for which
it is necessary to turn enormous volumes of soil every year with ploughing instruments [28).
Unfortunately, nowhere on the planet have there been developed species, for example, of perennial
cereals; this would have the greatest significance as it would enable the ploughing work to be reduced and
soil, under the reliable crop cover, to be saved from erosion.
The second circumstance promoting the occurrence of erosion is the widespread use of a spreading
plough particularly in places where the natural conditions are not suitable for such ploughing. For example,
the immigrants from England and other countries of northern Europe - where the climate is distinguished by
humidity, temperateness, even distribution of precipitation, the absence of drought and winds - imprudently
ploughed the land in America by the same method as at home, which has led to disaster. The same effect is
produced by the breaking up of vegetation and soil by unregulated cattle grazing in dry areas. The danger of
this type of erosion is extremely high in arid regions where sandy areas are used for grazing (see Section
3.3.4.2 for further discussion).
Soil degradation may occur on account of a pyrogenic factor. When stubble and straw are burned
together with the post-harvest remains, the plant roots which bind together the lumps of the upper layer of
soil are burnt and the lumps crumble into tiny aggregates, increasing the degree of pulverization of the soil.
Moreover, the humus which has accumulated over the centuries is partially burnt and the soil's fertility is
reduced. The "rejuvenation" of steppe hayfields by burning the old grass has the same result, since the plant
fibres covering the soil between the clumps of steppe grass are burnt at the same time.
The causes of soil degradation and increased wind erosion listed above are connected with human
activity, and could be completely eliminated through special soil-protection measures.
3.3.4.2

The influence of the type of land use and of its duration

The increasingly cultivated state of soils is of prime importance in relation to the resistance of the
soil to wind erosion; and soil cultivation usually involves tillage.
A large quantity of nutrients are concentrated in the sod and the extreme upper layer. The cultivation
of virgin soil consists in thorough ploughing and thus the process of cultivation leads to the gradual transfer
of nutrients from the less accessible organic-mineral compounds to accessible forms, the ploughing thus
resulting in a microbiological process [57].
However, it should be noted that this treatment inevitably results in the breaking-up of large lumps
into smaller ones, thus reducing the resistance of the ploughed layer to wind erosion. For the southern
carbonaceous chernozems of the Tselinograd region (Kazakh S.S.R.) with a light clay mechanical composition
an approximate calculation has been made of the time when the soil reaches the threshold of erosion suscep
tibility with normal ploughing methods. In the virgin state these chernozems contain up to one-third of the
erosion-susceptible fraction (i.e. less than one millimetre in diameter) in the upper (0-5 cm) layer of soil. By
the seventh to tenth year after the beginning of cultivation the proportion rises to 50-60% and in certain
weather conditions the soil may undergo erosion.
The disks of the surface plough used for cultivating fallow land in the summer period are very liable
to break up the soil lumps, which have a brittle structure in the dry state; the organo-mineral film covering
the lump is destroyed irrevocably by this process and the micro-aggregates acquire the free-flowing properties
and mobility of sand. The pulverized soil, which is covered up by the spreading process in the lower part of
the ploughed layer, partially regains its lumpiness or cloddiness.
The winter/autumn spreading also increases the development of wind erosion. In fields ploughed in
autumn by ploughs with mouldboards, the soil is exposed to the influence of external factors for eight to nine
months. This treatment is usually carried out at the end of September and in the northern regions of
Kazakhstan the soil quickly freezes. In a dry autumn the ploughed land becomes cloddy, but in winter the
clods are crumbled by ice crystals and dried by the wind and wind erosion begins. In steppe regions snow
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often falls with wind; it is blown into lower areas and is deposited around various obstacles. The bared post
harvest fields are stripped not only of the snow but also partially of the fine soil.
Thus, the main reason for the occurrence and development of wind erosion in open steppe areas is
the systematic use of spreading ploughing, which destroys the soil's lumpy structure and reduces its resist
ance.
As has been said, wind erosion has various causes, one of the necessary conditions being a conti
nental, arid climate with much wind activity. In addition a significant role is played by the mechanical
structural composition of the soil, the nature of the relief, moisture supply, land use, etc. (48, 49, 50].
Let us consider one more cause of soil degradation and erosion, namely excessive cattle-grazing on
pasture-land, particularly on sandy and sandy-loam soils. The vegetative cover of grazing land in an arid
zone has several peculiarities which impede its planned use. Particularly unfavourable are the fluctuations in
productivity of natural grazing land over the years and seasons due to meteorological conditions. In dry
years disruption of the system of use of rangeland vegetation can lead to the concentration of a large number
of cattle around watering places, wells, rivers and lakes. Natural grazing land and hayfields are used ex
cessively in such areas, causing trampling and the degradation of the upper horizon of soil, which inevitably
leads to erosion [6]. Large areas with soil that is either thin or cleared of vegetation undergo more wind
erosion. Strong strip and focused-strip wind erosion with elongated eroded plots along ridges and inter-ridge
depressions can be seen on south-facing slopes which are exposed to the wind and are also heated up, as well
as between the hills, in parts of the inter-ridge depression and hollows which have been dislodged through
excessive grazing.
On the basis of a data analysis, it is necessary to mark off regions where wind-erosion weather, dust
drifts and dust-storms occur. The forms of transfer in such regions are determined by the degree of dislodge
ment of the land and the characteristics of the wind regime, all of which considerations are important for
counter-erosion measures. It is also necessary to know the frequency of eroding winds with speeds of 6 m
s- 1 and above 10 m s- 1• The latter may characterize the frequency of the directions of eroding winds in
periods of intensive soil transfer occurring in the form of dust-storms [ l, 51, 55 - see Section 4.3.1.2].
3.3.4.3

The influence of climatic characteristics and of topography on wind erosion

Overall, climate plays the most important part in promoting or reducing wind erosion. The quantity,
distribution and nature of precipitation, the temperature regime and wind activity are the main indicators
determining the climatic characteristics of rural areas. The development of wind erosion is greatly influenced
by the continentality of the climate which increases, in the entire Eurasian continent, from north-west to
south-east: this increases the air and soil temperature range, reduces the amount of annual precipitation and
the hydrothermic coefficient and strengthens the wind activity.
Climate determines the properties of the soil and of the plant cover: but even in areas under the
same category according to the soil and climatic indices, large differences may occur in the composition and
quantity of the above- and below-ground biomass. The density of the plant cover, the layout of the surface
cover and consequently also the plants' soil-protection role is reduced. In sierozem zones the role of the plant
becomes minimal and the relationship between the state of the soil and the wind activity is maximal. Surface
wind-speed is of the first importance in the formation of dust-storms and the magnitude of the dust flow
increases with the cube of the wind-speed (25].
The general roughness of the ground has an important influence on wind-speed in the surface layer
of the atmosphere: for example, in the forest zone of the European part of the U.S.S.R. the mean annual
wind-speed is characterized by a very low value. The influence of the forest overrides that of the pressure
gradients and the difference in mean wind-speed between open country and areas occupied by forests is
2-3 m s- 1•
The influence of the ground surface on wind-speed decreases with altitude, the speed increasing
approximately proportionately with the logarithm of the height (see Section 4.3 for detailed examination of
these topics).
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The wind also affects soil desiccation, evaporation being hastened by the removal of water vapour
from the soil cavities and soil surface. This is most effective in compacted soils with undisturbed capillaries,
the loss of water there being more rapid than from loose, lumpy soils with wide capillaries. Obviously, the
drier the atmosphere, the more effective the action of the wind.
Precipitation, which is the main agent in water erosion, inhibits wind erosion by moistening the soil,
so enhancing particle cohesion and encouraging the development of a vegetative cover. As well as total
amount, the distribution in time of precipitation - especially its absence in periods of strong winds - is
critically important.
Temperature conditions in autumn and winter are significant. Relatively high temperatures assist
evaporation, reducing soil moisture in the upper horizon (0--20 cm). Furthermore, temperatures leading to
freezing and thawing of the surface layers increase the erodability of these layers. The net result in practice
of the joint operation of the various factors has been studied by Ostrovsky, who draws attention to the fact
that many researchers consider the main condition or precondition for the occurrence of blowing dust to be
the dryness of the soil caused by unfavourable weather conditions during the preceding autumn and winter
and, in particular, by low rainfall. However, in Ostrovsky's view, the main preconditions for soil deflation are
strong desiccating winds and the temperature conditions in autumn and winter.
After analysing a large amount of material, he drew the conclusion that blowing dust is possible in
years with strong desiccating winds even if a large quantity of precipitation falls in the preceding months. The
dryness of the soil is without doubt a necessary condition for its deflation, but it is sufficient for only the
upper layer to be dry. Strong winds can dry it even if a significant amount of precipitation has fallen during
winter.
In a second example he considers the set of climatic preconditions for soil deflation in 1960 in the
northern Caucasus. In the second half of September, 20--40 mm of rain fell, good growth in winter crops was
observed, but cold weather then began with two short intervals inhibiting their growth by the end of Novem
ber. Towards 30 November the soil froze to 10--11 cm and snow fell. It started becoming warmer at the
beginning of December, the snow disappeared but frosts then appeared. Sudden temperature fluctuations
occurred several times in December, frosts alternating with warmer periods and snowfall. Warm weather set
in from the beginning of January 1960 (4-7°C above normal). The winter grains began growing again a
month early. During the last ten days of February rain fell on the thawed soil, but a new cold period began
on I March lasting until the final ten days of the month. Strong frosts caused soil heaving in many places,
then at the end of March a positive temperature was re-established. During the winter the soil kept freezing
and thawing (to 50 cm). Thus whilst sudden changes in the weather conditions caused increased susceptibility
of the soil to deflation, it cannot be considered as the critical factor.
The principal factor for soil deflation is the wind-speed and its duration. A sufficiently strong and
persistent wind can dry even a very moist layer of soil: the layer is then removed, so exposing the next layer
for deflation. Winds must begin much before soil deflation. Wind transfer of soil aggregates and the subse
quent formation of aeolian forms, finally of blowing dust, become possible only after the bare earth has
thawed and has been dried by the wind.
3.3.5

MECHANISMS OF sorL-PARTICLE MOVEMENT

3.3.5.1

Critical soil-moisture limits

As early as the end of the nineteenth century, soil with a moist upper layer was noticed to have
increased resistance to deflation. This factor is noted in the work of many researchers [58, 59], although
according to some authors (6 I] increased moisture does not substantially help prevent deflation because the
upper layer of soil can be quickly desiccated (see Section 4.3.3 for further information).
One of the main problems in studying the influence of soil moisture on erosion processes is to
determine the greatest value of surface moisture below which the process of soil transfer is possible. Semenov
(40] and others call this moisture value "the critical moisture".
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Another important question is the determination of the length of the time interval during which the
soil's moisture properties, which protect it from the action of wind, are preserved. Little attention has been
given to this question and only a few works [40, 59, 61] can be quoted in which an attempt is made to
determine the critical value of soil moisture. In the absence of reliable experimental data, the problem of
determining the critical moisture value (WK ) is solved by using a model of "ideal soil". The use of the latter
not only enables WK to be determined to a first approximation, but also helps better to present the physical
picture of the influence of soil moisture on the detachment of soil particles. This model was used successfully
for the first time by Slichter and King to describe the behaviour of water in the subsoil and was subsequently
developed for topsoil.
The ideal soil is defined as a free-flowing body consisting of spherical particles of uniform dimensions
which can be separated from each other. Actual soil conditions usually come nearer to a denser hexagonal
packing of the spheres. In this case the particles are arranged relative to each other in such a way that their
centres appear in the angles of an equilateral tetrahedron. Each particle is thus in contact with a twelfth of
the neighbouring particles. This model of ideal soil (a single-stage structure) is characteristic in general for
sandy and partly for sandy-loam soils (40].
To describe soils with a complex structure, Herpin and Chudnovsky use another term for such
micro-aggregates, namely macro-aggregates of the first order. The larger soil aggregates are macro-aggregates
of the second order, i.e., a multi-stage structure is obtained composed of primary particles (conventionally
termed clay-fractions, fine sand and dust-like fractions).
In order to find the critical soil-moisture value, it is necessary to determine the conditions in which
the removal of particles by the wind takes place. To simplify the reasoning, it is possible to consider the soil
as a single-stage structure. When all the soil cavities are full of water, removal of particles by the wind is
impossible since the lifting force exerted by the wind is considerably less than the molecular forces of the
interaction between water and the wetted soil particles. When the moisture content in the soil is reduced, the
water capillaries of the cavities are fractured. The water is distributed in separate rings (end-to-end packing),
each of which surrounds the point of contact of two particles and covers the remaining surface of the
particles in the form of a film. Clearly, also in this case the removal of soil is impossible because of the action
of these molecular forces.
The critical value is that stage of the soil moisture at which the end-to-end packing disappears and
only a thin film of moisture remains on the particles. Only in these conditions does the probability of the
removal of particles by the wind arise. The value of the critical moisture in soils with a single-stage structure
in close to zero and equal to the value of the hygroscopic moisture, whose mean value varies in different soil
climatic zones.
In soils with a two-stage structure the critical moisture will also correspond to the moment of
disappearance of the end-to-end packing between the micro-aggregates. At this point the original cavity
remains full of water. In such soils the value of the critical moisture will be significantly higher than that of
single-stage soil. The moisture content Wh corresponding to such distribution is computed by Nerpin and
Chudnovsky according to the formula:

where T,, T2, T3 are the volume of the particles of a given stage per unit volume of the stage, consisting only
of these particles, whereby

3
Pa , pT are the specific weight of the water and solid particles, respectively. For P a = I g cm- and pT = 2.7
3
g cm- , the critical moisture is equal to 13.5% of the soil's weight.

22

CHAPTER 3

Soils with a three-stage structure have a well-pronounced aggregate structure with macro-aggregates
the dimensions of which are obviously not liable to permit erosion (d > 1.0 mm). The moisture of such soil
at the time of disappearance of the end-to-end packing is determined according to the content of water in the
original cavities of the formula:
1

W..= (---1 ) Pe
-.1 ooo%
Ti Ti
PT

(2)

Its numerical value, with the same values of the input parameters as in formula (I), is equal to 30% of the
soil's weight.
This topic is further discussed in Section 4.3.3, which includes field evidence on the relationship
between the external wind speed and the drag exerted on moistened soil particles.
3.3.5.2

The dynamics of particle movement

Wind erosion of soil depends on the speed of the air flow and the state (roughness) of the soil
surface. Wind-speed drops sharply at the soil surface since the motion of the air flow is strongly inhibited by
the soil's unevenness or roughness. Wind-speed increases rapidly with distance from the earth's surface, as is
well illustrated by the following measurement data of wind-speed and height over a level surface [69, 72]:
0.02
Height (m)
Wind-speed (m s- 1) 0.00

0.1
1.04

0.2
1.52

0.3
1.89

0.6
2.34

0.9
2.54

1.2
2.72

1.5
2.97

1.8
3.05

The speed gradient (difference in speeds) brings about the lifting force causing the removal and
transfer of the soil particles. Thus, if, under the action of the impulse obtained, a particle is displaced up from
the boundary layer situated at the very surface of the soil, it is taken up by the wind and can be transferred
over large distances. When heavy particles are moved up they fall again but lighter ones are carried up in
turbulent eddies and are transferred into an aerosol state.
According to research by American scientists, described by Konk and Bertran, the mechanism of soil
particle movement in the near-surface layer can be presented in the following somewhat simplified form: near
the soil surface at a height of roughly 0.2-0.4 mm, the speed of the air current is minimum, quickly increasing
with height. The effect of the wind on different-sized particles appears to vary. Soil aggregates less than I mm
in diameter are non-resistant to wind. Lumps and grains of sand between roughly 0.1 and 0.5 mm are more
easily and actively moved. The movement of a mixture of larger and smaller lumps under the action of the
wind depends on the quantity of the former.
Particles or lumps of diameter 0.1-0.5 mm which move from the near-surface calm layer under the
onslaught of the air flow acquire rotation at a rate of 2�1 000 revolutions per second.* Konk and Bertran
describe this process as follows:
When a par1icle rolls along the soil surface, its upper part moves much more quickly than the wind whilst its lower part
moves in the opposite direction. Since the air around the surface of the particle turns with it, a partial vacuum is created
above the particle and air is compressed underneath it. Both of these pressure changes tend to lift the particle. The particle
jumps into the air almost vertically but the inertia of the horizontal movement forces it to rise through an angle of 75-90 . It
rises 10 a height of 15-30 cm, but sometimes to 60 and even 90 cm. As it rises into the air, the rotation around the axis slows
down but the particle enters the layers with much greater speed than the wind. Having thus lost its vertical impulse, the
particle is borne by the wind along a slightly lower trajectory. The angle in which it falls to the soil surface is between 6 and
12" (to the horizontal).

The height to which the particles are raised depends on the relation of their weight to the lifting
force, which depends in turn on the gradient of the wind speed. The speed gradient decreases with height and
the particle falls with a varying impulsive force. By falling to the earth and bombarding the soil surface, the
airborne particles not only increase the erosion but also instigate it, even if the wind-speed at the point of
impact is not yet sufficient. The transfer of the particles and their degrading action increase downstream
with distance from the boundary of the origin of erosion.
• Doubt has been expressed on the reality of this rotation - see Hudson, 1971, p. 255. (Ed.)
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During transfer by the wind, the particles are moved along by three methods - namely, rolling (or
sliding) along the surface, in jumps and in suspension (40, 41, 62, 65, 70].
Particles with a diameter of 0.5-1 mm or more are moved along the earth's surface by rolling or
sliding. Depending on the type and state of the soil and on the wind speed, 7 to 25% of the total mass of
transferred particles are rolled (71].
Most of the soil particles moved along in jumps (called "saltation" (Bagnold)) have a diameter of
between 0.1 and 0.5 mm. The majority of the particles (from 55 to 72%) are moved along in this way.
Bagnold studied the trajectories of jumping particles. There is a definite relationship between the height to
which the soil particles are raised and the horizontal length of the jump, varying, according to the data of
Chepil, from 1/7 (with h = 5 cm) to 1/10 (with h = 15 cm).
The temperature stratification of the flows has a great influence on the height to which the particles
jump. Measurements of the maximum height of the jumps, Hmu, of sand particles, carried out by Semyenov in
a wind tunnel using stratified flow, showed that with a small unsteady flow (�1 = 5°C in the 1-10 cm layer),
Hmax exceeded its value with negligible stratification (�t = 0) by 10-15% with a monodispersed sample, and by
more than 20% with natural sand.
The movement of particles by sliding (rolling) and by saltation takes place over short distances. The
smaller particles with dimensions of less than 0.1 mm move in suspension in the form of dust clouds, some
times rising very high over the earth. The amount of fine earth carried by the wind with moisture comprises
16.6% of the whole mass of moving particles of sand and 38. I% of that of loam (71].
However, not all the fine particles are easily removed by deflation. According to research by Chepil
(47, 49] fairly high wind-speeds are necessary for deflation of dust-like particles with dimensions of 0.05 mm
and less. This is explained by the presence of significant cohesive forces between the particles. Consequently
loamy and clay soils containing a large percentage of particles with dimensions of 0.05 mm and less are less
subject to wind erosion than sandy-loam soils in which large fractions are predominant. In natural conditions
soil contains particles of varying diameter, owing to which some movement of fractions less than 0.05 mm
takes place at relatively low wind-speeds as they are dislodged by the large particles moving in jumps. For
dust particles to be maintained in the air, a speed in the order of 1-1.5 m s- 1 is sufficient.
The most important quantitative characteristic of wind erosion is the discharge of the flow q or the
discharge of soil (sand), i.e. the weight of the solid phase carried in a unit of time through a unit of the cross
section of the wind flow (21].
The weight of the whole solid phase carried in a unit of time through a unit of the length of the
front of the flow in the layer with height z is called the total discharge in layer z and is designated by Q =. It is
linked with the discharge by the expression

Discharge q is measured in g m - 2 s- 1 or g cm - 2 min- 1 and the total discharge Q. is in g m - 3 s- 1
or g cm- min- 1• Q. is called the overall discharge when z. is equal to the maximum height to which the solid
phase is lifted by the air flow.
3

Bagnold [5] first established that the total discharge of sand is a function of the cube of the dynamic
speed.

where C is the proportionality factor, i and x8 are the mean and equivalent sizes of the particles, p is the air
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density, g acceleration due to gravity and
for a discussion of this parameter.

u. is the dynamic speed or friction velocity (see Section 4.3.1.1.1

A flow with a given speed and turbulence has a maximum lifting capacity (called by Dyunin the
"wind's transporting capacity..), which can be expressed as the maximum discharge of Q, (max) in the given
conditions. The overall discharge Q, does not immediately reach the limit, as for this a certain distance is
necessary - a starting length - which depends on a large number of factors and which can reach values in
different types of soil of from a few metres (moving sand) to a few hundred metres. When the overall
discharge is reached, the flow periodically loses its capacity for transporting the solid phase (it becomes
saturated), its surplus is deposited, then it becomes re-saturated, etc. Similar macro-pulsations of the discharge
along the starting lengths produce wavy forms of macro-relief, such as sand ridges and barkhans.
A linear relationship between displacement speed and wind-speed is supported by data obtained on
the coasts of Ecuador during a period of sand transport. On the basis of these data the Froude number is
established, which expresses the relationship between the wind's pressure, acceleration due to gravity and the
mean size of the sand particles. The speed of aeolian sand transport can be measured to scale through this
number. This concept is confirmed by field data as well as by wind-tunnel data. The equation is q = K (Fr)3,
where q is the speed of aeolian sand transport; K is the transport coefficient of sand with the same dimension
as q; Fr is the Froude number.
Assuming that q is directly proportional to the wind pressure (or drag) t and inversely proportional
to the product of the acceleration due to gravity g and the mean sand particle size D (roughness parameter or
equivalent diameter),
(3)

and

u.

Since, = pU. 2 where p is the air density, which should be considered as constant near the surface,
is the displacement speed, Equation (3) becomes:
q

= !1(1/gD) = h(U;./gD)

(4)

u.

2 /D to the force of gravity g
The Froude number is the dimensionless relationship of the force of inertia
with a given fluid flow and usually expressed as U/JgD. Laboratory research and field measurements to
determine the threshold speed of jumps during sand transport showed that the wind speed is a linear function
of u.; consequently u. 2 /D can be expressed as U2/gD, which is the better known form of the Froude
number. We thus obtain:
(5)

It can be seen from the above that wind pressure is a very important parameter in the formation of
relationships for the speed of aeolian sand transport.
The critical wind speed at which particles begin to move has been established for sand by Sokolov.
According to his data, fractions less than 0.25 mm begin to move at a wind speed of 4.5-6.7 m s- 1, and those
of 1.0--1.5 mm at speeds 10--13 m s- 1•
According to research by Chepil (47], deflation of 0.05-0. I 5 mm soil particles begins at wind speeds
of 3.5-4.0 m s- 1 (measured at a height of 15 cm from the soil surface). Goel puts forward approximately the
same data for these fractions. Thus, particles with dimensions in the order 0.1-0.15 mm have the highest
erodability.
The wind-speed at which erosion occurs, i.e. at which the active erodable soil elements start moving,
is called the speed threshold. lf a dust-air flow which is saturated by active particles passes over a field, the
latter's surface is subjected to a bombarding action and erosion can occur with fairly low wind-speed.
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As mentioned earlier, the greater part of the wind-borne particles is in the lowest layers of the air,
and numerous observations show that the largest amount of particles is actually transferred in the immediate
vicinity of the earth's surface (see Table 3.2). Futhermore, the large particles will be found nearer the surface
than the finer fractions.
The beginning of erosion in the powdered fallow field in the heavy loam chernozems in the Kok
chetavsk region (Kazakh S.S.R.) is observed at a wind speed of 2.5-3.5 m s- 1. However, there is no close
relationship between the threshold speed for the beginning of erosion and the mechanical composition of the
soil; rather, the erosion depends on the degree of pulverization of the upper layer. Soils of a lighter mechanical
composition have lower threshold speeds. Amongst the soils with heavy mechanical composition the car
bonaceous chernozems are similar to the light soils as alkalinity increases the threshold speed.
TABLE

3.2

Quantity of transported aeolian material on the developed dark brown sandy-loam soils and its determination in the wind-sand flow
(according to Goel and Smimov)
Amount of sand transported through a JOO m front during one hour wi1h wind-speeds
mea�·ured al a height of 1.5 m

Height above
/he surface (cm)

0- 5
5-10
10-15
15-20
20-25
0-25

5

Ill

s-l

7.5mr'

kg

%

kg

%

kg

369
21
6

92
5
2
I

891

67
20

I 656
349
254
67
12
2 338

I

0.5
397.5

-

100

266

107
34
22
1 320

II mr'

9 ms-•

8
3

2
100

%
70
15
II
3

I
100

kg

%

4 680

68
26
4
2

I 778
288

145
45

6906

I

100

According to American researchers' data the threshold wind-speed depending on specific situations
lies between 3.6 and 5.8 m s- 1 (at the above height).
Uteshev and Semenov have made an assessment of the resistance of soils which are light and heavy
in mechanical composition for northern Kazakhstan according to their threshold speeds. They took as basis
on the one hand the threshold wind-speed of soil particles of different dimensions (forming different soil
roughnesses) which were theoretically calculated by Dyunin and, on the other, the structural composition of
the upper layer of light and heavy soils. Having established that sandy-loam, light and medium loamy soils,
after undergoing erosion, contain a predominant amount (80-45%) of particles with a diameter of less than
0.25 mm, the authors calculated the threshold speed for them at a height of 12-15 cm as 3.5-6 m s- 1•
For southern carbonaceous chernozems, amongst which particles of a diameter of 0.5 mm (51.6%)
and less than 0.25 mm (24.1%) were predominant, Uteshev and Semenov established that the threshold speed
at the same height can be from 3.5 to 6 m s- 1• Transferring these values to a height of 10 m (at the height of
weather stations' wind vanes) they obtained threshold speeds for the beginning of erosion of light soils (6-9
m s- 1) and for heavy soils (10-15 m s- 1). When the upper layer of the various soils is pulverized the threshold
wind speeds level off
Special research was carried out to clarify the dimensions of the aggregates for resistance to wind in
the carbonaceous chernozems. A manual anemometer was used to establish the wind speed at which movement
of the soil lumps of varying diameter begins. Aggregates with a diameter of up to I mm have a threshold
speed of from 3.8 to 6.6 m s- 1. The speed threshold of aggregates with a diameter of more than 1 mm
increases irregularly up to 11.2 m s- 1 and large aggregates begin to move at even higher speeds (see
Table 3.3).
The difference in wind-speed threshold between lumps with a diameter of more and less than I mm
plays a varying role in the resistance of the soil surface to wind erosion. Large lumps are protected in the soil
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whilst small ones are liable to erosion. The lumpiness of the 0--5 cm layer is a diagnostic sign or indicator of
the resistance of the soils to wind erosion provided there are no furrows or stubble on the surface which
change this sign one way or the other.
TABLE 3.3
Speed of the air stream at a hei. ght of 15 cm al which air-dry soil aggregates of different
size begin to move (according to Zaitsev, 1970)

3.3.6

Diameter of the aggregates
(mm)

Stream speed
(ms-•)

Moisture content of the aggregates

0.25
0.25-0.5
0.5-1
1-2
2-3
3-5

3.8
5.3
6.6
I 1.2
13.1
17.6

6.1
7.4
7.6
6.5
7.0
6.8

(%)

DEPOSITION OF SOIL PARTICLES AROUND OBSTACLES

The deflation of soil from some parts of the country leads to the formation of aeolian depositions in
other parts. Where the wind weakens or eddies form, reducing the force of the air flow, the air-borne
particles are dropped, forming depositions on the ground. This occurs around obstacles and in depressions.
The characteristics of the depositions may take the form of deposits with wind rippling, hillocks,
spits and swells-ridges. The height of the little sand ripples, according to Petrov, is 1.5-2.S cm and the
distance between the crests is 16.4-16.7 cm. Measurements carried out by Zakharov during a period of
drifting dust in 1960 (Rostov Oblast) showed that the height of the ripples was 6-8 cm and the distance
between the crests 75-1 OS cm. This wind rippling was formed on chernozems. A comparative analysis of the
size of particles comprising the ripple deposits and soil particles not subject lo erosion showed that the small
ridges of wind rippling predominantly consisted of large fractions (see Table 3.4).
TABLE 3.4
Particle size composition of depositions of wind ripples and of soil not subject to deflation (%)

Por1icle size (mm)

Sampling site

0.1

0.1-0.25

0.25-0.5

0.5--1.0

1.0--2.0

2.0

Wind ripple

1.0

1.4

1.3

1.5

4.3

90.5

Soil not
�ubject to
deflation

3.1

6.3

10.7

12.3

22.3

45.3

A comparison of the particle size distrubution of samples taken from other regions showed that the
surface of the ripple has a high concentration of large particles (d > 2 mm), containing twice as many as the
internal sample.
The process of ripple formation on the soil surface is clearly shown in the experiment with sand
carried out by Znamensky and Semenov in a wind tunnel. It was established that under the influence of the
lumps moving in saltation, the fine particles were displaced upwards and carried away by the air flow. As a
result the proportion of large lumps on the surface increases. The remaining large lumps cannot be carried
away by the flow because of their weight and therefore are subject to only small movements. and are collected
in small ridges, usually oriented in the direction of the flow.
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The speed at which the ripple moves depends on the wind speed. According to the data of Petrov,
the speed of ripple movements on sand has the following relationship with wind speed:
Wind speed (m s- 1):
Ripple movement speed (m s- 1):

5
0.2

7
0.3

12
0.6

The type of deposition forming around various obstructions depends on their aerodynamic pro
perties. If there is a wall of a building, an unbroken fence, etc. in the path of the air flow, a zone forms in
which the air flow is slowed down in front of the obstacles whilst behind them there forms a zone of return
eddy movements Limited by the streams skirting the obstacle over the top. As a result of the reduction in fluid
speed in front of the obstacle the wind-borne particles drop, forming a ridge. The crest of the ridge forms
some distance away from the obstacle. The ridge has a gentle windward slope immediately in front of the
obstacle. The size of such formations varies depending on wind speed and the saturation of the air flow with
soil particles. In the conditions of the Rostov Oblast in 1960, deposits around the unbroken fences reached a
height of 1-1.3 m and had a train 20-25 m long.
Accumulations of fine earth around projecting obstacles, such as fences, bushes, snow-retaining
barriers, etc., are formed on both the windward and leeward sides and depend on the permeability of the
obstacles. Around easily permeable obstacles the larger part of the fine earth collects behind them. Owing to
the weakening of the eddies the deposits become very elongated and fairly shallow.
Aeolian deposits around clusters of plants which are permeable to the wind take the form of small
hillocks and spits with steep windward and gentle leeward slopes.
Various natural and artificially created depressions (e.g. tunnels, side drains of roads, etc.) serve as
the point of accumulation for fine earth, and the wind flow carrying the soil particles loses speed over the
depression owing to the widening of the section of the flow, causing the fine earth to drop. Reduction in the
flow speed also produces horizontal whirls in the depressions.
In gorges and ravines the maximum thickness of the aeolian deposits is observed on the leeward
slopes where even talus slopes form where vertical thickness gradually decreases. Deposits on the bottom of
gorges are not very deep and do not normally occur on the windward slope.
Aeolian deposits form along rows of trees protecting fields only in isolated or sparsely distributed
rows because of the fine earth raised by the wind from neighbouring ploughed fields or from those poorly
protected by vegetation. The form and thickness of the deposits depend largely on the wind-permeability of
the row, the wind speed, and the extent of saturation of the wind current with fine earth.
The volume of the deposits collected by rows of trees varies with the region's meteorological and
natural characteristics. According to data by Grishin, tree strips in the Rostov Oblast in 1960 caught between
5 and 15 m 3 per metre length; in certain regions of the Stavropolsk region there was between 25 and 40 m 3 ;
and in light carbonaceous soils, between 40 and 60 m 3 per metre length. The height of the ridges fluctuated
between 0.5 and 3 m, according to the area of deflation and the wind-penetrability of the strip.
The particle size composition of the aeolian deposits around tree strips varies according to the width
of the ridge. The larger fractions are deposited on the windward side and the finer ones on the leeward side.
3.3.7

SOME

COUNTERMEASURES AGAINST WIND EROSION

In steppe regions with a pronounced continental climate, where crops are cultivated with relatively
short vegetative periods, it is impossible to base the protection of soil from wind erosion only on the lumpiness
or cloddiness of its upper layer, because of the instability of the lumps or clods in changing weather conditions.
Consequently, agricultural measures aimed at improving physical properties of soil, such as the restoration of
the structure of the ploughed layer, the accumulation and retention of moisture supplies in the soil and
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reduction in the soil-degrading force of the wind at the near-surface layer, are of great value in the fight against
soil degradation and erosion.
Under the action of frequent tillage, soil loses its structure and is pulverized, and this leads to
increased wind erosion. Improvement of the structure and physical properties of soils is to a certain extent
achieved by applying fertilizers, particularly organic ones, i.e. manure and droppings. Fertilizers also further
the harmonious and bushy development of plants, which strengthens the protective properties of the plant
cover.
Soil moisture is of tremendous importance. It is extremely important in the spring to have a high
moisture content in the soil before the appearance of the shoots, when the soil surface is not yet protected by
the plant cover. Snow retention is one method for increasing moisture.
Increased moisture can also be achieved by an appropriate system of soil cultivation and the ap
plication of special methods intended to reduce snowmelt runoff. In so far as the snow- and water-retention
methods are based on increased roughness of the earth's surface, they will reduce the erosive force of the
wind at the soil surface and protect the latter from drifting dust.
In arid conditions soil cultivation methods ensuring the accumulation of moisture are very import
ant. The most effective accumulation of moisture is achieved by clear fallows. However, when necessary,
clear fallows should be replaced by slot fallows which accumulate moisture well and are less subject to
erosion. Thus, in the Altai region and in Western Siberia, the snow cover was 60 cm thick on the autumn/
winter ploughing with slots and 3-5 cm without slots. The moisture supplies in the soil in spring were 1 5002 000 t ha - 1 in the first case and 500-600 t ha - 1 in the second.
Reliable protection of soil from erosion can be achieved not only by lumpiness but also by keeping
the post-harvest stubble and other debris on the surface of the fields until the soil is fully covered by the
following year's crop, hence the necessity of replacing the spread ploughing of fields by soil-protective
cultivation retaining the maximum amount of stubble. Stubble reduces the wind speed and facilitates the
accumulation of snow. Thus, in the northern half of Kazakhstan in winters with low snowfall, in fields with
the usual cultivation the snow is completely blown away by the wind and the soil frozen to a depth of 1.52.0 m, whilst in fields with stubble the soil rarely freezes deeper than 0.6-0.7 m.
It is recommended to use deep cultivators and cultivator-flat cutters for tilling the soil and keeping
the stubble on its surface. Up to 80-90% of the stubble is preserved after the passage of such machines and
the lumpiness of the upper layer of soil is not reduced. Strip farrning is very effective on the plains, this being
based on the alternation of strips with crops which are subject to wind erosion to differing degrees (inter-row
crops, winter crops, perennial grasses, etc.). Strip farming is widespread in the U.S.A. and Canada. This
method of fighting erosion is being introduced in the Soviet Union in regions which are particularly subject
to wind erosion, where it is recommended to alternate strips of annual crops with perennial grasses.
Strip crops tend to have good yields. For example, in the Pavlodarsk Oblast of the Kazakh S.S.R.,
the spring wheat in strip cropping produced an additional yield of 4.6 ceotners ha - 1• • This use of strip
farming and other soil-protection measures put an end to the wind erosion of soil.
Important amongst the measures to combat wind erosion are tree strips for field protection placed
perpendicularly to the damaging wind. The introduction of correct crop rotation should be combined with
the setting up of a system of tree strips for field protection.
Protective tree strips play an important role in changing the wind regime over the territory they
protect. Their effectiveness greatly depends on the tree spacing, which may be of the following types: wind
resistant, latticed and open to the wind.
• I ccntner = 100 kilograms.
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A wind-resistant strip has no gaps and, on meeting such a strip in its path, the air current mainly
flows over it, forming eddies. The further the wind from the strip, the greater its increase in speed, until at a
distance of 25 times the height of the strip (25 H) the speed is practically indistinguishable from that in an
open area. The uneven distribution of wind-speed brought about by dense strips causes the accumulation
along the strip of large ridges of dust in situations of drifting dust and snowdrifts in winter.
The latticed tree strips have gaps more or less evenly distributed along the whole vertical profile of
the strip. These strips allow the air flow to pass through and act as latticed barriers. ln passing through them
the air flow is broken up, the intensity of eddy movements in it is weakened and no large eddies are formed
on the leeward side. The air masses rolling through the strip begin to interact with the air percolating
through, which leads to a reduction of speed in the flow behind the strip but not such a marked drop near the
strip as with the dense type.
The open-type strips have large gaps right through, particularly at the bottom of the strip. These
strips act as an aerodynamic diffuser behind which scarcely any protected zone is formed.
Besides reducing wind speed, tree strips weaken the intensity of the vertical turbulent exchange. As
a result, wind erosion is reduced, snow cover is more evenly distributed, evaporation is reduced, and the
temperature regime is changed as well as the moisture in the near-surface layers of the air in the inter-strip
spaces.
Other important measures in the struggle against wind erosion and particularly against blowing
dust include, for example, the regulation of cattle grazing. lt is known that an unreasonable, excessive system
of using grazing land, particularly on light soils, leads to marked soil degradation and erosion. The system
for using such land should therefore provide for the introduction of pasture rotation, the establishment of the
optimum cattle load, seasonal fluctuation in grazing, and improvement and regeneration of grazing land by
planting fodder grasses, etc. These measures, as well as many others, are particularly effective if they are
introduced into the system of tree-strip field protection.
3.4

Water erosion

In view of a chapter in this report devoted to examining specific meteorological aspects related to
soil degradation and erosion, the present part deals only with the mechanisms of the action of water, whilst
referring to Chapter 4 for the analysis of the factors involved.
Throughout the world, except in the real desert zones and polar regions with permafrost, the earth
is subject to water erosion under the action of a meterological erosive agent, principally in the form of
rainfall. The slope, nature of the soil, vegetation and human activity also influence erosion by the falling and
running off of rain.
In order to study the meteorological factors in soil erosion, it is convenient to adopt two broad
headings, namely:
(a) Mechanisms of water erosion depending on the meteorological factor causing the phenomenon;
(b) Characteristics of precipitation in relation to soil erosion.
3.4.1

MECHANISMS OF WATER EROSION

The phenomenon of soil erosion by water is evident at the surface of the globe in two essential
forms with different mechanisms.
Water attacks the soil either at the surface or throughout the depth of its profile. In the first
instance, the elements of earth are removed individually; in the second, the whole mass is liable to shift in a
mass movement. However, in both cases it is meteorological phenomena which produce the attack on the
soil and these are listed in Section 4.2. l .
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3.4. l . l

Attack on the surface soil

The mechanism of this form of quasi-general erosion at the earth's surface comprises two phases:
(a) the formation of material liable to be removed by water, and (b) the removal and transfer of these
elements.
During the two phases three actions take place, the first two of which result entirely from a range of
meteorological phenomena whilst the third depends strictly on the character of the rainfall: these are the
actions of precipitation, freezing and thawing, and runofT.
3.4.1.1. I

The action of precipitation

In examining the mechanism of water erosion through an attack on the surface soil, it is observed
that one of the essential functions carried out by precipitation is the formation of fine elements which are
liable to removal by water. In general soil aggregates have dimensions which are too large for them to be
easily removed by runoff, but raindrops, through their kinetic energy, produce on the previously moistened
aggregate a mechanical effect at the point of impact. They detach fine particles on the surface of the aggregate
and carry them away in suspension by bouncing back after an elastic impact and by being fragmented into
several droplets (see Section 3.1 ).
Hudson (Henderson Research Institute, Mazoe, Rhodesia) demonstrated well the result of the action
of raindrops by comparing the reaction to a rain attack on two identical, stripped, experimental plots of land,
one of which was protected by gauze stretched I O cm above the soil in order to disperse the kinetic energy of
the drops without altering the quantity of water reaching the topographical surface. This action had the
effect of reducing erosion to a minimum: 24 x 102 kg ha-• yr- 1 for the period from 1953 to 1956, as
compared with that of the unprotected plot: 2 900 x 102 kg ha - 1 yr- 1 for the same period. An analysis of
the development of studies on this phenomenon will be found in Section 4.2.2, whilst the details of the above
mentioned case are set out in Table 4.3.
Various researchers have tried to make field measurements of the effect of beating the soil and of
the removal of particles of earth. The results vary widely, but the size of the experimental figures put forward
(17 x 106 kg km- 2 in Upper Volta in 1957; 30 x 106 kg km- 2 in the U.S.A.) indicates the order of mag
nitude of the mass of fine elements formed by the beating of the soil and thus exposed to runoff.
The analysis of the mechanism of the action of water-drops is well known. The kinetic energy of
each water-drop (t mv 2 ) depends on its mass (m) and on the speed of fall of an equivalent sphere of the
same mass.
The maximum diameter of a raindrop is about 9 mm, as the surface tension of water is insufficient
to maintain a bigger drop intact. In a turbulent atmosphere, the maximum diameter barely exceeds 5 to
6 mm.
The falling velocity of a drop of water depends on its mass. The velocity does not remain constant
during the fall but increases up to the limiting or 'terminal' velocity. The terminal velocity increases with the
diameter of the raindrops, and Laws (1941) and Gunn and Kinzer (1949) calculated that it increases from 4
to 9.3 m s- 1 when the diameter increases from 1 to 6 mm. Wind generally affects the falling velocity and
Hudson proposes the following relationship between the real velocity (VJ of a drop, falling obliquely to the
soil at an angle ex with the vertical, and the vertical velocity ( V.):

V, = VJcos a
In view of the above, the kinetic energy of rainfall, which is the basis of its erosiveness, can be
calculated from a knowledge of the size of the water-drops, their quantity, and their distribution by classes of
size in the rainfall.
It has been observed that the size distribution of raindrops in a rainfall varies between different falls
and is linked with intensity of the rainfall. An attempt has been made to characterize the distribution of

MECHANISMS AND PROCESSES OF SOIL DEGRADATION

31

drops by size in rainfall by the "median diameter" (designated by the abbreviation D(50)). This is the diameter
such that the total volume contributed by drops with diameters exceeding D(50) is equal to that contributed
by the smaller ones. In this case also (Elkern, 1953), a relation was immediately found between the median
diameters and rainfall intensity (Best, 1950). However, according to Hudson (1963) the median diameter
stabilizes around the 100 mm hour- 1 intensity, and even decreases slightly afterwards, owing to the greater
frequency of bursting of the large water-drops during their fall. Subsection 4.2.1.2 presents a more complete
analysis of this question and includes graphs illustrating the points mentioned above.
The great importance of the intensity of rainfall as a factor in erosion by rain has been repeatedly
shown. It is the associated kinetic energy of the rainfall which is the foundation of its erosiveness (see
Chapter 5: Degradation phenomena in selected climates).
3.4.1.1.2

Action of the alternation of freezing and thawing

This action also contributes towards the formation at the surface of the soil of soil particles which
are capable of being removed. During the cold period a certain depth of soil freezes, at which point the water
it contains is extracted from the aggregates and crystallizes into ice around them. Moreover, a significant
quantity of water is brought up from the lower horizons of the soil towards the freezing zone. While the ice
crystals develop they dislocate the aggregates to some extent, resulting in a mass of available fine elements at
the thawing stage. The thawed ground looks muddy, especially as it is saturated by the additional water
from the subsoil. The material thus formed is clearly very susceptible to being removed by the runoff (see
Chapter 5).
3.4. I. I.3 Runoff action
The action of precipitation and, in certain climates, the alternation of freezing and thawing result in
the appearance at the ground surface of soil elements susceptible to removal. As soon as runoff occurs, it is
responsible for its part of the second phase of the mechanism of attack on the soil by surface water, i.e., the
removal phase, whilst participating in the first phase by using the solid load it transports as an abrasive
agent.
It is again meteorological factors which govern, together with the soil and slope, the occurrence and
intensity of runoff. Runoff is, in fact, produced as soon as the soil ceases to absorb the whole of the rain
falling on it. For any given soil, characterized by a water infiltration speed - determined by its physical
properties (granulometry, structural state, and structural stability) - there exists a maximum admissible rain
fall capacity which corresponds to the greatest absorption capacity of this soil or its limiting capacity. The
excess rain then runs off at a velocity which is a function of the slope and the depth of the runoff.
The relationship between rainfall and runoff is indeed very complex, as the speed of infiltration into
a soil, which is dry at the outset, varies with time - in certain cases, with the distance from the front of
downward moistening in the profile and, in others, owing to the formation of beaten-down surface "skins",
with reduced permeability. Finally, the amount of water in a soil at any moment, and principally at the
moment when rainfall begins, is a determining factor in the partitioning of that water which is absorbed from
that which runs off. In other words, the intensity and duration, hence the depth of the rainfall, govern the
amount of runoff, which is the transporting agent for the detached soil elements.
3.4.1.2

Attack on a 1hick layer of the soil's profile

Although certain of the environmental characteristics form the necessary conditions for an attack
on a thick layer of the soil's profile, the onset of this form of attack still depends on precipitation and its
type.
When a soil, contained by resting on an impermeable horizon, is situated on a steep slope, it
remains in place owing to its overall cohesion, which is due to both its own cohesion and that of the root
tissues with which it is reinforced. But if abundant, long-lasting rainfall is able to saturate the soil, the
colloids which give it its own cohesion take on an almost liquid consistency. The subsoil's impermeable
horizon almost becomes a lubricated layer.
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Moreover, very often the relatively impermeable subsoil does not allow the establishment of roots,
so that the layer of the soil above it is very poorly anchored. In such conditions, no force can resist the weight
of the mass of earth which begins to slide down as a single entity. This movement takes different forms
according to the characteristics of the pedological profiles, the slope and the vegetation, but it is precipitation
which is the instigating factor.
3.4.2

CHARACTERISTICS OF PRECIPITATION

The study of the mechanisms of water erosion brings out two characteristics of precipitation which
make it the dominating causative factor of the phenomenon: intensity and depth or amount (which depends
on the intensity-duration combination).
3.4.2.1

Rainfall intensity

This forms the major factor, and research into the relations between soil erosion and rainfall intensity
show, without exception, their parallel increase when all the other factors and conditions remain the same. It
operates at two levels: that associated with the possibility of soil saturation if it exceeds the speed of infiltration
into the soil; and that of destruction of the structure and beating. This underlies the importance of the
maximum rainfall intensity at which the kinetic energy of the water drops is very high as well as the contribu
tion of large quantities of water falling in a very short time.
The fact that the weakly accentuated erosion phenomena are produced when rain of heavy intensity
but short duration falls on a dry soil and the fact that the most disastrous examples of soil loss are produced
when high soil humidity, high frequency of rainfall and very high intensities are combined over a long period
of time indicate that erosion is initiated only when a threshold rainfall intensity is exceeded for a certain
period.
3.4.2.2

Depth of rainfall

The influence of this rainfall characteristic on the occurrence and amount of runoff can also give the
impression that there exist relationships between rainfall depths and soil erosion. Research carried out in thjs
field, however, has shown that such relationships are not systematic. Roose (1975) insists on the concept of
starting thresholds which depend on environmental characteristics (soils, plant cover, slopes, agricultural
methods, etc.). The phenomena begin when a certain depth or amount of water has fallen, after which the
rainfall intensity as much as the depth of the rainfall governs the degree of the water erosion (see Section
4.2.1 for a discussion, with actual data, of examples of the role of the rainfall factors).
3.4.3

INDICES OF CLIMATIC AGGRESSIVENESS

To conclude, it is scarcely surprising that the search for the expression of climatic aggressiveness has
resulted in formulae which bring into consideration the kinetic energy of precipitation and the rainfall inten
sity, the kinetic energy being moreover expressed as a function of rainfall intensity.
The best-known of these formulae is that of Wischmeier and Smith {1960):

in which R, the index of climatic aggression for a given period, is calculated for the sum of the unit products
of the kinetic energy of rainfall for the period (£0) by their maximum intensity (expressed in mm hour-•)
over 30 minutes (/130 >)- £0 = I 214 + 890 log I, I being the intensity during indjviduaJ periods of rainfall
expressed in mm hour-•; the result Ee is expressed in tonnes per km 2 per mm of rainfall.
It will be found in the literature, depending on the ecological zones and the types of environment
which they comprise, that some specialists prefer to use maximum intensities expressed in mm hour- 1 over
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shorter or greater periods than 30 minutes. This does not detract in any way from the value of the principle
of predictive calculations.
In certain circumstances (Roose for tropical climates in West Africa), relationships have even been
found between the rainfall depth and kinetic energy since there were good correlations between the mean
annual precipitation depths, exceptional showers and intensity/duration curves (see Section 4.2.1 for a detailed
discussion of these points).
Jt is also hardly surprising to note that, in relation to large drainage basins, a climatic expression
such as that of Fournier (1960), namely, p2/P, enables specific degradation (tonnes per km 2 per annum) to be
expressed; where p = average rainfall in the rainiest month of the year (in mm) and P = mean annual
precipitation (in mm). This brings into consideration the distribution and amount of rainfall. An analysis of
this climatic index and subsequent modifications will be found in Section 4.2.1.1.
The climate, indeed, makes its mark on the environment and governs the overall reaction of the
large ecological zones.
3.5

Leaching and hydromorphy

3.5.1

CLIMATE AND PEDOCLIMATE

Leaching is the removal from within and outside the soils of colloids and the chemical bases asso
ciated with them. Colloids are particles forming part of the granulometric fraction with diameters of less than
two microns. Leaching of bases is generally called lixiviation, and in this case leaching is the term reserved
only for colloids. Hydromorphy is the modification of the morphology and of the properties of one or several
soil horizons through the temporary or permanent existence of waterlogging, i.e. of a relative excess of
stagnant water. Leaching and hydromorphy are two common processes of pedogenesis the causal agent of
which is water.
When leaching and waterlogging are particularly pronounced, imbalances may occur in the func
tioning of the soil and these imbalances may sometimes be big enough to be termed degradation (FAO,
1977). Indeed, it could be said that a degraded state is reached when the new evolution of the soil is irreversible
and that it results in a significant loss in fertility, i.e. in the possibilities of ensuring the development either of
crops or of vegetation, whether usable or not. Pronounced leaching or waterlogging corresponds to an
irreversible modification of the water regime in the profiles.
The water regimes normally evolve in time depending on the environmental conditions. They are
characterized at every instant by a balance between inflow and outflow. Inflow, i.e. the input of water, is due,
at the surface, to rainfall and condensation, runoff and irrigation; at deeper levels it is due to lateral circulation
and rising of the groundwater. The outflow is due to evapotranspiration into the atmosphere and to downward
percolation, whether vertical into the deep layers, or lateral out of the profiles.
A soil water balance evolves cyclically over the year in close association with fluctuations in local
climate (amounts of rainfall and evaporation) as well as with the pedoclimate, which is the internal climate of
the soil with circulation of vapour and of fluid. The external atmosphere determines the pedoclimate of the
various horizons of the soil with a certain time lag. But the penetration of water and air is determined by the
permeability of the horizons, i.e. by the speed of water penetration. This permeability is related to the type of
porosity, i.e. the quantitative and qualitative size of the spaces (Hallaire, 1953). When the water in the soil
surface due to precipitation, runoff or irrigation is in excess in view of speed of infiltration, it may remain
temporarily at the surface or in the upper horizons, or run off if the slope (or gradient) is sufficient. Thus,
where the topography is enclosed or very flat, the excess water can most easily infiltrate into the profiles and
cause - depending on the permeability conditions of the soil horizons - the phenomena of leaching or
hydromorphy.
The most important climatic factor is rainfall, not only in terms of its volume but also by its type
and distribution in time. Measurement of rainfall intensity is of great practical significance as it is the
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relatively high intensities compared with the speed of infiltration which explain temporary waterlogging of
the upper horizons and which lead to a water load that facilitates and accelerates percolation or hydromorphy
(see Section 3.4). Nevertheless, temperature plays an important role in determining evaporation and evapo
transpiration, by accelerating or hindering the activity of the microbial life and the evolution of organic
matter, and by modifying the concentration of ion solutions, which may cause deposits of hydroxides or
neoformations of clay minerals with special hydrodynamic characteristics similar to those of clays of the 2/1
type. The latter expand in the presence of water, causing a distinct reduction in the horizon's permeability.
3.5.2

SOIL DEGRADA TJON BY LEACHING

3.5.2.1

The leaching process

Leaching consists essentially in a migration of the clay colloid fraction of the upper horizons to the
other levels. Some authors consider lixiviation, i.e. the removal of chemical bases, as a form of leaching
which finally results in degradation. The soil does indeed lose its chemical fertility, the upper horizons
become acidified and phenomena of toxicity may appear. But lixiviation is a phenomenon that can be limited
by fertilization, which is not true of removed colloids. When the latter accumulate deep down in the soils,
leaching is vertical; when the levels involved are situated in profiles located downstream through the country
side, the process is called "oblique leaching". The colloidal fraction which is transferred is composed essen
tially of mineralogical clay, i.e. of clay minerals, but also to a certain extent of iron and aluminium hydroxides
and sometimes grains of quartz. The bases are adsorbed onto the clay minerals. The driving agent of the
process is water which percolates through the profiles, producing a certain number of morphological and
physico-chemical results.
First of all, the outset horizons which are termed leached lose part of their clay fraction, i.e. particles
having a diameter of less than two microns, which modifies the texture balance (granulometric distribution)
and produces simultaneously a relative enrichment in sands. They also lose part of the nutrient elements
which are the exchangeable bases adsorbed on the clays. Moreover, the characteristics of porosity and struc
ture are also modified. The result is that the leached horizons, which are usually, but not invariably, at the
surface, are more fragile an<l less resistant to erosion by runoff. The depletion of part of the mineral colloids
which are capable of fixing the chemical bases in an exchangeable state, i.e. easily assimilated by plants,
reduces the exchange capacity and hence the potential fertility. The effectiveness of fertilizers is also sometimes
jeopardized.
The horizons, which may or may not be situated in the outset profile, but which serve as recipient
structure for the clay which has been displaced, are called either clay pans or horizons in the Soil Taxonomy
of the USDA and the Taxonomy of FAO (FAO, Unesco, 1974). At the macroscopic scale, the introduction
of clay into the medium would result in a colloidal coating on the aggregates. At the microscopic scale, the
argilanes, orientated clay coatings, modify the microstructure of the plasmic material, with varying conse
quences. Usually there is a reduction in porosity, an increase in the diameter of the structure, and a reduction
of permeability and of the conditions of root penetration. The root hairs, which are sometimes relatively
abundant in the upper horizons, become more sparse. They no longer penetrate into the clay pans when
the textural transition between the two horizons becomes sharp, and this is reflected in a reduction of the
useful depth of the soil. The great difference in porosity and permeability between the types of leached
horizons and pans can then produce temporary waterlogging conditions and hydromorph characteristics.
Specks of pseudogley, the colours of which are due to phenomena of oxidation and reduction of iron, then
appear and the phenomenon can be complicated by the occurrence of ferro-manganic concretions.
3.5.2.2

Global climatic zones and leaching

Leaching, with the corollary of the accumulation of clay colloids and iron, exists normally in many
types of soil in very different climates. Its importance justifies references to this process in the definition of
the upper layers in most classifications. A number of examples may be quoted:
(a) In soils of a brown colour, which are very widespread in the temperate Atlantic climates, there

is a large group of "leached" soils with differentiation of a textural B horizon. This indicates
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mechanical removal of clay and iron oxides without entailing degradation. Typical clay coatings
enable the phenomenon to be recognized on the ground.
(b) On various sandy materials, the podzolic evolution represents a stage in pedogenesis with de

struction of the networks of clay minerals and the gley granulometric fractions. The result is a
fractioned migration of silica, iron, aluminium, and cations, and the appearance of an eluvial
(called E) horizon which is greatly impoverished and has characteristically a fine ashy structure.
This evolution takes place on easily drainable materials in various types of climate. In cold
climates of the northern type it is temperature which provokes the formation of acid organic
compounds which are very destructive and mobile; in humid temperate climates and where there
are very sandy materials, it is the development of vegetation supplying an acid litter which
causes or accelerates podzolizing evolution.

(c) ln subtropical climates with alternating seasons but winter rainfall, i.e. when the temperature is
lowest, cases of leaching are fairly rare. However, when the materials are not calcic, the concen
tration of the rainfall in a short period of time causes differentiation of leached horizons in
certain types of soil.
(d) In tropical climates, with a very heavy rainfall in a single season in the summer period, many
types of soil also have a leached horizon on the surface (leached, tropical, iron soils in the
French classification, alfisols in the USDA Soil Taxonomy in the VII approximation, and
luvisols and the FAO Taxonomy).
(e) In equatorial climates where rainfall is generally between two and four metres, percolation of

water into the soils is high. The profiles are heavily desaturated and very acid, and leaching is a
normal phenomenon of pedogenesis (ferrallitic soils in the French classification (Aubert, 1965),
ultisols and oxisols in the VII approximation, and acrisols in FAO Taxonomy).

This brief summary of the main groups of "leached" soils shows that the soils are distributed over
most of the climatic zones of the world, from the northern regions to the equatorial regions, excluding,
however, arid and sub-arid climates, in which evapotranspiration is distinctly higher than rainfall for most of
the year.
3.5.2.3

Leaching and soil degradation

The foregoing analysis shows that leaching is a common process in soil evolution and it should be
remembered that there is no risk of degradation by leaching unless the phenomenon is speeded up or its
abnormal appearance causes an appreciable and permanent drop in soil fertility.
Soil degradation by an increase in leaching phenomena can arise from various causes. The first to
be considered is modification of the local climate or the occurrence of exceptional climatic conditions with a
fairly long duration. It seems that this explanation cannot be accepted considering the slow rate of any
significant modification of meteorlogical parameters. The other causes are all related to human activity.
Man is capable of modifying considerably the dynamics of soil water, either by acting on the permeability of
the horizons by various agricultural methods (liming, organic changes, ploughing, rolling, etc.) or by modify
ing the roughness of the surface and its position on the surface relief, or by changing the type of plant cover.
In practice, there is a modification of the con di lions of water circulation in the soils as a result of a disturbance
to the balance of rainfall (inflow) and evapotranspiration. One such practice is connected with the use of
irrigation for the supply of part of the water needed by cultivated plants. A second example, which is much
more widespread, is related to the modification of the structure of the plant cover. Deforestation and the
annual planting of crops with deeper rooting but which, in particular, are temporary, generally diminish
plant transpiration and increase the amount of rainwater liable to percolate into the deeper horizons. The
water-supply balance of the soil is modified and vertical and oblique leaching can be intensified. An increase
in the speed of transfer may then result in an imbalance between all the factors of pedogenesis, and the soil
may rapidly evolve towards a state which may be termed degraded if it corresponds to a large drop in
potential use or its fertility level. Thus, the replacement of a forest vegetation (for example oak) by resinous
plantations in an Atlantic temperate climate may result in accelerated leaching, with concomitant acidification
of the upper horizons, and the evolution of organic matter towards the formation of raw humus, freeing
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sequestering products with great speed. A phenomenon of podzolization may even begin if all the environ
mental conditions are favourable. fn fact, man's activities modify the conditions of the pedoclimate and it
would seem that they increase relatively the item "percolation of water" in the water balance of the soil.
When acidifying fertilizers are used, this may also, through artificiaJ reduction of the pH, cause a separation
of iron hydroxides from the clays and speed up migration of colloids and bases, which is the first stage
towards another evolution, i.e. podzolization.
3.5.3

SOIL DEGRADATION DUE TO WATERLOGGING

3.5.3.1

The waterlogging process

Soil is a porous medium consisting of three phases: solid, liquid and gaseous. The last two phases
have a variable relative importance not only in space (horizons) but also in time. The volume of soil affected
by the circulation of solutions and by the gaseous atmosphere, i.e. the porosity, varies on average from 30
to 60%. When the soil's porosity is entirely filled by water, there is said to be waterlogging. This may be
permanent or temporary and may affect all or part of the profile. Many types of soil have morphological and
chemical characteristics which are determined by waterlogging, which is a particular process of pedogenesis.
But in certain conditions, waterlogging is an "abnormal" phenomenon for a soil profile, due to various
causes, and this exceptional state of affairs may result in reaJ degradation. Before analysing this particular
case, the consequences of waterlogging which may be called normal must first be defined. Excess water in a
soil horizon first of all induces an evolution towards an anaerobic medium. The micro-organisms responsible
in an aerated medium for biodegradation of organic material are either destroyed or inhibited. Mineralization
and humification of plant remains are slowed down and an accumulation of organic matter may occur. Turf
is an extreme example. This organic matter, which tends to accumulate, evolves from the "mull" type in a
well-drained medium to the "moder" and "mor" types characterized by increasing C/N ratios, low pH and
by a tendency to free acids of the fulvic type. The latter may sequester and remove elements such as clay, iron
and even lead to the destruction of the lattices of certain types of clay mineral. This is the beginning of
podzolization. In an anaerobic medium, the pH becomes acid, owing, in particular, to the freeing of organic
acids, and the dominant chemical reactions are those of reduction. Iron hydroxides reduced from valency 3
to valency 2 may, if the pH is sufficiently low, migrate in pseudosolution towards the low horizons. Reduction
of iron is accompanied by the appearance of specific colours, such as the case of gley, where grey and blue
are dominant.
When there is an alternation between periods of aeration and asphyxia, there is an alternation in
periods of anaerobiosis and aerobiosis, i.e. reducing and oxidating phases, and the result is a juxtaposition of
varied colours, from green to red ochre and yellow. This is the case of pseudogley. The chemical transforma
tions concerning the organic and mineral constituents have different consequences from clay and iron leaching.
In particular, they may take the form of a reduction in structural stabiljty and hence of fertility, lixiviation of
chemical elements and finally a movement towards the unassimilable state of certain trace elements. Below
pH 4.5 there is a strong increase in exchangeable aluminium and the latter becomes toxic for vegetation.
Certain of these chemical or structural transformations are irreversible or very slowly reversible, for wruch
reason one may speak of degradation in the long term. In the short term, however, the result is always a
considerable modification of the possibilities of soil use. Indeed, whjlst in certain cases rice cultivation becomes
possible, most other types of agriculture are out of the question or problematical.
3.5.3.2

The causes of waterlogging

There are many soils in the world whose evolution is determined by excess water. They have been
grouped together at the level of a hydromorph class in the French classification, but their listing in the Soil
Taxonomy (USDA) was not at such a high level. In the FAO Taxonomy these soils are mainly grouped in the
classes of gley soils, planosols, rustosols and partly vertisols. In the Soviet classification, wruch is based at the
highest level on the climatic factor, hydromorph soils are placed above all at the level of intra-zonal soils with
stable climate, i.e. those relatively independent of the climatic factor. Soviet pedologists take into account the
fact that the conditions favouring or creating waterlogging are numerous. Their nature is firstly topographical,
then edaphic, then anthropic and only lastly climatic.
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Bad externaJ drainage is first of all linked with the position of the soil on the surface relief. In a
depressed topographical position, not only are there possibilities of additional water inflow owing to the
runoff from part of the hydrological basin, but also, in certain cases, possible inflow from flooding arising
from the hydrographical system. There is also the further possibility of a temporary rise in the level of the
groundwater when it is near the soil surface, particularly in swamps.
Secondly, the induction of hydromorphy may result from poor internal drainage or a reduced
external drainage of the profiles, i.e. excess water inflow in relation to the possibilities of its dispersal. Poor
internal drainage is generally linked to a very clayey texture, low porosity and sometimes the presence of clay
with a 2/1 lattice, which swells considerably in the presence of water. It can also be caused by the existence
not far down the profile of an impermeable layer, compact parent rock, a layer indurated by iron or alum
inium hydroxides or by limestone. Thus, on certain sandstone plateaux in Africa, the very shallow soil is
composed largely of a scarcely differentiated horizon with hydromorph characteristics owing to its evolution
during the rainy season in temporary conditions of poor drainage. The only use for it then is for very
extensive rangeland.
Thirdly, man plays an important role in the modification of the conditions of waterlogging of soils.
Irrigation is one of the most widespread agricultural techniques, generally resulting in an improvement of the
conditions of soil use. However, it may lead to degradation when the irrigation network is not linked with a
well-designed drainage network. If this is the case, not only can the resultant excess water produce a distinct
deterioration in the quality of the soil structure but it can also produce phenomena of salinization, especially
in regions with dry seasons (cf. Section 3.6). In certain cases, the rise in the groundwater resulting from
poorly adapted drainage can transform fertile soils into swamps. For example, clearing of a vegetation
formation in the Vosges modified the rainfall-evapotranspiration balance with the result that the ground
water rose near to the surface and the ground was covered by carex, which is the first stage of an evolution
possibly leading to podzolization. Reafforestation in Tunisia failed because the roots were affected by the
rising of the groundwater in the soil, leading to asphyxia, which caused the death of many trees. In the Sahe)
region of Africa, concentration of flocks around wells and over-grazing have considerably increased the
runoff possibilities. The heavy rainfall during the rainy season and the sudden concentration of surface
runoff water in the swamp resulted in the sudden waterlogging of the soils around the low-lying zones, which
often had no natural outlet. The three causes, topographical position, physical characteristics of the soil and
influence of soil use by man, depend, as far as their results are concerned, on climatic conditions.
3.5.3.3

Role of the climatic factor

In theory, the danger of waterlogging should apply especially to climates with high rainfall, i.e.
where there is a heavy excess of rain in relation to evaporation and evapotranspiration. However, in fact,
relatively numerous or characteristic cases of soil degradation by waterlogging have been described under
fairly varied climates, such as the regions of Sudan where rain falls for a short period in the year. Frequently,
the quality of the plant cover seems to be the biggest cause of an increase in the mean rate of runofT which
may result in an inflow of a large amount of water into low-lying areas with relatively limited surface area.
The real climatic conditions which favour the potential soil degradation by waterlogging are therefore those
where there is at the same time heavy precipitation during limited periods and the existence of periods either
of drought or of intense cold, which limit the development of plant cover. In other words, the climates must
have alternating seasons. In other regions, whilst the climatic factor is of relatively secondary importance, it
must nevertheless be taken into consideration in all cases where soil use by man can lead to a rapid modifica
tion of the water balance with a large increase in the runoff rate, i.e. when the human factor has a very great
impact. To conclude, the role of meteorological factors seems to be secondary, and this must apply to
climatic variations in time. However, this point deserves a separate analysis.
3.5.4

POSSIBLE ROLE OF CLIMATIC VARIATION (OR CHANGE)

Exceptional recent occurrences, such as the droughts in the Sahe) and later in Europe, h.!lve posed
the problem of a current climatic evolution towards aridification in certain subtropical regions. Some authors
are considering the possibility of a future transition towards a new ice age, in view of the fact that a drop in
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mean temperature of only 2° over the northern hemisphere would be sufficient to produce it. Less than one
century would be enough for appreciable changes to take place in the present environment with not only
certain consequences for food production but also the risk of soil degradation. Thanks to many works on
paleogeography, botany and pedology, the paleoclimates of the quaternary era are now better known. Al
though many uncertainties persist, the accumulated knowledge indicates the probability that an evolution is
taking place in present climates, very slow though this evolution may be. On the other hand, other researchers
think that the intensive use of the Earth's surface by man entails the risk of serious modifications to the
climatic balance. It may then be thought that a drop or increase either of the rainfall total or of the mean
temperature, whether their origin be climatic or human, may result, through an appreciable transformation
in the rainfall-evapotranspiration relationship, in a relative intensification of either leaching or hydromorphy
phenomena, which may in certain cases entail risks of irreversible soil degradation.
One might also consider plausible a degrading effect of certain exceptional, i.e. temporary and
short-term, climatic phenomena. In the recent past, periods of drought or rainfall considered statistically
exceptional have been recorded in many regions of the world. When exceptional rainfall is involved, as has
been the case several times in northern Africa over the last ten years, phenomena of limited surface flooding
have occurred, which has had serious practical consequences (e.g. exceptional flooding of the Medjerdah). On
the other hand, when periods of exceptional drought are concerned, such as in the Sahe! during the 1970s, the
disappearance of the plant cover resulted, after the return of the so-called "normal" rain, in a heavy increase
in the runoff rate and a sudden concentration of water in certain sites. Such sudden variations in the water
balance caused a distinct degradation in certain types of soil through temporary excessive leaching or by a
succession of floods. At Abidjan (Ivory Coast), where mean annual rainfall is 2 158 mm (Roose, 1975),
between 600 and I 000 mm of the water infiltrates each year below the root zone. A temporary increase of
600 mm in annual rainfall, namely 30% of the mean value which has in fact occurred, should theoretically
double the amount of water infiltrating deep into the soil and leaching it. In the Sudan regions the existence
over the last few centuries of years of exceptional moisture is perhaps causing pronounced phenomena of
leaching or hydromorphy comparable to those observed in certain regions at the height of the maximum
rainfall season, when the rainfall/evapotranspiration ratio is highest.
We shall conclude with a suggestion. The designs of hydraulic engineering works are based on
exceptional events, such as ten-year floods. One should take these events as a basis not only for defining the
rules for soil conservation but also for envisaging risks of soil degradation by studying the types of soil, case
by case, at least for the most widespread ones.
3.6

Salinization and alkalinization

3.6.1

THE EVOLUTION PROCESSES

The process of soil solinization involves the enrichment in soluble salts (chlorides, sulphates, car
bonates, etc.) of sodium, magnesium or calcium. Soils are considered saline when their richness in these
elements, often at the surface but also sometimes farther down, causes a modification of their profiles,
characteristics of their morphology and the vegetation which develops on them.
According to the classification or taxonomy referred to, the soil is classed as saline, sodic or
solonchak, when the conductivity of a saturated sample of soil (piite) reaches and exceeds 4 or 8 s cm- 1 at
25°C or when its content in soluble salts exceeds, over the first 20 centimetres, I or 2%.
The chemical properties of soils are modified by the presence of these elements in the soil solution,
but so are also, at least temporarily, their physical properties (structure) and especially their water-soil-plant
balance. The osmotic pressure of the soil solution increases with its richness in soluble salts, and consequently
the difficulty for plants to utilize the soil water increases simultaneously. In certain cases, the soil profile is
modified by the appearance of saline efflorescences or even a surface crust (surface saline crust of a saline soil
with ascending profile or soloncbak), or a deep crust (groundwater saline crust). It may be more or less hard,
more or less thick, and is sometimes exploited, at least locally (Chad, Iran, etc.).

MECHANISMS AND PROCESSES OF SOIL DEGRADATION

39

The alkalinization or sodication process involves an enrichment in sodium ions, sometimes accom
panied by magnesium from the absorbing complex of the soil. For relative values of exchangeable sodium,
which are variable according to soil type and in particular according to the clay minerals they contain, their
physical properties are heavily degraded, their structure becomes diffuse and their compactness increases.
These soils with alkali can be very rich in soluble salts or, on the other hand, only contain traces of them. In
the latter case, clay which is easily displaced by the ion Na + tends to migrate and accumulate deep down,
often producing a columnar structure: solonetz. If the boundary between the leached and illuviated horizons
is fairly clear, hydromorphy becomes established there, increasing the soil degradation. Hydrolysis may also
develop there, causing the appearance of a very white horizon which is very rich, mainly in silica; these are
solodized soils.
The various processes characterize a class of soil which is often called salsodic.
The accumulation of soluble salts (salinization), the accumulation of sodium ions and the formation
of solonetz or solodized soils are all processes of soil degradation. In particular, over the whole or part of
their profile, their structure becomes unstable, their permeability and porosity diminish; their biological
activity is weakened; their content in organic matter tends to drop or evolve badly; their pH diminishes or, on
the other hand, increases beyond 9 or I 0, etc. The consequence is a reduction of both cultivated and natural
vegetation or their total disappearance.
The origin of the salts and ions, sodium in particular, which cause these transformations is very
varied (Aubert, 1976). They come from sea water or marine or lagoon deposits of varying ages and accumulate
in the recent sediments or in the groundwater. They rise up from the bottom in artesian water. They are
brought in by wind and derived from sea spray or surface efflorescences of the soils (see Section 3.3). They
are then mostly chlorides and sulphates of sodium or calcium (northern Africa, for example). They are
formed during the weathering of rocks with sodic minerals and accumulate in the soils or over the land where
there is sufficient aridity (principally carbonates or bicarbonates of sodium).
3.6.2

THE

EFFECTS

OF

METEOROLOGICAL FACTORS

The maps of saline soils over the various continents, such as that already published in Australia
(Skene and Northcote, 1973) and in Europe (Szabolcs, 1974), or made public, such as that of Africa (Aubert,
1976), show very clearly the relationship between salsodic soils and the aridity of the climate. This relation is
due to numerous and very different effects.
3.6.2.1

Effects on the origin of the salts

3.6.2.1.1

Effect on the groundwater

The existence of groundwater depends more on topographical or geomorphological conditions than
on climatic ones. On the other hand, its level, which conditions its effect on the soils' horizons, is linked to
the local climatic conditions. It may be so linked directly - in arid zones the salt spreads after the humid
years as noted in the valley of the Cbeliff in Algeria, as well as in California and New Mexico (Kelley, 1963) or indirectly, as the arid zones may be subjected to irrigation, which often also causes a rise of the groundwater
level (FAO-Unesco, 1973). Their composition thus varies not only with that of the rocks and enveloping
materials and their marine or continental origin, but also with the conditions of aridity in general (Kovda,
1961; Mazloumi and Burdon, 1961) and even locally (Schoeller, I 948).
In humid regions, such as over the whole equatorial zone, or in regions with more than 1.2 m
rainfall per year in a continent, such as Africa (op. cit.), saline soils are practically non-existent as the layers
containing the salts are barely mineralized and have low evaporation, except in coastal regions where repeated
action of the ocean maintains the saline richness of these layers.
Thus, as we shall see, the level of the groundwater and its chemical composition are two essential
factors in its influence on the phenoma of salinization and soil degradation.
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Effect on the wind-borne input

Wind contributes towards the dissemination of saline elements removed from efflorescences and
pseudo-efflorescences and pseudo-sands at the surface of solonchaks and very saline soils which are often
alkalized.
The most important role played by wind in the extension of saline soils and soil degradation by
salinization is by trapping the salt spray at the surface of the ocean. The winds having the highest salt input
are those at a low altitude whilst those higher up carry salt less often but over a greater distance (at least 50
km, possibly 100) and their effect cannot be overlooked (Prescot, 1931; Hutton and Leslie, 1958).
3.6.2.1.3

Effect on the accumulation of salt due to

the

weathering of rock minerals

Many eruptive or metamorphic rocks contain sodic minerals but so also do certain sedimentary
rocks (Bogomolov, 1961). Their weathering produces common soda and often soluble sodium silicates
(Kovda, 1947-1954; Kovda et al., FAO-Unesco, 1973).
In conditions of sufficient humidity and high temperature, these weathering phenomena are rapid
and intense. In a humid zone the compounds thus formed are eliminated by the groundwater, rivers, etc. In a
dry zone, they are accumulated on the spot or transported over small distances into low-lying areas, where
saline soils develop. A remarkable example is that of the large endoreic region in central Africa around Lake
Chad, where the saline soils are very extensive. As a result of the aridity of the climate and the special
morphological conditions, the carbonates, bicarbonates and, to a lesser extent, sulphates of sodium are
accumulated there, whether formed in the region itself or brought in by rivers flowing through the area, such
as the Logone, Chari, etc. (Cheverry, 1974).
3.6.2.2

Effects on the soil evolution processes

Any action, and in particular any climatic action which tends to increase evaporation of water at
the surface of or within the soil, naturally causes a concentration of the soluble salts in the soil solutions, and
often even their deposition in the form of crystals arranged in pseudo-mycelium, colonies, nodules, or in
occasionally distinctly hardened crusts covering vast areas (Algerian or Tunisian chotts, crusts in Iran, Chili,
central Asia and China). The final stage of degradation is then reached (Kovda, 1961; Nazir Ahmad, 196 I).
Certain of these formations have been in this stage for a very long time, owing to the continuation over long
periods (tens of thousands of years) of a hyper-arid climate; others are more recent, and some of them are
redissolved into a salt lake and then resume their hardened crust state, such as the chotts in southern Tunisia,
which do so practically every year, depending on the climatic conditions (Kovda et al., FAO-Unesco, I 973).
Many authors have stressed the relations between soil degradation by salinization and the intensity
of evapotranspiration and evaporation. Of recent works, we note here in particular the excellent FAO
Unesco paper on Irrigation, drainage and salinity (the chapter written by Hagon and Van Savel (1971)), and
the works by Servant (1975) and Cheverry (1974). A good example is given in the comparison of the various
meridional coasts of France (Servant, 1975): on the Mediterranean coast, the annual rainfall deficit given by
(P-ETP) is of the order of 350 to 400 mm according to the Turc formula (Henin et al., 1969) or I 200 mm
according to the Souchet formula, taking much more account of the influence of wind, which is very important
in practice; and the difference measured between real evaporation and rainfall is small (Heurteaux, 1969, in
Servant, 1975): in fact, the soils degraded by salinization are very extensive there. In the coastal marshes in
Medoc, they only occur temporarily, the (P-ETP) balance being slightly positive, in the order of 50 to
200 mm (Wilbert et al., 1973).
Conditions of aridity such as those on the Languedoc coastline cause the salts to rise to the surface;
the saline profile of the soil then rises, or ascends (Cointepas, 1968; Servant, 1973). This type is characteristic
of real solonchaks (Raikov, 1970; Kovda et al., 1973; Petrossian et al., 1969). In a less arid zone, the maximum
salt content is in the deeper horizons, producing a descending saline profile (Szabolcs, 1974). There are
intermediate types, depending on seasonal variations of the climate, extent of the plant cover and the use of
the soil by man (Selkhodja, 1972; Bryssine, 196 I; Margat, 1961).
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The aridity of the climate also causes an increase in the salinity of the water accumulated behind
reservoir barrages or carried over long distances in canals leading to irrigated fields, as for example in
Tunisia. It thus has an additional, although indirect, effect on soil degradation by salinization.
A particular case of soil degradation by salinization is the often quoted one (Bogomolov, 1971;
Aubert, 1975) of the evaporation in the surface horizons of soils associated with artesian water, which is
generally not very salty at depth. This often produces chotts with a saline crust at the surface such as the
Chott Ech Chergui in Algeria (Drouhin, 1961).
Humid climatic conditions enable very salty water to be used (up to 8 and 10 g of dry residue per
litre) without soil degradation due to surface salinization being observed, especially if the soil is very permeable
and possibly rich in active but non-chlorinated salts of calcium, such as gypsum or limestone (Bottini, 1961).
However, they are not always sufficient to prevent soil degradation, not so much by salinization as by
alkalinization.
In semi-arid to sub-humid regions, the removal of soils and their lixiviation during the rainy season
often prevent salinization from occurring, in particular in the presence of sodium carbonate and bicarbonate.
The absorbing complex of the soil may, however, remain rich in sodium, and the soils with alkali thus formed
are very often degraded and have very poor physical properties. In these climatic zones another process may
occur, namely clay leaching and accumulation further down the profile. It is favoured by heavy rain or rain
which is concentrated in time, or by a more humid pedoclimate, and by the existence of a very long dry
season (Aubert, 1975). As has been shown elsewhere, this clay leaching, which results in the formation of a
solonetz, must be considered as a degradation process when it becomes sufficiently pronounced. It quickly
causes the development of hydromorphy, which is at least stabilized, at the boundary between A and B
horizons.
The extreme degradation stage is due to hydrolosis of minerals at the top of horizon B. In most
cases it is the top of the columns in horizon B which is transformed, leaving behind mainly silica (whitened
horizon A2 of the solodized soils). Observations over the last few years in tropical Africa (Bocquier, 1973)
have revealed the influence of climate in this phenomenon; high temperature favours this hydrolosis, especially
if hydromorphy has become established at the top of horizon B owing to water circulation.
To summarize, these two types of soil degradation, salinization and alkalinization, are very widely,
but in contrary ways, influenced by climatic conditions, which govern the circulation of solutions of the soil
and of the soluble elements which it contains. Only very humid regions practically escape damage, except in a
few coastal areas.

3.7

Pollution

Many pollutants are injected directly into the biosphere while others volatilize and diffuse into the
biosphere. With the proper combination of wind, temperature, water vapour and sunlight, the pollutant
becomes entrained in the boundary layer, is transferred into the biosphere, and may eventually reach the
troposphere, where it may circle the globe many times before it returns to the land surface. While in suspen
sion, the pollutant is exposed to photodecomposition and may react with other suspended material before
returning to the soil surface. On the soil surface the pollutant is subjected to breakdown by sunlight, heat, or
biological activity. If sufficient rainfall is received, it may move into the soil profile.
Information on the interrelationship of meteorological parameters, pollutants, and the degradation
of soils is very limited. Sufficient evidence is available on pollutants and soils, however, to indicate that the
soil is very effective in removing or destroying pathogenic organisms. As such, the soil may be a depollutant,
but soils vary in their capacity for such purification (Wadleigh and Dyal, 1970).
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3.7.1

METEOROLOGICAL FACTORS

3.7.1.1

Wind

Wind (defined as air in natural motion) is the fluid that transports atmospheric pollutants from the
source to the point where they are deposited on the soil or plant surface. Some wind is needed for good air
exchange within a crop canopy and to transport and to diffuse pollutants from point sources: e.g., concentra
tions of lead on the soil surface decreased from I 7 p.p.m. within 16 km of pollution centres to 10 p.p.m. at
25 km, to 6 p.p.m. 60 km downwind (personal communications with Dr. E. Brams).
When the soil is bare, dry, and coarse-textured, winds in excess of 7 m s- • may erode the soil. In
the wind erosion process the fines of the soil become airborne, degrading the airstream and the eroded soil.
High-velocity winds blowing over ocean water may become laden with salt. In 1803 in England, winds
blowing over ocean waters were embedded with large quantities of salt water which were deposited upon the
land and vegetation in sufficient quantities to kill plants. Even in London, 110 km from the ocean, the plant
leaves looked scorched after a severe windstorm (Beck, 1819).
3.7.1.2

Temperarure

Air temperature in the troposphere is the product of external agents such as energy exchanges and
vertical air motion - appropriate to the latitude, altitude, and topographic features. The air-temperature
gradients influence diffusion of the pollutants into the biosphere and their transport and deposition. The air
temperature also influences the rate and type of reaction: the higher the temperature of the soil, the more
rapid the chemical activity, the volatilization of pollutants, and the evapotranspiration of water. Since the
combination of water and temperature is important in the movement and breakdown of pollutants in the
soil, these items must be considered together.
3.7.1.3

Moisture

The quantity of water vapour present in the air is extremely important in the degradation of soils by
pollutants because of the scrubbing or cleansing action of precipitation on the air. Many airborne pollutants
are deposited on the soil surface in precipitation and may move into the soil profile.
Chemical and biological activities are increased in the presence of soil moisture. The water capacity
of a soil, rather than its biodegradable potential, limits its capacity to handle putrescible matter, and if the
soil is kept wet by high levels of water application, its ability to biodegrade organic matter is reduced
(Wadleigh and Dyal, 1970).

3. 7 .2

SorL INFLUENCE

The capacity of a soil to accept wastes depends on the physical and chemical characteristics of the
soil material, the volume of soil available, the waste, and the application rate or frequency. Many soils are
underlain at shallow depths by submaterials which transmit water very slowly or have little or no capacity to
filter or absorb waste material. ln thick deposits of alluvium, glacial drift, lacustrine material, or weathered
old soils in warm humid areas, the effective depth for the absorption or filtering of waste may extend tens or
even hundreds of centimetres below the soil surface. In acid sandy soils, the chemically active soil may be
only a few centimetres thick and, unless precautions are taken, this layer may be easily destroyed. Sandy soils
have frequently been selected for disposal systems because of their high potential infiltration rates and rapid
permeability, but they usually have limited absorptive capacity.
Most soils that have high available water capacities also have relatively high absorptive capacities.
Thus, available water capacity is used in selecting sites not only because of its importance to the hydrology of
the system, but also because of its relationship lo the absorptive capacity of the total soil volume.
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The addition of organic matter in the form of sewage sludge or compost to sandy soils increases
water retention. Jn clay soils, the added organic matter may improve infiltration, permeability, and tilth;
reduce compaction; and increase soil aeration and availability of water for plant growth (Mays et al., 1973;
Lunt, 1959).
3.7.2. I

Soil acidity

The soil pH will determine whether some elements are toxic, beneficial, or deficient, because it
controls their solubiLity and availability. When lime is used to neutralize acid soils, aluminium, iron, man
ganese, copper and zinc are less soluble, and bacterial growth is increased and essential nutrients become
available to plants. Depending on the soil chemistry and the composition of the waste, soil pH may be
improved with the application of waste material, but care must be exercised to control toxicity of some of the
trace elements. How much wastes and other soil additives change the pH of the soil depends largely on the
buffering capacity of the soil. A well-buffered soil is one that will resist sharp changes in pH. Buffering
capacity depends largely on the kind and quantity of sands and clays. Most sandy soils are weakly buffered.
3.7.2.2

Cation exchange capacity

Cation exchange capacity (CEC) is the quantity of cations absorbed on soil-particle surfaces per
unit mass of the soil under chemically neutral conditions. The importance of CEC is evident from the
recommendations by Dowdy et al. (1976) for sludge-borne metal additions to agricultural cropland (Table
3.5). When the rates in Table 3.5 are used, agricultural cropland will not be degraded and the food and feed
chain will be protected. Additional safeguards identified by Dowdy et al. (1976) are:
"(a) The initial soil pH must be adjusted to 6.5 (determined by I: 1, soil : water ratio) or greater and
maintained at pH �6.2 thereafter;
(b) Leafy vegetables should not be grown on sludge-amended soil; and
(c) Cd additions should not exceed 2 kg ha- 1 yr- 1 ."
After 73 years of applying sewage to pasture land in Australia, the CEC of the surface soil (02.5 cm) averaged 40, which was nearly double the CEC for the control (22) (Johnson et al., 1974), but well
below the maximum reported for natural soils (Bear, 1955).
TABLE

3.5

Maximum sludge metal applications for privately owned farmland (Dowdy et al, 1976)
Metal

Pb
Zn
Cu
Ni
Cd

3.7.3

Soil cation exchange capacity
(meq/100 g)

5

5-15

> 15

I 000
500
250
100
10

2000
I 000
500
200
20

Maximum metal addition
(kg ha- 1)

500
250
125
50
5

MACRONUTRIENTS

Nitrogen (N) is abundant in the air but is deficient in most soils. The normal range of N in
agricultural soils is 0.02 to 0.50%. For N to function properly in supplying plant needs, phosphorus, potas
sium, calcium, magnesium, and other required elements must be adequate. Nitrogen can be added in many
forms to obtain optimum crop production, but the nitrate-nitrogen form is soluble in water and in high
concentrations is toxic to humans and animals (USDA-ARS, 1975). Animal waste is a potential source of N.
A good guide is to limit waste additions to the amount required to supply adequate N for plant growth.
When this amount is significantly exceeded, considerable quantities of nitrate may accumulate in the soil
profile or leach into groundwater supplies.
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Phosphorus (P) is essential for photosynthesis and the synthesis and breakdown of carbohydrates
within the plant. Annual applications of sewage increased the P content of the surface 0-2.5 cm about 500%
(from 0.053 to 0.264) (Johnson et al., 1974). Some soluble P compounds are transported in runoff, but most
P moves by soil erosion by water because phosphate absorbs strongly on soil particles and is not readily
soluble. The additional P in streams and lakes may result in eutrophication and the ensuing luxuriant growth
of algae.
Potassium (K) is another essential element, with a normal range in agricultural soils of from 0.17 to
3.30% (Johnson et al., 1974). The K content in most sewage and sludge is low relative to that of the other
macronutrients, because the soluble K usually remains with the water during treatment.
Other macro-elements are calcium and magnesium.

3.7.4

TRACE ELEMENTS AND HEAVY METALS

Trace elements and heavy metals are of particular interest to agriculture because deficiencies or
excesses can reduce crop yields and may be harmful to consumers of crops. Heavy metaJs are removed from
soils by plant uptake, leaching, volatilization of gaseous products, and surface runoff. When the soil exchange
complex is saturated with an ion, the ions in solution exceed the solubility of solid-phase compounds and
minerals, and these compounds can precipitate (Ryan, 1976).
Page (I 974) concluded that "sewage sludges from most treatment plants can be applied in modest
amounts to most soils for limited periods of time without causing trace element toxicities or adversely affecting
the quality of most crop species. Continued application of most sewage sludges for long periods of time
(decades), however, will probably adversely affect plant growth due to trace-element soil enrichment and
subsequent plant toxicity". The trace elements most likely to cause toxicities to higher plants in enriched soils
are B, Cd, Cu, Zn, and possibly Ni, Pb and Se. Except with B and Se, toxicities will probably occur at lower
concentrations and be more acute in acid soils than in neutral or alkaline soils. The potential toxicities of
heavy metals to plants are shown in Table 3.6.
TABLE

3.6

Potential toxicity of heavy metals (Ryan, 1976)
Toxicity

Essential
Element

Plant

Cd
Cr
Cu

No
No
Yes
No
No
No
Yes
No
Yes

Hg
Ni

Pb
Mo
Se

Zn

Animal

Plant

No

Moderate
Low

Yes
Yes
No
Yes
No
Yes
Yes
Yes

1

High
Low

High

Low
Low
Low
Moderate

Anima/ 2

Anima/ l

High·

High•

Low
Moderate
High•
Moderate
High•

High
Higb
Low

Low
Slight
Low•
Low
Low•
Moderate
Moderate
Low

1 When metal is applied to soil on \\rh.icb crop is grown.
2 Wbco metal is fed to animal.
J Whc.n animal is fed crop gtO\lr-D on eoot.arrun.ucd soil.
• Cumulative. Will concentrate 1n arurml tissue.

Typical concentrations of silver (Ag) in soils are low, 0.2 kg ha - 1• Ag does not constitute a pollution
hazard because it is absorbed by soil minerals and forms soluble chloride, carbonate, and other salts (Page,
1974).
Arsenic (As) in the form of arsanilic acid is added to feed to suppress bacteria and parasitic diseases
(Woolson, 1975). rt may be accumulated by plant roots, but in soils, it forms salts with aluminium, iron, and
calcium and is relatively insoluble. Toxicity has been reported in orchard soils where lead-arsenate cover
sprays have been used for several years (Bear, I 957).
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Boron (B) occurs in both organic and inorganic forms in soils, but a high percentage of the inorganic
form will move with water to lower depths in the profile. Toxic levels of B have been reported in areas where
the irrigation water used has been in contact with soluble B minerals or with volcanic gases dissolved in
percolating water (Russell and Darrell, 1957).
Cadmium (Cd) is a non-essential element, but it is accumulated in plants and foods. From a limited
number of samples, Hinesly and Jones (1976) concluded: "Because Cd content in both runoff and drainage
water from control plots is so near recommended limits in public water sources, it is likely to be the metal of
major concern in the disposal of municipal sludges on land."
Mercury (Hg) is present in most soils at low concentrations. Concentrations as low as 0.0 l µg ml- 1
may damage aquatic life; therefore, soils receiving sewage sludge should not be permitted to erode.
Lead (Pb). Typical domestic sludge contains appreciable quantities of this element. An application
of I 0 5 kg ha - 1 will double the Pb present in a typical soil, but 7 x I 05 kg ha - 1 could be added before the
maximum concentrations in unamended soils would be exceeded. Toxic levels of Pb for sensitive plants occur
at lower concentrations and are more acute in acid soils than in neutral or alkaline soils. In the reported
instances of Pb toxicities to animals or humans, the source of contamination was in the processing or storage
of plant material or deposition of Pb from the air onto plant surfaces and not from absorption by plants
from contaminated soils.
3.7.5

RADIOACTIVE MATERIALS

Soil could be contaminated with radioactive materials from fallout or as a result of disposal of
radioactive waste or wind. As with the other waste materials, the main problem is human consumption of
contaminated plant material. Depending on the soil type and crop, if the radioactive material is on the soil
surface, significant quantities may be taken up by plants. For example, at Beltsville, Maryland, the uptake by
soya beans of strontium-85 placed 75 cm deep was only I% of that from the surface 15 cm, but in the case of
sorghum at Bushland, Texas, the uptake from a 100 cm deep placement was 40% of that from the surface
15 cm (Menzel et al., 1967). In England, at three of six locations, ploughing 28 cm deep reduced the uptake of
strontium-89 by ryegrass as much as 78% (Milbourn et al., 1959). In studies in the U.S.S.R., the contaminated
10 cm of surface soil was placed at the bottom of a 50 cm deep plough furrow. This technique reduced the
uptake of strontium-90 by oats to 60% of the uptake after disking 10 cm deep. Placement of mixed fission
products 30, 60 or 70 cm deep in a sod-podzolic soil reduced uptake tenfold for vetch over three or four
successive years (Gulyakin and Yudintseva, 1962).

After a review of available literature, Menzel (1976) concluded: "Plant concentrations of various
radioactive elements, after they have been added to soils in water-soluble form, may be several orders of
magnitude higher or lower than concentrations in soil. The concentration factor depends mainly on chemical
properties of the elements, but it may vary one or two orders of magnitude, depending on soil properties or
plant species. Important soil properties include exchange capacity, pH, redox potential, and presence of
chelating agents in the soil solution."
3.7.6

PEsncLDES

The soil and water problems associated with pesticide residues are different from those of excess
levels of nutrients. A significant build-up of pesticide residues in surface soils is unlikely, but possible accum
ulation in subsoil horizons from applications repeated for several years could constitute a hazard. Once the
pesticide reaches the soil it is subject to chemical, photochemical, and biological degradation. Losses due to
volatilization depend on the pesticide, the soil water, temperature and air movement, but may vary from a
few per cent to more than 50% (Guenzi and Beard, 1974). While the total amount volatilized is generally
small, the volatility of pesticides is probably the reason why they are found in the arctic regions (Taylor,
1972).
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Runoff and erosion may remove additional pesticides; while the percentage may be small, the
material may enter tbe food chain by becoming concentrated in the tissue of fish and other aquatic organisms
(Taylor, 1972).
3.7.7

CONCLUSIONS

Meteorological forces serve to distribute any material that can be suspended in air. The distribution
is not uniform over the entire land surface. Depending on the airborne particulate, the closer to the source,
the higher the concentration on the surface. While various pollutants have been identified in even the un
inhabited arctic areas, the influence of these pollutants on soils has not been determined.
Considerable information is available on the influence of various waste applied directly on or in the
soil, but the vapours or particulates emitted from waste-amended sites have not been studied (see Chapter 4
for additional comments on these points).
Municipal, industrial and agricultural wastes may be applied t,"'I soils without degrading the soil
productivity if the annual crop requirements of essential elements are not ex�eded. The soil may be degraded
if excessive amounts of salts are applied in industrial or agricultural waste. Industrial waste containing heavy
concentrations of boron, cadmium, copper, lead, mercury, molybdenum, zinc and selenium must be carefully
monitored to determine annual and total application. Allowable levels will depend on the CEC and pH of the
soil.
Radioactive waste and pesticides applied to the surface or subsurface of agricultural soils may be
concentrated in plant material and could be harmful to humans and animals.

CHAPTER 4

ANALYSIS OF SPECIFIC METEOROLOGICAL FACTORS AFFECTING SOIL
DEGRADATION
4.1

General remarks

A first survey of the material presented in other parts of this publication will immediately reveal the
vital role played in soil degradation and erosion processes by meteorological factors - particularly precipita
tion, temperature and wind, singly or in combination; by other features, such as surface roughness (on all
scales from hills and mountains to soil-surface undulations, rocks and stones); and by certain weather
dependent processes - notably and overwhelmingly the existence and distribution in time and space of vege
tative cover. The meteorological determinants have necessarily been discussed to varying degrees of detail in
other sections, but it is the intention in this chapter to examine the processes more systematically, fill in any
gaps and present a coherent picture.
lt will be immediately obvious from the form of the soil-loss equations (see Section 4.1.2, also
Wischmeier, 1960; Wischmeier and Smith, 1965; Woodruff and Siddaway, 1965) that their complete solution
requires much detailed information. However, a large proportion of land susceptible to degradation is situated
in developing countries and it is obviously necessary to devise methods by which areas at risk may be
identified in order to develop strategies and techniques of monitoring and control which can utilize such
meteorological and other relevant data and associated facilities as may exist in any particular area. Ap
propriate data may, at best, be monthly totals of rainfall and monthly means of temperature and wind speed;
or even secondary data relating to frequencies of thunderstorms or gales.
4.1. I

BROAD-SCALE CONSIDERATIONS

Two global maps showing areas susceptible to water and wind erosion have been published by
Hudson (1971) - see Figures 4.1 and 4.2. He suggests that water erosion is most probable in areas lying
between 40 ° N and 40° S (since intensity - as well as frequency and amount - is important, and likely to be
greater than in higher latitudes). Wind erosion may be expected when a low annual rainfall (especially if less
than about 250-300 mm) is combined with steady prevailing winds throughout a deep atmospheric layer,
such situations often being associated with extensive, fairly level, land areas.

� areas particularly susceptible to rain/all erosion
- areas susceptible when normal vegetation is removed
Figure 4.1 - Generalized map of the geographical distribution of rainfall erosion
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areas particularly susceptible to wind erosion

Figure 4.2 - Generalized map of the geographical distribution of wind erosion

A further step in the analysis of water erosion is evident from Figure 4.3 (also from Hudson).
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Figure 4.3 - The relation between rainfall and wind erosion

The overriding influence of vegetative cover (itself, of course, conditioned by meteorological factors)
is illustrated by two diagrams, Figures 4.4 and 4.5, derived from Marshall (1973).
The shape of the curves in• Figure 4.4 is influenced by the seasonal pattern of rainfall, e.g. curve D
will fall more steeply if the increasing annual rainfall is distributed more evenly or falls largely in the summer
months and less steeply if the precipation is mainly confined to the winter months.
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The analysis of wind-erosion processes can be facilitated by using a conceptual framework suggested
by Marshall. Wind erosion will not be a problem if either a continual wet soil surface and/or a lack of strong
winds prevails; the analytical breakdown can proceed from either point.
Continuous_J
ade uate---1
No strong winds�
. q
Rainfall--{made
Non-susceptible""4
vegetation 7
--i
------uate�
q
Strong wind
- c
Discontinuous { soil
vegetation
usceptible
>E
soil
Wind

7

No strong wind-,
rsurface wet'1
Good veg.�
Strong wind
�
(V > critical) �Surface dry -{ cover
Poor veg.
r-Non-susceptible soil---1
cover
----i_�,
Susceptible soi1--------�E

When considering other analytical approaches, it should be remembered that the vegetation cover and the
state of the soil are both partly dependent upon the meteorological variables.
Obviously the development of these ideas and their incorporation into management strategies involve
consideration of the phasing of the several components. Brookfield (1970a) pointed out that, in central
Australia, the winds with the greatest sand-moving potential are the cyclones of the (dry) summer and not the
anti-cyclone winds of the winter as hitherto believed. Marshall (1973), discussing this topic, notes that "in
the north and north-east the period of maximum winds coincides with the predominantly heavy summer
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Figure 4.5 - Interrelationships between drought, plant cover and soil erosion

rainfall, while in the south-west, south-east and east, the maximum winds coincide with the period of winter maximum rainfall. It is really in a broad band extending through arid and semi-arid Australia from the west
coast to the western slopes of the east that the period of maximum winds extends into the dry summer or
beyond the period of winter rains sufficiently to indicate a large-scale potential for wind erosion."
Wind erosion does not occur if the surface is wet (it should be noted that the surface soil can dry
out quite rapidly after even considerable rainfall, thus it is the persistence of at least a damp surface that
inhibits aeolian erosion). A broad-scale approach to the assessment of risk may be based on monthly rainfall
amounts, the frequency distribution of falls in a month of given name and the evaporation. Whilst evaporation
differs little from year to year, rainfall does. Figure 4.6 (freely adapted from Marshall, 1969) gives the
monthly means of the ten driest, ten wettest and the 108-year mean for Deniliquin, N.S.W. (Pastoral Times,
1969). If evaporation exceeds average rainfall (as it does in all months except June) dry surfaces are likely to
predominate: it is likely to be otherwise only in those years when rainfall in the period May to August is well
above average. As mentioned above, the important wind-erosion parameter is the moisture status of the
topsoil, rather than rainfall per se. Obviously, observations of state of ground can provide useful guidance as
will number of rain days, and the relationship between these and the more readily available monthly rainfall
totals should be examined (see, e.g., Table 4.14).
4.1.2

THE ESTIMATION OF SOIL LOSS FROM DATA ON METEOROLOGICAL ELEMENTS AND SITE CHARACTERISTICS.
THE SOIL-LOSS EQUATIONS

The examination and adequacy of the various approaches which have been adopted as well as their
associated data may be clarified by some remarks on the soil-loss equations which furnish the latest predictive
procedures. These were developed mainly in North America some years prior to, and more vigorously fol
lowing, World War II.
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Erosion is a joint result of the erosivity of the physical agencies and erodability of the soil:

= /[(erosivity) · (erodability)]

Erosion

EROSION is a function of
ERO 'VITY and ERODA
RA

I

ALL

T

R

r

�

MANAGEMENT
l
1/
:::

LAND
MANAG ME
X

�

PHYSICAL
CHARACT

ENTY

A

LJT

K

f

X

LS

\
X

p

CROP
MANA EMENT

1

X

Figure 4. 7 - The structure of the universal soil-loss equation

C

52

CHAPTER 4

The expression relating to water erosion is termed "the universal soil-loss equation"; the corres
ponding equation relating to wind erosion has recently been titled "the wind-erosion equation of Chepil" in
view of the outstanding contributions to the subject by W. S. Chepil. Hudson (1971) states that the functional
form and numerical coefficients of the universal soil-loss equation have been based upon a "vast amount
of experimental data from field-plots" but that there are much less satisfactory data for the development of
the corresponding wind-erosion equation. The large empirical content of the equations (the quantification of
the rain-factor in the universal equation is largely based on North American experiences) renders it essential
to test the equation on a world-wide range of climates and conditions, and to modify and adapt as necessary.
Such aspects were strongly stressed at the Joint FAO/UNEP Expert Consultation on Soil Degradation (Rome,
1974) and, if for no other reason, point to the wisdom of keeping under review other procedures for evaluating
the role of precipitation.
The structure of the universal equation is well illustrated by Figure 4.7 (f rom Hudson, 1971 ).
An extended exposition and critique (following Wischmeier and Smith, 1965) was presented by
Arnoldus (1974) to the joint FAO/UNEP meeting mentioned above, and forms the basis for the following
remarks.
A

= computed soil loss per unit area per unit time interval (U.S. practice uses the short

R

= rainfall factor (often "rainfall erosion index") expressed as the product El where:
E = energy in a rainstorm;
I = the maximum intensity over a specified period (commonly 30 minutes) of rainfall in rate

ton (2 000 lb) and the acre). The time interval is typically the year.

per hour.

K

= soil-erodability factor. The erosion rate per unit of erosion index for a specified soil in a

L

= slope-length factor: the ratio of soil loss from the actual field slope length to that from a 72.6 ft

S

= slope-gradient factor: the ratio of soil loss from a gradient of the actual field to that from a 9%

cultivated continuous fallow on a 9% slope 72.6 ft (22.6 m) long.* A predictive nomograph has
been developed based upon five physical characteristics of the soil.
(22.6 m) length of the same soil type and gradient.

slope (of the same soil type and slope length).

C

= crop-management factor: the ratio of soil loss from a field with specific cropping and manage

P

= erosion-control practice: the ratio of soil loss with contouring, strip cultivation or terracing to

ment to that from fallow condition on which the factor K is evaluated.

that with straight row, up-and-down slope farming.

The above comments emphasize the empirical nature of the equation and the wide range of site
measurements needed for its solution.
In the above case, A is estimated as the product of a series of independent factors. In the corres
ponding wind-erosion equation, however, interactions between the several factors render a simple multiplica
tion invalid. Symbolically, the equation (Woodruff and Siddaway, 1965) known as "the wind-erosion equation
of Chepil" is
E =f(I', K', C', L', V)
(the dashes to distinguish the equation from an earlier version)
where

E
I'

= computed soil loss (short tons per acre per year);
= erodability index, obtained from two components: I - soil erodability, dependent upon soil

• The curious quantity 72.6 ft (22.6 m) arises from the fact that the experimental plots were of 1/100 acres (2/500 ha) in area and,
being 6 ft (183 cm) in width, resulted in a working length of 72.6 ft (22.6 m).
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cloddiness (specifically percentage of soil fractions with diameter > 0.84 mm), and knoll eroda
bility, which varies with length and degree of slope;
K'

= a soil ridge factor which quantifies that contribution to surface

C'

=

vegetation;

a climatic factor
where v

=

P/E
L'

= equivalent

V

= equivalent

roughness not due to clods or

= 34.483 . (P/£)2

wind speed at I O m above ground;

=

Thornthwaite's ratio;

field length - distance (e.g. field width) along the prevailing wind direction less
that under the influence of any shelter barrier (this zone about ten times the height of barrier
if orientated at right angles to the wind or with normal within ± 30 ° (�ix) from wind direction,
and proportional to cos ix otherwise);
cover.

vegetation cover, itself a function of quantity, kind and orientation of vegetative

Arnoldus, commenting on the "prospects for world-wide soil erosion evaluation in a quantitative
basis", writes:
The equations to estimate soil losses due to soil erosion, previously discussed, proved to be either too detailed (as far as the
data needed to solve the equations are concerned) or give too rough estimates. The universal soil-loss equation and the wind
erosion equation of Chepil belong to the first category, the partial equations of Ellison (1944) and Fournier (1960) to the
second one. Consequently, none of them are fit for immediate application.
Quantitative expressions to be used should preferably be of a general form like the universal soil-loss equation, but the
parameters involved and the expressions for them should be adaptable to various degrees of detail.
As we have said before, at present it is unlikely that a world-wide quantitative evaluation of soil erosion on a I: 5 000 000
scale (the scale of the FAO-Unesco Soil Map of the World) is possible because even for this reconnaissance, the essential
data will be lacking for large parts of the world. It seems that a qualitative procedure, like we lined out in the previous
chapter, is more promising at present.
Yet it is certainly worthwhile to stimulate refinement of existing soil-loss equations or development of new ones. Especially
in the non-temperate regions of the world much research on the relations between environmental characteristics and soil loss,
and particularly on the relations between land utilization type and soil loss, still has to be carried out. This should be done in
selected areas in various climatic zones.

Once the basic relations are known, the experience obtained in such pilot areas can be extrapolated
to other areas, and ultimately the situation will be reached where for any area a land-utilization type can be
recommended which makes optimum use of the soil, without the detrimental effects of soil erosion.
These equations draw substantially upon the implications of Figures 4.3, 4.4 and 4.5, with added
emphasis on the phasing of vegetative growth and erosive weather factors.
4.2

Water erosion

4.2. I

THE ROLE

OF WATER IN THE EROSION PROCESSES

It is clear that water, in all its phases, can play a part in the erosion processes:
(a) In the vapour phase, with its associated condensation and dew. High atmospheric humidity
through its effect upon dew and condensation contributes markedly to rock disintegration in
semi-arid and arid climates.
(b) In the liquid phase:
- Detachment of soil particles from surface and breaking-up of soil aggregates;
- Infiltration leading to local transport of small particles and soil aggregates into
Rainfall
{ pore spaces, so "sealing" the surfaces (transportation of shattered fragments;
effects
formation of rills leading to further abrasions);
- Runoff and scouring, hence increased erosion; mass transport of soil material).
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(c) In the solid phase:
Snowfall. Delay in freezing of soil very significant in relation to the effects of subsequent
melt-water;
Ice. Mass fragmentation of soil aggregates and mass movement (soil heaving).
No further reference will be made to the action arising from water in the vapour phase; Birot (1969,
pp. 16 and 97) may be consulted for relevant information in connection with the weathering of rocks in arid
climates. The actions in the solid phase, namely that of ice and snow, form the subject matter of Section 5.3.
In the current chapter the concern is with water in the liquid phase.
The degradation processes may be analysed directly in terms of the primary data; however, it may
frequently be necessary to approach the problem indirectly and using secondary data, e.g., phenomena under
(a) might involve qualitative observations of very light rainfall ("traces"), whilst effects attributable to dew
may require a study of the diurnal relationship between some indicator of atmospheric humidity and air
temperature.
4.2.1.1

The effects of rainfall on erosion

Of the various manifestations of rainfall in the erosion process, that of the impact of raindrops on
the soil surface is now recognized as pre-eminent. Although its key role was early recognized (e.g. by Wollny,
1877), attention in the 1920s and 1930s was concentrated on the scouring and transporting capability of
running water; the emphasis has now changed once again. The following extended extract from Hudson
( I 971) discusses the situation.
THE GROWTH OF EROSION RESEARCH
The first scientific investigations of erosion were carried out by the German soil scientist Wollny, between 1877 and 1895.
Small plots were used to measure a wide range of effects, such as that of vegetation and surface mulches on the interception
of rainfall and on the deterioration of soil structure, and the effects of soil type and slope on runoff and erosion. Apart from
this pioneer work, the lead in erosion research has come mainly from the United States of America. Isolated cases of
practical application by farmers of mechanical conservation works increased from the 1850s until, in 1907, the United States
Department of Agriculture declared an official policy of land protection.
The first American quantitative experiments were laid down by the Forest Service in 1915 in Utah, closely followed by
those of Miller in Missouri in 1917, which led in t923 to the first published results of field plot experiments. Other similar
experiments followed, using essentially the same method, and were given added impetus by the allocation of funds by
Congress in 1928. These enabled Bennett to establish between I 928 and 1933 a network of ten field experiment stations.
During the next decade this programme expanded until forty-four stations were operating, and included experiments on
mechanical erosion control and runoff from small catchments.
Throughout this period the work was limited 10 applied research, in which problems were studied under field conditions;
and, although it had been apparent from the earliest days of Wollny's work that the prevention of splash erosion was of vital
importance, there was no co-ordinated research involving an analytical study of the processes of erosion. Pioneer work in
this field was carried out in the 1930s by a few individuals such as Baver, Borst. Woodburn and Musgrave, and led to the
first detailed study of natural rain by Laws in 1940 and the first analysis of the mechanical action or raindrops on the soil by
Ellison in 1944. The implications of this are best described by Stallings (1957, Chapter 1) who says:
"The discovery that raindrop splash is a major factor in the water erosion process marks the end of one era in man·s
struggle with soil erosion and ushers in another which, for the first time, holds out hope for a successful solution to the
problem. The exact nature of the effects of raindrop splash is the phase of the water-erosion process that escaped detection
during the first 7 000 years of civiliuition. It explains why the efforts at protecting the land against scour erosion these 7 000
years have failed. It explains why there is little or no erosion on land with ample plant cover. It explains many things that
have puzzled agricultural leaders and practitioners throughout this long and troublesome period ....
It remained for Ellison to recognize the true role of the falling raindrop in the water erosion process. He was the first to
realize that the falling raindrop was a complete erosive agent within itself and that little or no erosion occurred when the
ground surface was protected by ample cover. He showed that the protective effect of plant cover was due 10 the fact that it
robbed the falling raindrop or its kinetic energy. Ellison·s discovery opened a new field of soil erosion science:·
The development of this new line of investigation was, however, not straightforward. Some of the pioneer workers were
unable to accept the new ideas with scientific impartiality. For example Dr. H. H. Bennett, the first Chief of the Soil
.
Conservation Service, whose contribution to the knowledge and application of conservation practices is still unequalled, was
quite mistaken when he wrote:
.. Some recently published statements with respect to the effectS of raindrop splash have left the impression that this is the
most important factor having to do with the erosion process. It is an important factor, but, as already pointed out. it is only
one of several factors having to do with erosion of farm lands. As a matter of fact. the cutting and abrasive effect of runoff
from rains and the melting of snow are of far more importance than raindrop splash, which makes its principal contribution
by hurling soil particles into suspension in the runoff." (Bennett e1 al., 1951.)
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Today we have ample evidence that splash is in fact the most important factor. However, the need
for research on splash erosion to support field experimentation was realized by most workers, and the
majority of research in this new phase, like the earlier field work, is now taking place in the United States of
America.
The importance of water in: (a) detaching soil particles, either (and predominantly) by rain splash
or by scouring and (b) entrainjng, transporting and depositing soil particles is clear.
The physical expression of these processes, as well as certain questions posed, is set out in the
following tables (from Fournier, 1969).
TABLE 4.1
Rainfall, runoff and erosion recorded during five years under maize cultivation
and on slopes of 3%, 4%, 5%, 6%. Mean rates for six plots
Rain
season

Precipitation

Erosion
(tonnes

Run off
(mm)

Runoff
precipitation
(%)

1953-54
1954-55
1955-56
1956---57
1958-59

917.2
I 129.8
907.8
962.2
696.5

5.12
1.23
3.44
5.72
3.36

91.18
56.86
49.53
71.37
51.56

9.94
5.03
5.46
7.42
7.41

(mm)

Ira-')

Thus this is no relationship between annual value of rainfall, erosion and the runofT.
The possibility exists of a satisfactory relationship between soil loss and the amount of rainfall in a
single storm: it is clear, however (Table 4.2), that for a fall of given magnitude (i.e. 32 to 36 mm) both loss of
soil and runoff (as a percentage of the total fall) vary between plots with different surface cover and between
occasions at a particular site.
TABLE 4.2
Loss of soil and runoff recorded for the same class of rain in 1956 at Adiopodoume, Centre ORSTOM (Ivory Coast)

Date

12/6
23/6
3/7
5/7
23/10
6/12

Precipitation
(mm)

33
32.1
33.6
33.1
35.9
32.8

pi

p3

p2

p5

p4

p6

kg ha-•

%

R

E
kg ha- 1

%

kg ha- 1

%

kg ha- 1

%

kg ha-'

%

R

E
kg ha-'

%

789
2 197
448
411

36.5
44.9
33.4
8.4
0.0
0.0

I 188
3 751
I 022
458
118
182

31.7
47.9
32.8
7.9
9.9
29.5

940
4 189
927
437
332
3 694

35.8
44.2
38.1
7.9
9.3
40.3

808
I 782
552
169
33
20

26.9
41.2
31.7
6.8
0.0
0.0

168
890
200
137
2
73

20.9
35.I
26.4
5.6
0.0
0.0

14
33
19
6
2
22

2.2
1.6
3.8
1.7
0.0
0.0

E

I

3

R

E

R

E

R

E

R

pi = sowing of Crotalaria usaramoensis, on flat soil on 7 May; p2 = replanting of cassava on mounds, 7 May; p3 = plots kept free by
weed control: p4 = sowing of Flemingia congesta on flat soil on 7 May; p5 = Cultivation of pineapples along contour lines on flat soil;
p6 = small forests.

The importance of soil cover is explicit in the above table and this is reinforced by the data displayed
in Table 4.3. Fournier stresses in particular the total lack of correlation between soil class and percentage
runoff although the ground environment does not change throughout the year.
Table 4.2 also illustrates that the beating of the soil by raindrops can, given certain conditions of
soil texture, give rise to a reduction in the porosity of the surface and in consequence an increase in the
proportion of water which runs off.
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TABLE 4.3
Study on the beating of the soil, Henderson Research Institute, Southern Rhodesia, 1953-56
Precipitation
(mm)

Year

1953-54

917.2

1954----55

I 129.2

1955--56

907.8

Mean

984.9

1953-56

Amou111•

Bare soil

Bare soil
+ gauze

Dense
meadow

E. 1 acre- 1

61.5

0.0

2.9

R%

48.0
225.8

6.0
0.9

8.0
0.3

E. t acre-•

R%

41.0
60.1

1.0
2.0

2.0
0.1

E, t acre-'

115.8

0.96

I.I

E. I acre- 1

• I ton per acre .. 2 SOO kg ha- 1•

Given then a specified surface situation, soil loss is not closely associated with either annual rainfall
or the amount of water in a particular rainstorm. A close relationship does emerge, however, when the
rainfall intensity is considered.
TABLE 4.4
Influence of the intensity of rain on erosion of the soil. Classification of 183 erosive rains
as a function of their rain intensity (Zanesville, Ohio, 1934-42)
Classes of rain intensity
(mm h- 1 during the five
minutes of maximum rain)

Number of
rainfalls

0 - 25.4
25.4---- 50.8
50.8- 76.2
76.2-101.6
101.6-127 .0
127.0-152.4
152.4----177.8
228.6-254

40
61
40
19
13
4
5
I

Mean erosion per
rainfall
(1 km- 2)•

375

595

I 178
1 144
3 424
3 632
3 872
4 793

• I lon per square kilometre • 10.1 kg per square kilometre.

Hence the physical explanation must account quantitatively as well as qualitatively for:
(a) The loose association between rainfall amount and soil loss both on an annual basis and for
individual storms;
(b) The loose association between rainfall intensity and the total soil loss due to a storm experienced
with different surface conditions; and
(c) The close relationship between erosion and rainfall intensity for a given type of surface.

4.2.1.2

The erosivity (or "aggressivity ") of rainfall

The above discussion clearly points to certain mechanical characteristics of rainfall - not least of
individual storms - as causative agents in erosion. To be of practical value the "rainfall factor" must be
predictable on a probability basis from meteorological data. It must be definable for specific storms, seasons
and periods of time as well as on an annual basis, and its seasonal or annual evaluation must be influenced
by all significant rains rather than only the annual maxima (see e.g. Wischmeier, 1972).
It will be clear from the above statements, and to an even greater extent from what follows, that a
complete solution to the universal equation requires a great deal of high-quality meteorological and site
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data. In practice only crude meteorological data may be available whilst any geographical area of practical
interest vis-a-vis erosion will contain a range of geometrical properties which can be quantified only by
certain broad parameters.
An attempt, and one which predated the final form of the universal equation, was made by Fournier
(1960), who aimed to measure normal (not accelerated) erosion. Erosion was measured by the sediment load
of a river system draining a catchment; this quantity was expressed in terms of metric tons per km 2 per
annum and termed the "specific degradation (SD)".The suspended load, although originating from erosion,
may be a poor indication of the soil removed from any up-river site, and Arnoldus (19 7 4) comments that
"there are serious drawbacks (to identifying sediment load with erosion) because the measurements are not
done at the source of the sediments ... and ... bed-loads as well as sediments deposited before reaching the
recording station are neglected". Sediment is also attributable to scouring of the banks of the river. The most
effective expression for the rainfall factor (given the rather coarse data concerning monthly rainfall) was
p2
p
where p = amount (mm) falling in the month with the highest rainfall;
P = annual precipitation.

For overall assessment both p and P were, in general, averages over a number of years and alternative
expressions such as the mean value of L� were borne in mind. As pointed out by Fournier,

which emphasizes the importance of both components, p being a crude expression of intensity and P relating
to total input.
Terrain geometry is summed up in the expression
H tan

where

IX

= average height of the catchment;
tan ex = ratio of mean height of catchment to its projected area (related to slope).

H

Using Koppen's well-known climatic classification (as developed by Trewartha), Fournier developed
four equations linking SD (=Y) with the parameter p2 /P.y is expressed in metric tons per km 2 per annum.
y = 6.1 4 p2 / P - 49. 7 8 (regions with limited accentuated relief (H tan ex< 6:8.1 < p2 / P < 20));
y = 2 7.12 p2/ P - 4 75.4 (H tan ex< 6:p2 /P < 20);
y

=

y

= 91.7 8p2/P -

52.49 p2/P - 513.21 (For regions with accentuated relief, H tan ex> 6:p2 /P >9.7 and for all
climates except semi-arid ones);
737.62 (H tan

IX>

6:8< p 2/ P < 9.7 for semi-arid climates).

A general formula is also suggested:

= 2.65 log (p2/P) + 0.46 log (H tan a) - 1.56

log y
e.g.
(a) Irrawaddy Basin
p 2 /P

=

4 4.

H tan a

From observation, y

=

1.52

logy

= 2.879

= 700 tonnes km - 2 per annum and log y = 2.845.
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(b) Minnesota

p 2/P= 12.9

H tan a.= 0.31

From observation, y

=

log y

= 1.137

10 tonnes km- 2 per annum and log y

=

1.0.

Fournier tested the formula for small catchments ( � 2 000 km 2) and found an acceptable fit. This,
however, was not the case for very small catchments ( < I 00 km 2) unless certain conditions were fulfilled
(amongst these the presence of a thick and continuous soil cover). In relation to experimental plots, Fournier
found that the values of the basic linear regressions were similar but that the absolute amounts could be very
different, e.g. under maize and cotton cultivation the loss was many times greater than estimated, although
there was acceptable agreement from plots with continuous herbage cover (it should be recalled that Fournier
claimed to be dealing with only "normal" erosion!).
Although criticized strongly, for example, by Arnoldus (1974), Fournier's approach may nevertheless
retain considerable value in certain situations, and should at least be noted by meteorologists. Indeed, one of
the decisions of the 1978 F AO/UNEP Expert Consultation on the Methodology of Soil Degradation Assess
ment was to advise the use of a modified Fournier index as a measure of the erosivity of rainfall. The revised
index was

L12 p2

1 P

where p is now the monthly prec1p1tation, and its use was recommended, since the rainfall factor of the
universal soil-loss equation is at best difficult to calculate, the necessary detailed long-term data also often
being missing.
The search for the most effective physical parameter to express the erosive potential of rainfall
involved the consideration of terms such as amount of rainfall; energy of rainfall; momentum of rainfall; and
VD (drop velocity x drop diameter).
In all cases it was found that the predictive effectiveness (measured by R 2 - the coefficient of
determination) was improved by incorporating a product term reflecting the interaction of the above para
meters with a term relating to a maximum prolonged intensity (see Table 4.5). That such a term is likely to
prove relevant is qualitatively clear from a consideration of the physical processes involved in erosion. In
TABLE

4.5

Total soil-loss variation (bare fallow) due to various rainfall parameters measured by the value or R 2 (in
determination (from Wischmeier, 1972)

%), where

R is the coefficient or

Soil-1ype and number of storms in analysis
Rains/Orm
paramefer
I
E
M
VD

£and/
Mand/
VD and/
EI
MI
VD/

Topsoil
(136)

Shelby loam
Sub-soil
(136)

56
82
74
78
83
78
79
89
87
86

1 / • ma,.1mum JO-minute- inlcnsi1y dunng storm� 1:,,
model.£/. Ml. VD/ imply an 1nkn1.ctive model

42

77

69
70

77

69
70
82
79
75

Marshall
Silly clay loam
(92)

Fayeue
Sill loam
(115)

Cecil

55

82
70
62
79
86
86
87

76
70
65
62
84
83
83
97
96
85

57
50
63
68

68

69
74
74
74

90
90
90

(81)

I.A>am

Sill
(81)
72
72

67
68
83
81
84

95

93

90

kinetic cncrm or rain: M' • momentum or rain: Vb - drop velocity ,c d1an'i.elcr: £and/· Mand I VD and / imply an addimc'
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particular, if periods of high-intensity rainfall are clustered together the erosion is likely to be greater than if
the same periods are spaced out and separated by periods with relatively light rain; furthermore, high
intensity falls, each of short duration, will be less erosive than if amalgamated into longer spells.
We therefore need some measure of the time distribution of the higher-intensity falls within the
period of the rain. Wischmeier, Smith and Uhland (1958) found that the best single indicator which could be
derived from the conventional chart was the maximum 30-minute intensity (other intervals such as the
maximum five-minute and 15-minute intensities were also investigated (see section 4.2.1.4). The maximum
30-minute intensity may conveniently be regarded as that feature of the rainfall chart which best typifies the
most important erosive manifestation of chart geometry.
Clearly the momentum and the energy in a rainstorm of given total amount will depend jointly
upon the drop diameter (closely coupled with mass) and the velocity (usually terminal velocity) of the drops.
The terminal velocity VT is the highest value attainable in still air of a falling raindrop. Strong winds will
result in an actual velocity exceeding VT ' although little precise work has been done to elucidate the magnitude
of the increase (see Section 3.4.1.1.1).
The spectrum of drop sizes in natural rain has been extensively studied, and some of the main
findings have been presented in Section 3.4.1.1.1. Further quantitative data are displayed in Figures 4.8 and
4.9 from Hudson (1971), who has done much to explore and clarify the physics of raindrops.

([)
!21mm/hour (Lows 1943)
@ 15-40 mm/hour
@ 40-65 mm/hour
@) 65-1!5 mm/hour

6
Drop diameter -mm
Figure 4.8 - Drop-size distribution at low and medium intensities

65-115 mm/hour
@
115-165 mm/hour
@
@ more than 165 mm/hour

Drop diameter -mm
Figure 4.9 - Drop-size distribution at high intensities
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The highest median drop diameter occurs at intensities of 80-100 mm h- 1 and even in tropical
storms intensities rarely exceed 150 mm h - 1•
The relationship between D 50 and intensity is illustrated in Figure 4. 10.

lnlensily-mm/hovr
Figure 4.10- The relation between median volume drop diameter and intensity (from Hudson, 1971)

Given I and hence D 50 and the associated drop-size spectrum, this - in association with the known
terminal velocities - permits momentum and energy to be computed. This successful empirical solution of the
erosion-rainfall interaction clearly calls for a more satisfactory physical explanation.
The detachment of particles of soil from soil aggregation is pre-eminently the result of the impact of
falling drops on to the soil. Whether the phenomena are best represented by energy or momentum is a matter
of debate. Rose (1960) has argued that, in respect of detachment, raindrop momentum rather than energy is
the more appropriate parameter to link with the break-down of soil aggregates and is associated with an
impulsive force at impact or, in the context of a continuous arrival of drops at a surface, with the pressure
exerted per unit area. The fact that the erosion process can be quantified through the concept of either energy
or momentum is partly clarified by Figure 4.11, in which it is shown that, owing to the interrelationships
between properties of the drop-size spectrum, the terminal velocities of drops and the dependence on intensity,
the functional form of the curves linking both momentum and energy are rather similar - and particularly so
for intensities exceeding 25 mm h- 1 (which, it should be noted, is a useful level for specifying that rate above
which the erosivity of a rainstorm becomes a matter of significance).
Momentum
Kinetic energy

0

25

50

75
100 125 !SO 175 200 225
Intensity -mm/hour

Figure 4.11 - A comparison between kinetic energy and momentum as functions of intensity (from Hudson, 1971)
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Further information on energy-intensity relationships is set out in Figure 4.12.
Kelkor (thunderstorms)
32

Hudson

Ker

___-;;;;;a

25

50

75

100

125

Intensity-mm/hour

ITS

150

200

225

Figure 4.12 - The relation between kinetic energy and intensity of rainfall. Each curve extends to the highest intensity recorded. The
studies were carried out in the following countries: Hudson - Rhodesia; Kelkar - India; Ker - Trinidad; Mihara - Japan; Wischmeier United States

4.2.1.3

A basic predictive equation for estimating soil erosion losses

4.2.1.3.1 The predictive equation
Proceeding from the approaches indicated above, Wischmeier, Smith and UhJand {1958) conducted
a multivariate analysis of erosion data from some 8 250 "plot-years" derived from experiments at 35 experi
mental stations. In operating the mathematical model some 19 variables relating to the characteristics of
rainfall were fed into it and "special emphasis was directed towards the eva]uation of the effects of interaction
of the variables" (Wischmeier and Smith, 1958). Results of computations involving selected variables are set
out in Table 4.6.
TABLE 4.6
Percentage of total soil-loss variation explained by nrious factors and combinations, as.wssed by means of the coefficient of determination
(Rl)
Soil 1ype

Shelby•

(a) Precipitation amount
(b) Rainfall energy
(c) Max. 15-min. intensity
(d) Max. 30-min. intensity
(e) Precipitation amount, 15-min. intensity, 30-min.
intensity combined in multiple regression
(j) Energy x /30
(g) E x I and energy; total energy since last tillage
and antecedent precipitation index

l

Shelbyt

Bethany. Missouri

Location
% slope
Years of data
No. of observations

Shelby

8
10
138
73.0
81.7
43.4
56.2

8
10
207

8
10
207

Marsha/It

Faye/le

Clarinda, In.

La Crosse. Wis.

9
7

131

16
6
141

68.3
78.2
40.9
59.8

64.6
73.9
25.7
35.1

38.7
54.9
50.4
56.0

42.2
61.6
65.5
79.9

78.6
89.2

73.8
81.7

67.6
75.6

66.2
70.7

82.6
88.0

92.1

85.8

80.2

78.6

88.3

• Shelby plou autumn-ploughed. But IJ8 ,tonn• exclude rough-plough winter period,
t Seven inches of topsoil mechanically removed.
The "antecedent precipitation.. index relates to 1hc "preceding 30-day pn:cipill.tion with daily bct..ttn·ta10 reductions modified by season.. (Wischmeier and Smith 1958).
.
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The complete regression equation is
y
where y
X(E)
X(I)
X(p)
X(e)

= b0 +

b 1 X(E) + b2 X(I) + h3 X(p) + b4 X(e)

= Computed soil loss in tons (short) per acre;
= rainfall energy in foot-tons (short) per acre;
= X(E) x max. 30-minute intensity (inches per hour, usually written
= antecedent precipitation index;
= accumulated rainfall energy since last tillage of the soil.

El< 301);

The coefficients varied between sites. Wischmeier and Smith (1958) evaluate the situation in the following
terms:
The £ x I interaction variable appears to be a good measure of the combined effects of (a) the decreasing i11filtration ra1e
during a rain. (b) 1he geometrically increasing erosion effect of surface flow, and (c) the protection against raindrop splash which
is affected by the film offlowing ll'ater. A storm with rainfall energy per acre equivalent to that of an average rain but with
very low maximum intensity would have an E x I value low enough to predict no soil loss in spite of the energy value. If the
loll'-in1e11si1y rain lasts long enough. the infiltration rate may finally become low enough for runoff 10 occur. This would shm1 up
in the prediction equation by a sufficiently increased 1010/ rainfall energy 10 make the E x I product term large enough to
predict soil loss. Another rain with much smaller amount and total energy than the one just described. but falling at a high

intensity. may produce a comparable soil loss. Similarly, the magnitude of the product of a low energy value and a high
intensity may be comparable to that of one with high energy and low intensity. In the case of a large rain at high intensity,
the increased soil-detaching and soil-carrying capacities of the turbulent now are described by the very large product of the
two high components of the £ x I term.
The interaction of energy with 15-minute maximum intensity is also highly correlated with soil loss but not so highly as the
interaction with the 30-minute intensity.
The amecedem precipitation index in the equations tiflords a measure of the starting poim on the 1ime-i1,ji/1ra1ion rate wrve.

The fourth variable in the equation, total rainfall energy since last cultivation, provides a measure of the effects of soil
compaction, reduction in surface retention due to levelling of the surface by splash erosion, and sealing of the land surface.
In the final form of the universal soil-loss equation the rainfall factor is exclusively given by the term£/ c301: other rainfall
sensitive aspects of the soil surface being handled by the other terms.

4.2.1.4

Rainfall energy: some characteristics and its calculation

4.2.1.4.1 The El parameter
The magnitude of£ is closely linked with drop-size spectrum and hence intensity. There are, how
ever, two classes of situation in which the£/c 3 oi term ceases to be of practical value (Wischmeier, 1972):
(a) Situations in which droplets are formed in warm air at low altitudes (the term orographic rain is
used) characterized by small drops and very low intensities. The kinetic energy per inch of rain is
very small, and the low value of£/< 3o> corresponds to little rainfall-induced erosion from mode
rate slopes. However, light rainfall accompanying early spring thaws can lead to high runoff
from long and steep slopes with serious consequential erosion (see Smith and Wischmeier, 1962,
p. 115, for additional discussion).
(b) The hurricane-associated rains in,for example, the fiat coastal plains of the Gulf of Mexico. Due
to the flat surfaces, runoff velocities are small, and the prolonged high rainfall intensities result
in the soil being covered by a layer of water suffidently deep to protect the underlying soil from
raindrop impact. On the effect of wind, Smith et al. (ibid.) state that the terminal velocity of a
drop is increased by I /cos (X where (X is inclination of motion of raindrop with the vertical.
The distance of fall required for drops to reach 95% of their terminal velocity is only several metres,
e.g. for drop diameters of 1.00 mm, 2.00 mm, 3.00 mm and 4-6 mm the required distances are 2.2 m, 5.0 m,
7.2 m and 7-8 m respectively; hence with a medium drop diameter of 3.00 mm and a. = 30° , the terminal
velocity will have been increased by 17% and the kinetic energy by 36%.
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An important implication of the data is that the protection of the soil by a forest canopy may be
illusory. Water, collected on the tree foliage into larger drops, may well fall unhindered for 7 or 8 m, so
effectively achieving their terminal velocity, the kinetic energy of the rainfall being greater than that of the
smaller drops of the original precipitation.
Other workers point to differences in the raindrop spectrum as between sub-tropical and tropical
rainfaJI on the one hand and the middle-latitude rainfa11 of the central U .S.A. on the other, where the original
equation was developed. Hudson (197!) suggests that for tropical and subtropical rainfall the factor EJ(J ol
should be replaced by "the total kinetic energy of the rain falling at intensities of more than one inch per
hour". Stocking and Ewing ( 197 3), also concerned with low-latitude regions, and starting from various
reports of a discontinuity in energy at various levels of rainfall intensity, investigated the effectiveness of a
range of parameters (total rainfa11 energy and momentum; Elu > , £/ (J oh EI,151; total energy and total mo
mentum) for fa11s at rates greater than 1 2, 25, 50 mm per hour, and quoted Hudson for energy(£ ) in tropical
rainfall of
E

= [29.82 - 12�·51] joules

They noted that the £/, 301 parameter was based upon investigations with fallow soil and concluded
that EI,151 was superior for freshly ti11ed soil and £/(S) for dense vegetation and for high intensities of
precipitation. The last estimate was, however, valid only for very dense vegetation and it was concluded that
£1< 1 s> was the optimum predictor and that £1<301 was most appropriate for bare uncultivated soils.

4.2. 1.4.2

The calculation of rainfall energy and

the Efc,o1 parameter

If all raindrops were the same size, then the total energy received by unit area would be ½MV2 m
where Mis the total mass of water and Vm the terminal velocity appropriate to the drop size. However, the
greater the rainfa11 intensity, the larger the median drop size (up to the critical intensity), the larger the
terminal velocity and the greater the total energy E. Formulae for computing E in several systems of units
are:
1 = 9 16 + 331 log l(in foot-tons(short) per acre per inch of rainfall) where l = rate in inches
per hour. Table 4.7 sets out results using the above expression.

(a) £

(b) As above, except that l is given in mm h- 1:
£

= 451

2

+ 331 log/.

(c) Energy in metric ton-metres per hectare per cm of rain, and/ in cm h- 1:
£

3

= 2 1 0 + 89 log/.

(d) In SI units: energy in joules per square metre per mm of rain and/ in mm h- 1:

£

4

=

1 1.9 0 + 8.76 log /.

Rainfalls separated by intervals of six hours or more in which less than 0.05 in. falls are regarded as
separate falls. For the direct conversion of £ 1 to £ 3 multiply by 0.269, and from £ 1 to £ 4 by 2.64 x 1 0- 2.
£

4

enables a direct comparison to be made with Hudson's modified result noted earlier.
l (mm h- 1)
1 27.51
25.4
50.8

Wischmeier

30.34
24.2 1
26.84

Hudson

28.82
24.8 0
27.31
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TABLE 4.7
Kinetic energy of natural rainfall (fool-Ions per acre per inch)•
Intensity
(in.h-')t

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

-

1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

-

585
685
743
784
816
843
865
884
901

254
599
692
748
788
819
845
867
886
902

354
611
698
752
791
822
847
869
887
904

412
623
705
757
795
825
850
871
889
906

453
633
711
761
798
827
852
873
891
907

485
643
717
765
801
830
854
875
893
909

512
653
722
769
804
833
856
877
894
910

534
661
728
773
807
835
858
878
896
912

553
669
733
777
810
838
861
880
898
913

570
677
738
781
814
840
863
882
899
915

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

916
I 016
I 074
I 115
1 147
I 174
I 196
I 215
I 232

930
I 023
I 079
1 119
I 150
I 176
1 198
I 217
I 233

974
I 048
I 096
I 132
I 161
I 185
I 206
I 224
1 240

984
1 053
I 100
I 135
I 164
I 187
1 208
I 225
I 241

992
1 059
I 104
I 138
I 166
I 189
I 209
I 227
I 243

I 000
I 064
I 108
I 141
I 169
I 192
I 211
I 229
I 244

I 008
I 069
I 112
I 144
I 171
I 194
I 213
I 230
I 246

I
I
I
I
I
I
I
I

942
029
083
122
153
178
200
218
235

954
I 036
I 088
I 126
I 156
I 181
1 202
I 220
I 237

I
I
I
I
I
I
I
I

964
042
092
129
158
183
204
222
238

• I fooMon per acre per inch = 0.021 Joule per square mclff per millimetre.
t I inch per hour = 25.4 mm per hour.

The details of the computation of energy depend upon the form of the instrumental record. In some
cases the intensity is directly recorded, but more usuaJly the record is that of rainfall against time in a
hyetograph chart, the pen returning to zero "immediately" after traversing the whole width of the chart. The
typical hyetogram consists of a series of rounded steps: then,
(a) To a predetermined degree of precision (dictated by theory or by practical considerations), the

steps are replaced by a series of tangents;

(b) The several intensities (i.e. slopes of tangents) are placed in convenient categories or classes

together with the amount of rain falling at the various intensity ranges;

I___.
I

.....
.....

....
....

I
I

0
C

0

R ot max.
JO Min.
intensity

�--· 30 min. --111

I
I
I
I
I

�-------

I
I

Time__.
Duration of storm

Figure 4.13 - Schematic rainfall trace. The 30-minute intensity is twice the rate R measured over the 30-minute interval
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(c) The value of E for each intensity-class is obtained from Table 4.7 (or equivalent in other
systems of units);
(d) The value of E for each intensity category is then multiplied by the total rainfall associated
with the particular category. (See Figure 4.13.)
The several stages of the computation are set out in the following extract (after Hudson, 1971)
which also includes details for one of the approximate (the KE> 1) approaches.
Sample calculation of erosivity from rainfall records
(a) Using the EI<301 methods:
Intensity
(in. h- 1 )t
0-1
1-2
2-3
>3

Energy•
(foot-tons per acre
per inch)t

Amount
(in.)
1.5
1.0
0.75
0.25

Total
(Col. 2 x Col. 3)
(foot-tons per acre)
I 224
974
786
274

816
974
I 048
I 096

3.5

3 258 foot-tons
per acre

• Calculated from the expression

Kinetic energy= 916 + 331 log 10 1

when kinetic energy is in foot-tons per acre and intensity in inches per hour (Wischmeier, Smith and Uhland, 1958). This
expression is shown in SI units in Figure 4.12.
t I inch per hour • 25.4 mm per hour.
: I rooMon per acre per inch • 0.027 joule per square mclrc per millimetre.

/< 3 o> is derived from raingauge charts as shown in Figure 4.13.
Using a typical figure of say 0.6 inches (15 mm) per hour:
£I<3 o>

=Ex

= 3 258 x 0.6 = I 954.8 foot-tons per acre
( = 1 467 joules m - 2).

I< 3 o>

(b) Using the KE > I method:
The energy of the 1.5 inches of rain at less than I inch per hour is ignored and the remainder
summed:
KE > I = 974 + 786 + 274 = 2 034 foot-tons per acre.
Note on units
The EI<3 o> method was developed in foot-pound-second units and all its applications have been in
those units so there seems little point in converting it into SI units. The KE > I method converts readily to SI
and becomes the KE> 25 method. A sample calculation follows:

Intensity
(mm h-1)

0-25
25-50
50-75
>75

Amount
(mm)

30
20
10

5

Total 65

Energy of
rain
(Joules m- 2
per mm of
rain) (from
Figure 4.12)

Total
(Col. 2 x Col. 3)

26
28
29

520
280
145
945 joules m - 2
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A first approximation may be made by assuming a single average value for the energy of all the rain at
intensities over 25 mm h- 1• Thus
35 mm x 28 J m- 2 mm- 1 = 980 J m- 2
So far attention has been focused on the erosive potential of individual storms, and before passing
to methods and procedures using approximate and/or cruder basic data, some information dealing with the
relationships between erosion and rainfall on a period-average basis will be given.

4.2.2

WATER EROSION: MEAN VALUES OVER EXTENDED PERIODS
Two papers by Wischmeier (1959, 1962) provide a suitable introduction to this topic.

Ignoring storms yielding 0.5 inch (12.7 mm) of rainfall, it was found that, averaging over periods of
10 to 22 years (the latter being a prudent minimum for establishing reliable mean values), the erosion index
on a "seasonal" basis could be computed by summing the individual storm values over the period involved.
The "season" can be defined in agricultural terms, e.g. the year can be divided into four semi-homogeneous
periods: seeding, establishment, growing crop, winter, within each of which there would be no significant
changes in residue effect, cover, management or field physical conditions.
Using various sets of data the El term accounted for some 70% to 85% (or more) of the variance.
The value differed from "season" to "season", the least satisfactory being that for the growing crop period,
and "the percentage of the annual erosive rainfall which occurs during the segment of the crop-year when the
soil in cropped fields is most vulnerable to rainfall differs significantly with location" (Wischmeier, 1962).
As is typical for many sets of hydrological data, the frequency distribution of annual erosion indexes
is of the log-normal type: monthly and seasonal distributions follow the same type.
In the absence of detailed intensity records a useful estimate of the long-term annual erosion index at least for the U.S.A. - can be derived from the three-factor product:
(annual av. rainfall) x (two-year one-hour intensity) x (two-year 24-hour intensity)
This was found to account for 95.4% of the variance in 77 erosion index values for areas east of the Mississippi.
It should be noted that even this approximate method requires hourly rainfall totals.

4.2.3

INDIRECT AND/OR APPROXJMATE ESTIMATES OF RAINFALL INTENSITY

Although all indirect methods must involve approximations, there is a wide range of possibilities,
from procedures involving the recasting of detailed records into a suitable form for the energy computations
to qualitative assessments of intensity based, for example, on the frequency of thunderstorms.
(a) The KE > I method. This has been sufficiently explained in Section 4.2.1.4.1.
(b) In cases where the rainstorm has a single high-intensity period, Wischmeier, Smith and Uhland

(1958) suggest a procedure rather similar to the fundamental method but based on the routine
tabulations of the amount, duration and maximum 5-, 15-, 30- and 60-minute intensities (see
WMO, I 974). From this information are derived amounts and intensities for five-, ten-, 15- and
30-minute periods which are mutually exclusive and a fifth category, which is the average for the
remainder of the storm. Tests revealed that energies so computed were found to be slightly
biased and needed to be multiplied by 1.04 in order to reproduce the results obtained by the
detailed analytical procedure.
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Many storms are indeed characterized by a simple peak intensity - see Farmer and Fletcher
( I 974), who introduce the idea of a rainfall "burst" (rainless gaps of � I h are deemecl to
separate two storms). Considerable attention has been given to peak intensities in relation to
storm-water drainage design (e.g. Holland, 1964, 1968): for a wider discussion and further
references, see WMO (1974). However, whilst it might be expected that the sequence of rainfall
intensities within a storm might affect the relationship between EI and erosion, Wischmeier
{1959) found no correlation between the unexplained residuals in the variance of soil loss and
the timing of the highest intensities. He further points out that since "storm types" appear to be
randomly distributed in time, any effect on the sequence of rainfall intensity will be negligible in
any long-term average predictions.
(c) WMO (1974) lists a number of relationships between rainfall intensities and the more readily
available rainfall data. These include the following:
(i) Average relationship (for the U.S.A.) between precipitation per precipitation day and the
two-year 24-hour fall:
Precipitation per precipitation day (mm)
Two-year 24-hour rainfall (mm)

5
36

8
56

10
79

13
107

(ii) For periods of less than 24 hours, the return period for one-hour rainfall is ascertained and
those for intermediate periods by interpolation.
Two papers (Hershfield, Weiss and Wilson, 1955; Hershfield and Wilson, 1957) show how
the two-year one-hour extreme may be estimated, with increasing precision, by knowing:
- Mean annual rainfall;
- Mean annual number of thunderstorm days;
- Mean annual number of days with rain;
- Mean annual maximum fall per day.
The two-year 24-hour maximum fall may - if need be - be estimated from average pre
cipitation rain-days.
Both papers incorporate useful statistical relationships - namely, for both a 60-minute and
a 24-hour period, the maximum is 1.13 times that for clock-hour and observation day.
When seeking extreme values using Gumbel's (or often the equally appropriate Jog-normal)
curve, different results arise if based upon the N highest annual values or the highest N
values in N-years (the corresponding sequence is known as a partial duration series). The
bias ( I 957 paper) can be expressed by a factor to convert the annual series to a partial
duration basis, namely:
- For 2-year frequency, x 1.13;
- For 5-year frequency, x 1.04;
- For JO-year frequency, x I.QI.
The relationship between the frequency of one-hour intensities and those for other periods
is stated (1955 paper):
I0-minute intensity
15-minute intensity
30-minute intensity
90-minute intensity

~ hourly rate x 3.0;
~ hourly rate x 2.3;

~ hourly rate x 1.5;
~ hourly rate x 0.75.

The n-minute two-year frequency is related to that for other intervals, as follows:
n-minute five-year frequency = 1.4 x n-minute two-year value;
n-minute ten-year frequency = 1.7 x n-minute two-year value.

Given the 24-hour and one-hour values (on a partial duration basis) for a given return
period, diagrams are given whereby intensities for periods from 20 minutes to 24 hours may
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be obtained. Equally, given the two-year and IO0-year values (it is suggested that the ratio
is I: 2.2 (with standard deviation of 0.3)), a nomograph permits the estimation of intensities
for intermediate periods. The necessary nomograph is given in WMO (1974).
(iii) A further relationship between return period and number of days with thunderstorms is:
2-year I-hour rainfall
= 0.2
2-year 24-hour rainfall
Mean annual No. of
thunderstorms

1

0.3

0.4

0.5

8

16

25

Hershfield, Weiss and Wilson (1955) note that, fortuitously, the range of audibility of
thunderstorms roughly coincides with the rain area associated with the storm.
(iv) For periods shorter than one hour, a useful approximation on an annual average basis is:
Duration in n minutes of fall (minutes)
Ratio (n minutes/60 minutes)

5
0.29

10
0.45

15
0.57

30
0.79

e.g., if the JO-year one-hour rainfall is 70 mm, then the 10-year 15-minute fall is
70 x 0.57 ~ 40 mm.
(v) Additional information on intensities is incorporated in Bussey (1950). Attention is concen
trated on "instantaneous" (i.e. one-minute) intensities and those for one hour; a graph
gives the relationship between rate (in. h- 1) at which rain falls in periods of from one
minute to two hours, and the hours per year during which this rate is exceeded. For the
U.S.A., maps are given of the mean annual frequency of falls� I in. (25.4 mm) in a 60minute interval and also the maximum five-minute rate to be expected once in two years. It
was found inter alia that extreme falls in a clock hour ~0.7 that in a 60-minute period (the
factor 0.7 was also found to apply to a range of averaging periods).
(d) Other statistical relationships between intensity (based upon a range of time intervals) and

accessible data are described in a handbook (U.S. Air Force Res. Centre, 1965):

(i) Linear relationships are found between the percentage of time when clock-hourly precipita
tion rate is�0.06 in. (1.5 mm) h- 1;�0.12 in. (3.0 mm) h- 1;�0.18 in. (4.6 mm) h- 1: and the
ratio
Annual precipitation
Days with precipitation� 0.01 in. (0.25 mm)
(The above rates are, of course, well below those of concern in relation to erosion.)
(ii) A log-log relationship exists between the rate of rainfaJI and hours per year during which a
particular rate was exceeded. The precise relationship depends on the averaging period for
the rain, e.g. whether based on mean rates over two-hour, one-hour, 30-minute or "in
stantaneous" (i.e. one-minute) intervals. The data, although for Washington, D.C., lead to
conclusions believed to be of wider relevance. For hourly rates from about 0.07 in. (1.8 mm)
h- 1 to 0.20 in. (5.0 mm) h - 1 the results do not vary appreciably according to the interval.
However, for erosive intensities, e.g. for intensities� I in. (25 mm) h- 1, considerable differ
ences arise.
Time interval (minutes)
Hours year- 1

1
4.0

30
2.7

60
1.4

120
0.5

(e) Okuto (1968) has demonstrated that, in Japan, the frequencies of days with heavy rain (defined

in categories�50� JOO�150 �200�300 �400 mm) were exponential.
Rainfall
Frequencies

�50
8 247

�100
I 643

�150
488

�200
31

�300
8

�400
2
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A similar analysis has been undertaken by Seguti (1971), again for Japan, in which days of
heavy rain are plotted against annual rainfall. Both authors examined regional variations and
the latter analyses the seasonal and synoptic patterns associated with heavy rain.
(f) Amongst the broad-scale approaches which may provide useful pointers to information on
rainfall intensities are those of:
(i) Ramage (I 970), who studied the association between synoptic features (squall lines, thun
derstorms) and the accompanying rainfall;
(ii) Jakovleva ( I 971), who attempted to find regularities in the occurrences and sequences of
daily amounts of rainfall � 30 mm in an area of several 104 km 2 extending southwards from
Leningrad; and
(iii) Synoptic and climatological studies of heavy rainfall which include the geographical dis
tribution of tropical storms (WMO, I 970(c)) and the particular problems of mountainous
areas (WMO, 1973(a)).

4.2.4

REGIONAL DISTRIBUTION OF HIGH-INTENSITY RAINFALL

Extensive reference has already been made to the statistics of extreme values and in particular to
concepts such as the 24-hour two-year maximum. The question of the representativeness of a single station
record, namely the "point-areal" rainfall problem, is common to all climates although probably most difficult
in arid or semi-arid areas and in mountainous country. Flohn (1971) points out that, in arid regions, "rainfall
amounts measured by adjacent stations are only weakly (if at all) cross-correlated" and that "observations
from a single station are hardly representative of a larger area". Thus risk analysis of water erosion will
depend on the - strictly irrelevant - consideration of the density of reporting stations, namely on the "point
areal" relationships.
Rusin (1970) presents a useful summary of point-areal differences - at least for "central and southern
areas of U.S.S.R. European territory and for the Far East". They seem to be representative for any plain,
even area, with hilly relief only, in temperate latitudes. Chin (in WMO, 1970(c)) discusses the problem in
relation to Hong Kong. Other accessible statistical studies appear in WMO (1974), e.g. papers by Cole,
Kulkarni, Khatavkar and Shaw; and Schickendanz (1971) utilized the information from a dense network to
derive estimates for a more open network, his principal concern being with annual and daily areal mean
values.
In Section 5.1.1.3 it has been stated that, in humid regions, the total rainfall in the heavier storms is
more important than the erosive contribution of even extreme storms, whereas in arid and semi-arid areas the
dominant feature is the aggressiveness of the individual storm. These ideas move in parallel with a general
impression that the intensity of the occasional storm in arid areas is extreme. However, in an earlier study,
Russell (1933), relying mainly on data from the arid south-western states of the U.S.A., maintained that
neither a high intensity (the "cloudburst" concept) nor "spottiness" of rainfall is exceptional in the arid
areas. Much more intensive rainfall occurs frequently in the humid areas and the spatial irregularity is at least
as great as in the desert. Soil degradation is attributed more to runoff than to intensity and, in S.W. Arizona,
is claimed to be more likely in the winter (with cyclone rains) than in summer (with the convectional activity
normally associated with erosion). These general conclusions are in conformity with the maps of the erosion
index published by Wischmeier. Whatever the precise mechanism operating in the arid and semi-arid regions,
the transport of large rock fragments (Birot (1969, pp. 98-100) quotes rocks of several cubic metres in
volume) necessitates a vigorous flow-rate: reasons no doubt include the steep, if limited, slopes and/or the
endoreic (Birot, p. 96) nature, in truly arid as against semi-arid regions, of the hydrographic network where
"the organization of the drainage system is very sketchy and one is dealing with a multitude of depressions of
small size", namely coherent networks between 100 and I 000 km 2 •
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4.3

Wind erosion

4.3.1

GENERAL CONSIDERATJONS

Soil and sand particles can be disturbed and be transported through the action of wind in three
broadly distinguishable ways:
(a) In suspension, by dust-clouds extending vertically to 3 000 m or more and capable of travelling

over great distances (of the order of I 0 2 and I 0 3 km);

(b) On, or near, the surface (i.e. below a few metres) by saltation (jumping) and surface creep
(rolling along the surface);
(c) By mass drift, as manifest by migrating sand-dunes in certain desert regions.
The two processes mentioned in (b) differ in the relative importance of the several physical and
other characteristics operating or present, and to an extent which is often regarded as sufficiently distinct to
warrant separate treatment. Phenomena under (a) and (b) are described in some detail in Chapter 3.3, whilst
Bagnold ( 1954) gives a full account of the large-scale surface drift referred to in (c).
Although dust-storms are the most spectacular of wind-erosion manifestations, by far the greatest
amount of material is moved by saltation - in which particles bounce along the surface in low, flat trajectories
(typically, the length of a jump is about ten times its height). Nevertheless, it must be noted that the mass of
material that can be transported in a dust-storm can be very great. Hudson (1971) quotes Bennett (1939),
who states that a storm covering 13 000 km 2 to a height of 3 050 m could carry 7 million tons of soil (this
corresponds to a density or concentration of about 0.2 g m - 3). Chepil ( 1965), after quoting the empirical
relationships between visual range and dust concentration, noted that, in western Kansas and eastern
Colorado during the dust-storms of 1954 and 1955, the average rate of removal of soil was about 10 000
tons per hour per vertical square mile (3.86 x 106 kg h- 1 km- 2) (transport above one mile high was as
sumed negligible). Taking note of the duration of the dust-storm at Dodge City, Kansas, it was esti
mated that some 2.70 x I 09 kg of dust per km width normal to the wind direction moved past Dodge
City into the region beyond.
The wind-erodability of a particle of given density depends upon its size (often expressed in terms of
"equivalent diameter"). Equivalent diameter is defined as
p.D
2.65
where

p

D
2.65

= the bulk density of the soil particles (air spaces within the soil aggregates included);
= particle diameter as derived from dry sieving;
= the density of quartz (g cm 3).

The relationship between the erodability of a sand grain and its diameter is well illustrated in Figure 4.14
(Hudson, 1971).
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Figure 4.14 - Fann of particle movement as a function of particle size

The more precise relationship between particle movement and diameter is discussed in Section 3.3,
where it is shown that wind speed, thermal stability and soil moisture can each critically influence wind
erosion.
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The importance of surface roughness (more generally surface geometry) has frequently been stressed;
some aspects are discussed in Subsection 3.3.2.1 and additional recent work in this chapter under Section
4.3.2.
For a concise but authoritative review of the whole subject up to that date, see Chepil (I 965).
4.3.1.1

The surface wind

4. 3. I . I . I Surfac� drag; "friction veloc.ity"; vertical wind-speed profiles

In fully developed turbulent flow (turbulent flow is the rule rather than the exception in nature)
mean horizontal wind speed at z = z may be expressed as
u<•>
where

= 5.75 A log z/z 0

= drag per unit area exerted by the wind on the ground surface;
= air density;
u<z) = mean speed at z = z;
z0 = a "constant" for a particular surface and such that u(z0) = 0, i.e. mean speed is reduced to
r

p

zero at some distance above the soil-air interface.

N.B. In most meteorological texts, natural logarithms are used and

k = 0.4 (von Karman's constant)

The quantity z 0 is con11ected with the vertical dimensions of the roughness elements on the fluid
bed. Nikuradse (1933), when studying fully developed turbulent flow over a bed roughened with sand grains
of diameter e stated that
z0

::::::

e/30

In bis experiments, Bagnold found that e could be more satisfactorily specified by the depth of small craters
formed by the impact of saltating grains on the fluid bed (see Section 4.3.2.3 for additional discussion of this
topic).
The forces exerted on a submerged body by a moving fluid are proportioned to (velocity) 2• Now the
dimensions of the ratio r/p are (LT- 1 )2 or (velocity)2; we may thus postulate a velocity u. where
and u ,. 2 is thus proportioned to the drag exerted on the fluid bed by the moving stream.
From the form of the equation we note that u. is both the slope of a linear velocity profile on a
u-log z diagram, and a velocity associated with the drag exerted on a fluid bed.
The equation is derived on the assumption that the vertical exchange of momentum (and the trans
rmss1on of drag) is effected solely by the interchange of eddies generated by mechanical friction and, in
particular, the vertical motions are in no way due to buoyancy forces: in meteorological tenninology when
the lapse-rate of temperature (i.e. the reduction with height) is nearly I °C per 100 m, namely the adiabatic
lapse rate, the air-stream exhibits neutral stability. If the ground surface is strongly heated, temperature falls
off with height at a rate more rapid than adiabatic, the atmospheric layer becomes unstable, buoyancy
forces become increasingly important and the upward motions significantly assist in the vertical transport of
soil and dust particles.
From the equation quoted above, we have
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For non-neutral conditions Deacon (I 953) postulated

du
= bz-P
dz

where

f3 < I applies to unstable conditions,

f3 = I applies to neutral conditions,
f3 > I applies to stable conditions,

and is consistent with a generalized profile of the form
u

=

u,..

k(l - /3)

[(z)l-p]
zo

Whilst the logarithmic profile law describes the velocity distribution very efficiently in the lowest
100 m or so, a power law is usually adopted when a deeper layer is under consideration. Such a law is also
more tractable mathematically and is accordingly frequently utilized for pollution studies even at low levels.
The general form is

where p varies with stability: p
stable conditions.

~ 0.14 for unstable conditions; p ~ 0.17 for neutral conditions; p ~ 0.33 for

The extreme limits for p are from near zero to 1.0. In extremely unstable conditions (e.g. below
violent dust-storms) wind speed is sensibly constant within surface layers
U2

=

U1 . ' .

p--+ 0.

Davenport (1960) examined the variation of the exponent p in relation to both thermal stability and
surface roughness noting, in passing, Brunt's comment (1952) that "if the variation of wind with height be
represented by a power law zP, it is found that p is increased by an increase in either roughness or stability".
Davenport uses the exponent I/a for p in the equation
u(z)

where

I/a

=

kz 11«

= t for open country, flat coastal belts, small islands situated in large bodies of water, prairie
grassland, tundra, etc.;
n- for wooded countryside, parkland, towns, outskirts of large cities, rough coastal belts;
for centres of large cities.

n

Large-scale pressure differences give rise to wind systems and, at heights above the level at which
surface frictional effects can be identified, produce the gradient wind (i.e. a wind velocity consistent with the
horizontal pressure gradient, the Coriolis force and the curvature of the air trajectories). The frictional drag
exerted by the surface on the wind is shown by the differences in speed at some standard height within the
friction layer - a height of I 0 m or 30 ft is a common standard - as a given gradient wind passes over
different surfaces. Davenport (1960) quotes some illustrative examples:
(a) Central Canada: Mean annual wind speed in prairies 12-16 m.p.h. {19.2-25.6 km h- 1)
Mean annual wind speed in parkland 9-12 m.p.h. (14.4-19.2 km h- 1)
Mean annual wind speed in forests 5-9 m.p.h. (8.0---14.4 km h- 1)
(b) For nine Canadian cities the speed in the city averages 65% of that at the city airport.
(c) During hurricanes in Florida, wind over land (in everglades covered with scrub cypress) was:

Approximately 60% that over water (when V = 50 m.p.h. (80 km h- 1))
Approximately 74% that over water (when V = 80 m.p.h. (128 km h- 1))
(d) On one occasion when the whole of the British Isles was covered with parallel isobars running

west to east, all stations on the western side gave speeds of about 42 m.p.h. (67.2 km h- 1) and
on the eastern side about 21 rn.p.h. (33.6 km h- 1). Assuming that one-third of the gradient
speed is lost by the passage over the sea, then a further one-third is lost by passage over the
adjacent land.
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Broad-scale comparisons of this type throw some light on the relative susceptibility of different geographical
areas to wind erosion.
Davenport considers the relationship between the three categories of surface mentioned when discussing a, and the height z, at which the gradient speed is achieved. He suggests average values z, as below:
Smooth ground etc.: z 1
Wooded country etc.: z8
z8
Cities:

= 900 ft (270 m);
= I 300 ft (390 m);
= I 700 ft (5 10 m).

These values can be incorporated into a general expression
u(z)

z ]''«
= u,[ :
z

If surface obstructions are such as to give rise to more than one field of flow, then the fully developed
turbulent field may not be operative below some value z = d where d is usua1ly known as the zero-point
displacement. Such situations arise with air-flow across a cornfield, a closely packed stand of trees, a forest:
in these situations the flow in the zone O < z < d amongst the roughness elements is not fully coupled with
the external flow and in that case, the logarithmic form of the equation becomes
u

z-d

= 5.75u •. log-

zo
(see Chepil and Woodruff, 1963 , for additional comments on these topics).

4.3. 1 .1.2 Approximate relationships between 11, and "•
Data on wind velocity relate to some height above the actual ground surface - typically 10 m (30 ft),
possibly 50 ft and from certain classes of reporting stations I m or 2 m.
In addition, within the context of field studies of erosion and associated wind-tunnel investigations,
wind-speeds at 6 in. (I 5 cm) and l ft (30 cm) are frequently quoted and utilized as standards. For convenience
we may define the following symbols:
- friction-velocity, linked to drag (i') per unit surface area by the equation 't' = pu. 2, is the
slope of the plot of vertical wind-speed profile with u-log z co-ordinates and is the increment
of speed per unit increment of log z. Under practical field conditions it is difficult to ascer
tain.
u(z 1) - wind speed at a few tens of centimetres from the surface arising in both wind-tunnel and
experimental field work. Typically z 1 is either 6 in. (15 cm) or I ft (30 cm) and often strictly
15 cm.
u(z2 )- "climatological" wind velocity and measured at standard height of 10 m up to about 15 m.
Sub-standard measurements are taken at z = I m or 2 m (often in connection with evapora
tion estimates and tank measurements). Broadly, measurements at I m and certainly at 2 m
are more closely coupled to the z = 10 m observation, in contrast to the u(z 1 ) measurements
which respond to particular surface characteristics.

u.

Some equivalents cu1led from the literature are set out below:

~ ,1ir u(z2 ) ranging between 3% and 12% (lower value for surfaces of smooth
appearance).

(a) Sutton (1953): u.

(b) Chepi/and Woodruf/(1963): u.

~ 15 cm s- 1 equivalent to u(z ) ~ 10 m.p.h. at z 1 = 30 cm

(c) Bedarev has suggested:
u (12-15 cm) 3.5 to 6 m s- 1 then u (10 m)
u (12-15 cm) 3.5 to 6 m s- 1 then u (10 m)

1

~ 6-9 m s- (light soils);
~ 10-15 m s- (heavy soils).
1

1
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(d) Chepi/(1941): u (30 cm)~ 27 km h- 1 (17 m.p.h.) corresponds to moderate wind in the open;
u (30 cm) ~ 35 km h- 1 ( 22 m.p.h.) corresponds to high natural wind;
u (30 cm) ~ 48 km h- 1 (30 m.p.h.) corresponds to very rare events;
u (30 cm) ~ 48 km h- 1 (30 m.p.h.) corresponds to 80 km h- 1 to 112 km b- 1 (50-70
m.p.h.) at standard height.
(e) Chepi/(1956): u (15 cm) km h- 1 32
11 (~15 m) km h- 1 61

42
78

50
96

Assuming the ,th power law, the ratios of wind speeds at selected heights are given below:
u (900 cm)
11 (30 cm)

u(I 500 cm)
u(30 cm)
u(900 cm)
(
)
u 15 cm
u(I 500 cm)
u(15 cm)

= 1.625 ~ 1.6
= 1.75

~ 1.75

= 1.79

~ 1.8

= 1.93 ~ 1.9

Chepil's (1956) values quoted in (e) agree quite well with the computed ratio of 1.9.
4.3.1.1.3

Critical wind speeds

As the air stream moves over an erodable bed a drag is exerted on the surface elements, and until the
value of u. (-r = pu. 2) becomes large enough to dislodge any of the uppermost particles, the bed remains
undisturbed. It is important to appreciate that the drag or shearing stress is generated by, and is a physical
attribute of, the fluid and not of the surface, thus a range of values of -r (and of u.) are possible over the same
surface.
As u. increases, a "threshold" value V,.. is reached at which some of the grains are dislodged by
fluid pressure, and
V,..

where

<1
p
g

d
A

=

A

J<T �

p.g.d

= density of granules (for quartz 2.65 g cm- 3);
= density of fluid (for air 1.2 x 10- 3 g cm- 3);
= acceleration of gravity;
= diameter of particle;
= a constant ( � 0.1).

Since <1 » p the expression reduces to
JI;
gd

= c. A 2(c =

<1/p)

(see Section 3.3.5 for additional information).
From the above equation we note that
diameter > O. l mm is illustrated in Figure 4.15.

v. oc fo
fa

and the linear relationship for particles of

An exact relationship between v. and
cannot be expected since v. is associated with a
wind speed measured over some period (a second, a minute, an hour) whilst, in addition, turbulent eddies are
embedded in the mean flow. The phenomenon of "singing sands" (see Bagnold, 1954) illustrates the fact that,
in nature, the forces causing particle movement are not simply a function of mean wind speed. Chepil and
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Woodruff (1963), in a study of pressure fluctuations ansmg from turbulence, found from oscillograpb
records that the period of the shortest vibration lay between
and � of a second. Assuming that
fluctuations of pressure are distributed approximately normally about the mean pressure and that sd is the
standard deviation of pressure fluctuations, then some 99.73% of the range of pressure variation is included
within the limits p ± 3(sd). A turbulence factor T(ratio of maximum to mean pressure) was adopted:

-k

T= p

+

3(sd)

and a value of T = 2.5 found to be satisfactory "in relation to both lift and drag". Extreme values occur
two or three times a second at any point, and Chepil and Woodruff incorporate the factor Twhen computing
the effective drag exerted by a moving air stream. It may be of interest to note that Bagnold - when
experimentally testing the relationship between measured and calculated values of q (rate of flow of sand in g
per cm width of path, per second) for several values of v. gives:

v.

q (measured)
q (calculated)

where q (calculated)

=

25

40.4

50.5

62

88

1.35

1.28

1.40

l.36

1.30

(cm s- 1)

l.l� V. 3. He suggests that the departure of the ratio from unity is "probably due to the

grains of sand used not being identical in size" (as required by theory) and that the saltation of the larger
grains would have a proportionally greater effect upon mass movement. It is however possible that the dis
crepancy might be due to the contribution of energy of turbulence.
When v. reaches the critical level (e.g. v. = 19 cm s- 1 in Figure 4.16), movement, by saltation of a
large number of grains, becomes established. It is found that the velocity profile over a moving bed is also
linear but now originating from a point (V., k') where k' is related to the average maximum height attained by
the bulk of the moving particles. The new profile law is of the form
V = 5.75 V'* log z/k' + V.

following Bagnold, in which V* and k of the stationary bed are replaced by V'* and k of the moving bed.
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Once a steady grain-flow has been established, the drag velocity (the impact velocity) required to
sustain it is less than the threshold velocity required to initiate it (energy having been extracted from the
stream by the saltating particles).
The extraction of fluid momentum by the moving grains is illustrated in Figure 4.16, e.g., by the
comparison of the speeds at z = 1 cm for the two cases with v. = 62 cm s- 1 and V� = 62 cm s- 1 and 8.8
m s- 1 and 4.3 m s- 1 for the stationary and moving bed respectively.
It will be noted (Figure 4.15) that the difference between the two critical velocities is vanishingly
small for that value of
associated with the most easily erodable soil fraction. In the basic equation for
the critical velocities it is found that A = 0.1 for the fluid threshold velocity and A = 0.085 for the impact
threshold velocity.

fo

In field conditions the distinction between the two thresholds becomes obscured by other factors
bound up with the range of grain sizes and their condition in any actual soil sample:
(a) Recently cultivated, non-eroded soil contains a wide size range of particles. Very fine dust

protects other erodable fractions, but is carried away in suspension faster than the larger more
erodable particles. The latter are then affected and their movement in saltation breaks down
other non-erodable clods to susceptible material. There is thus a continued sorting out of
material and the more erodable material may be deposited in irregularly distributed hummocks
or dunes of various sizes. Thus with each wind-storm (until all erodable material has been
removed) the susceptibility of the soil increases and the threshold velocity decreases. An indica
tion of the difference between the drifted dune material and the original cultivated soil (and
incidentally between fluid and impact thresholds) is given in Table 4.8 (Chepil, 1945).
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(b} An uneroded field typically has a thin (protective) surface crust. To break through this a higher
velocity is needed than to initiate subsequent movement. The initial wind-storm needs to be of a
higher speed category than any subsequent ones.
(c) Moisture inhibits movement but dune material lacks the fine particles (d < 0.02 mm) necessary
for binding the materials, and only a few grains moving in saltation are required to start
motion.
TABLE 4.8
Minimum impact and fluid threshold velocities {cm s- ') for various cultivated soils and for dune materials resulting
from exposure of these solls to wind erosion
Minimal impact threshold
at z = 12 in. (30 cm)

Soil type

Regina heavy clay
Sceptre clay
Fox Valley silty clay loam
Cypress clay loam
Haverhill loam
Haverhill light loam
Hatton fine sandy loam

Minimum fluid threshold
at z = 12 in. (30 cm)

Cultivated

Dune

Cultivated

Dune

23.1
23.0
23.0
21.1
20.5
20.4
18.5

14.5
14.2
13.1
13.7
12.8
13.0
14.3

24.6
24.2
23.9
22.1
21.1
21.7
19.2

15.7
15.2
13.9
14.1
13.6
13.7
14.9

Thus, in practice, there is a range of threshold velocities for any soil and "this range varies from the
threshold velocity of the drifted dune material to the threshold of the previous non-eroded field. This range
may be anywhere from 13 to 30 miles (21 to 48 km) per hour at 1 ft (30 cm) height. Once a bare field has
been exposed to continued action of erosive winds, however, it generally starts to erode when the wind
reaches a velocity of 13 to 15 m.p.h. (21-24 km h- 1) at 1 ft (30 cm) height." (ChepiJ, 1945.)
4.3. l.2

"Fetch". Directional persistence of wind. "Steadiness" or "constancy" of wind

Obviously an adequate "fetch" over an erodable bed is required before the erosive potential of a
moving air-stream is fully realized. This implies that under field conditions the wind direction must remain
sensibly constant for a sufficient time. It must be stressed, however, that, in practice, damage to agricultural
crops arising from moving soil does not require that the soil be transported great distances - a seed-bed of
shallow-rooted plants (e.g. carrots) can be effectively destroyed and the potential crop lost even if the topsoil
is merely transferred to adjacent field ditches or borders. The fetch required for the soil flow to reach its
maximum has been expressed by Chepil (1959) and Chepil and Woodruff (1963) in Table 4.9
where

fw (a dimensionless parameter)

= Xz/X 1 ;

X1

= the quantity of soil eroded from an area of which its length along the wind-erosion direction

X2

= that eroded under the same set of conditions when the soil contains any other proportion of

does not exceed 90 cm, when the soil contains 60% of clods > 0.84 mm in diameter;
clods of diameter > 0.84 mm.

TABLE 4.9
Relationship between wind-tunnel erodabiUty of a field surface and distance for soil-flow to reach a maximum
lw

920.0

300.0

50.0

39.0

19.0

7.5

6.1

5.1

Distance (m)

54

90

330

480

660

I 170

I 230

I 560

An alternative expression of the same general relationship (Chepil, 1965) can be given in terms of
soil erodability /, where / = the potential average annual soil loss from an unsheltered, wide, isolated field
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with a smooth, bare and uncrusted surface under climatic conditions similar to those at Garden City,
Kansas.

TA8LE4.10
Relationship between nerage soil lo� (kg km"1 y-1) and distance from windward field
boundary, at which maximum flow rate is achieved under specified conditions
Distance do\\mvard 10 reach
max. flow (metres)

250
650

880
532
324
224

1200
2000
3000

152

Clearly, therefore, a steady state must exist for some time if soil removal is to amount to a significant
quantity; and this, in turn, presupposes that the downwind fetch is virtually unobstructed for a considerable
distance. "Soil flow is zero on the windward edge of a legal, eroding field, but increases, or 'avalanches' for
I O to 500 m or more before it becomes the maximum that a wind of a particular velocity can sustain."
(Chepil, 1965.) Elsewhere (Chepil and Woodruff, 1963) it is noted that in order to stabilize a large field (i.e.
for the wind to remove the erodable fraction of the soil), it would require "on average about 120 hours of
continuous exposure to erosive wind blowing from a single direction to stabilize one half-mile length. Erosive
winds however seldom blow continuously from one direction for such a period."
Transport of appreciable quantities of material over considerable distances (at least several kilo
metres or tens of kilometres ) presupposes that an erosive wind blows for a sufficient period - at least for
several hours - from a narrow range of directions. Hence a parameter which responds to these properties of
the wind is required; one such parameter is that termed "constancy" by Brooks and Carruthers ( 1953 ) or
"steadiness" (Singer, 1967).
A first approximation to the solution is usually through the concept of " persistence" for which a
frequency distribution is formed of the sequences of 2, 3, 4 ... consecutive observations (e.g. mean hourly
wind velocity) during which the wind direction remains within some predetermined narrow range. (N.B. The
averaging period for the basic observations may range from seconds to hours (to days); however, it is found
that a mean wind direction does not vary greatly within a 60-minute period, and the hourly means customarily
observed and recorded by many Meteorological Services form an acceptable series for analysis. It should also
be added that the shape and basic pattern of a wind-rose formed from the data are not materially altered if,
for hour-by-hour observations, readings are taken at (say) three- or even six-hourly intervals (single daily
observations can form a useful basic observational series); see, for example, Brookfield (1970(b)) for a discus
sion of the loss of information as the sampling frequency is reduced.)
As stressed by Singer, a single departure from any given directional range will break the sequence
even though the wind direction may immediately revert to the original direction. To give adequate weight to
a sequence in spite of transient departures in direction, Brooks and Carruthers and Singer utilize a parameter
Modulus of vector mean wind
Scalar mean

V
ii

= - or

"q" (Brooks and Carruthers)
"k" (Singer)

If wind direction remains sensibly constant, the net displacement of an air particle from any origin equals the
total displacement, leading to vector mean speed = scalar mean speed and q = 1.0. If the speed remains
constant, but the direction exactly reverses half-way through the time interval, net displacement = 0. :.
q = 0. A value of q = 0 can also arise from a situation in which a symmetrical direction and speed distribution
occur. An indefinite combination of speed and direction can result in zero net displacement and q = 0, and
equally, any other value of q up to but excluding 1.0 can be generated by an indefinite number of situations.
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As shown by Singer, the resultant of two wind vectors will depend on the angle D between them and
will range in a non-linear manner from k = 1.0 and D = 0 to k = 0.0 and D = 180° ; the trace of k is convex
to a horizontal, linear D-axis.
Singer uses a transformation

as a result of which equal incremental changes in S correspond to equal steps of D. In particular a change of
0.1 in S corresponds to a change of 18 ° in D, and conversely.
As with q (or k), S does not uniquely define the wind condition and "rapid or large changes in
either wind speed or wind direction could influence the significance of S' (Singer). Singer applied the concept
to hourly mean speeds, mainly from Brookhaven, U.S.A., but also for other sites. Values of S were computed
for "running means" for averaging periods of 2, 4 and 12 hours and I, 2, 4, 8, 16 and 30 days. (N.B. If by
"running means" is meant "moving averages", then this statistical procedure will impose a degree of coherence
which may not exist in the original data.) His results show that for averaging periods of two hours, four
hours and 12 hours the modal value of Sis 0.9 or more with a markedly negatively skewed and leptokurtic
distribution. For a 24-hour (one-day) period, the modal value is still hjgh (e.g. > 0.8) but the distribution
becomes flatter (i.e. more platykurtic) and for two days or more the distribution approaches a Gaussian
form. There is an abrupt change in the shape of the distribution between one- and two-day averaging periods
with a rapid decrease in the modal value (ex ,-1) as -r (averaging period) increases.
An analysis of S over the U.S.A. showed marked spatial patterns which varied with the averaging
period (and which - according to other studies - vary with time of year). An important finding is that "areas
of high persistence occur only with high wind speeds from preferred directions" and that "these directions are
associated with well-defined pressure systems".
An extended study using q in the context of wind erosion in "arid Australia" has been published by
Brookfield (1970). The bulk of the basic data used consists of observations at 0300, 0600, 0900, 1200, 1500
and 1800 hours for seven years, supplemented by less complete data for shorter periods. Observations are
placed in four categories with secondary classifications relating to:
(a) Winds capable of initiating sand movement, i.e. �9 knots (10 miles h- 1; 5 m s- 1);
(b) "Strong winds" capable of transporting considerable amounts of sand, i.e. � 19 knots (22 miles

h- 1; 10 m s- 1).

Mean vector and scalar winds were computed for each category or group, and the associated (over
all) value of q calculated. Average annual values of q were highest ( �50%) in the north-east of the region,
falling to below 40% in the south and west. Values in individual seasons varied from 70% or slightly more to
less than 10%. The extremes are represented by the data in Table 4.11.
TABLE 4.11
Values of q (%) at two stations in Central Australia, 1957-1963
(from Brookfield, 1970)

S1a1ions
�

March-May (autumn)
June-August (winter)
Sept.-Nov. (spring)
Dec.-Feb. (summer)
Year
• For defin.i..1on, sec texL

Tennant Creek
All winds

74
73
51
39
59

Oodnada11a

S1rong winds•

90

88

68
52
79

All winds

46
9

22
S3

33

Strong ll'inds•

48

28

25
63
34
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For comparison of "all winds" Gloyne (1959) derived seasonal values for the open sea (Ocean
Weather Ship J, 52° 30'N, 20° W, 1950-1955 incl.) of autumn 46%, winter 45%, spring 17%, summer 51%.
Brookfield found that the directional distribution of winds ;;a, 9 knots was similar to the pattern for

all winds but that the annual pattern for strong winds ( ;;a, 34 km h- 1 ) may be very different, the strong winds

sometimes blowing from the opposite quadrant to the prevailing winds. Furthermore, q was higher for the
stronger winds (see table), in agreement with Singer's findings.
A related analysis was carried out by Chepil, Siddaway and Arm burst {I 964) in which they intro
duced a "prevailing wind-erosion direction". The main purpose of this analysis was to establish the optimum
direction in which to orientate protective shelterbelts or screens; in these circumstances "erosion in any field
is the same, whether the wind is blowing from one direction or whether it comes from the opposite direction".
As mentioned earlier, damage from wind erosion does not necessarily involve bulk transport over large
distances - it is sufficient for the topsoil to be disturbed and shifted elsewhere.
For this analysis a special type of wind-rose was constructed. Lines of length I, (r = I to 16) were
drawn towards the centre of the wind-rose from the 16 main directions, I, being defined as the "relative"
amount of erosion by wind in a particular direction. I, is proportional to the product of the percentage of
16

time the wind blows fr om a particular direction (F,) and to V� If L. /, = X, then
r=I

F,�

I,= -16___ X
"EF,V;
l

To determine the "prevailing" direction a line was drawn "through the longest distance across the general
area outlined by the wind-erosion rose, . . . the area being taken as that . . . bounded by the shortest continuous
line joining the outer points of the radiating lines of the rose". Taking the joint length of a pair of diametrically
opposed lines as the unit, then the length of such a pair must exceed 12.5% of the total length of all lines to
justify the description as a "prevailing" direction. Chepil et al. suggest that not until the percentage reaches
25% can the associated direction be termed "the significantly prevailing wind direction".
4.3.2

INFLUENCE OF SURFACE GEOMETRY AND SURFACE ROUGHNESS ON WIND VELOCITY

The geometrical properties of the Earth's surface (its height - both absolute and relative, slope,
orientation, three-dimensional shape) as well as the character of natural and artificial obstructions (e.g.
stones and rocks, bushes and trees, walls and fences, embankments, constructions of all types) are all matters
of direct meteorological concern. The scale of the meteorological phenomena, and hence the dimensions of
the surface features under consideration, will vary with the phenomena and with the meteorological element(s)
involved.
Dynamic meteorologists recognize the importance of the major categories of land refief and of
surface cover in the construction of mathematical models of the general circulation, whilst micrometeoro
logists can rarely ignore small features such as the slope and orientation of a plough furrow.
Both water and wind erosion are critically dependent upon surface relief and cover. Relief directly
influences - through the gross effects of forced uplift - the amount and intensity of precipitation; whjlst there
is evidence of increased light rainfall being induced by the turbulence generated by an assembly
of obstructions, e.g. a forest. Even more obviously affected are the movement and disposal of rainfall after
reaching the ground: the intensity and duration of runoff, the liability to flooding and waterlogging.
With regard to wind erosion, the large-scale characteristics of the surface wind are obviously de
cisively affected by large-scale geographical features, e.g. mountains, and by major contrasts in surface
characteristics, e.g. as between an ocean surface, the adjacent coastal mud-flats and neighbouring farmland
and built-up areas. The consequential differences in wind speed necessarily feature in any analysis of wind
erosion and possible ameliorative measures.
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Geomorphologists, land surveyors, etc. have attempted to classify terrain geometry using concepts
such as ruggedness, the convexity or concavity of surfaces, slope gradient, ridginess and drainage density.
Latterly, they and others (amongst them meteorologists, e.g. Lettau, 1967) have attempted to parameterize the
three-dimensional shape of the landscape. A relatively sophisticated classification has been described by
Speight (1968) as "applicable to (water) erosional situations". He suggests that landscape could be classified
according to land elements (slope, rate of change of slope, contour curvature, unit catchment area) and land
systems. Parameters for the latter were:
Ridginess:
Total density of crest per unit area (analogous to drainage density);
Reticulation: Total length of longest connected network of crests projected into the sample area;
Orientation: The directional properties of crests within a sample area, expressed as a vector mag-

nitude and direction.

Another approach (Lettau, 1969) is that involving the spectral analysis of a downwind topographical profile.

4.3.2.1

Gross relationships

Early work on the relations between the surface wind and the "free" wind (almost invariably the
geostrophic wind - which is that ruling above the friction layer of, say, 100-300 m) on the one hand, and the
large-scale characteristics of the underlying terrain (including the land-sea contrast) on the other, have been
summarized by Shaw (1931, Vol. IV). Carruthers (1943) quotes Brooks for the following values of the ratio
V, (surface wind at I O m) to v, (geostrophic wind) for the British Isles:
Type of terrain
Open sea
Low islands
Windward coasts and neighbouring lowland
Leeward coasts and neighbouring lowland and sea
Open land, unsheltered to the west
Land sheltered to the west and town sites

V,/ Vg

0.60
0.55
0.50
0.40
0.40
0.30

Sawyer (1959), who was concerned with feeding terrain parameters into numerical forecasting
models, adopted two broad estimates: V, =: 0.3 V1 over the land, V, =: 0.60 Va over the sea. He recognized
other possibilities, e.g. V, ~ 0.71 v, for the open sea (Gordon, 1950). Sawyer recognized three ranges of
scale linked to three modes of behaviour of the wind: (a) that due to frictional drag exerted by the surface on
the wind and arising from features of the ground profile from a few centimetres to one kilometre in extent;
(b) that due to the drag exerted by gravity-waves and linked to variations of ground elevations of a few
kilometres; and (c) quasi-geostrophic effects (associated with the forced vertical movements) as the air
stream passes over a non-horizontal surface. "The relative magnitude of these components in the ground
profile varies greatly from place to place and the relative importance of the three effects will have corres
ponding variations . .. and one of the effects is always dominant. The frictional effect is likely to extend over
wider areas than the others, and the transition from land to sea may be of as great (or greater) importance in
regard to surface friction as any changes in the roughness of the terrain."
A very informative attempt to relate drag to certain properties of an array of obstacles was carried
out by Jensen (1954). Two parallel transects were set out west-east across the narrow southern end of
mainland Denmark, and each was equipped with about 12 wind-measuring stations. The two transects differed
in the details of terrain and surface obstructions, one being judged appreciably rougher than the other. A
measure of roughness was obtained by evaluation 1: l.h.<p, where h was the height of walls, hedges and
buildings, / their projected length in a N-S direction, and <p an "effect" figure relating to the optical density
of the obstruction (I = very open: 5 = very close). The sum 1: l.h.<p per unit area was designated the roughness
of the terrain (see later for further developments of this parameter). A value of 0.003 was obtained for the
smoother transect and 0.010 for the rougher one.
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Amongst the results quoted by Jensen are:
Line I (roughness coefficient 0.002). Within the first 10 km from the coast the surface wind speed
was reduced to about 80% of the incident value at the coast and then steadily to 58% at the final
purely land-based station, followed by a rise to 75% after a I O km fetch over the open sea. Mean
maximum speeds were not so affected (90%, 60%, 85-90% respectively).
Line 2 (roughness coefficient 0.0010). Mean speed was reduced after a 20- 30 km fetch from the west
coast to about 50% of the incident wind; remaining so thereafter and leaving the east coast at 50%
of the incident speed. Mean maximum speeds were again less affected (55-60% and 60-75% re
spectively).
The estimated values of the ratio V,/V, were:
Line I
0.39

Sea
0.51

Line 2
0.28

4. 3.2.2

Specific relationships between wind, erosivity, ground contour and the geometry of surface obstructions

4.3.2.2.1

Departure (separation) of surface air currents from the surface

A change in slope angle will typically induce an oncoming air-stream to break away or separate
from the surface. Below the separation surface a partially protected or sheltered zone exists in which the
overall mean speed is reduced and with a corresponding tendency for a reduced risk of erosion. An un
equivocal statement is not possible since, in some circumstances, the zone is partly or completely occupied by
a vigorous eddy capable of scouring the immediate underlying surface; such results are often present to the
lee of an impermeable barrier.
The tendency for an air-stream to follow a contour depends partly on thermal stability and, in the
strong-wind situation associated with erosion, the air current is typically at neutral stability. Corby (1956),
dealing with flow on the scale of hills and mountains, remarks that "separation of flow will be more likely if
the lee slope comprises a sharp edge and a precipitous drop .. . than over a smoothly rounded hill". Any
meteorological factor leading to downslope winds, notably radiational cooling of a lee slope or the cooling of
a mass of air by rainfall, will discourage break-away at the summit. Scorer (1955) - on whose work Corby
largely drew - noted that "convention makes it (separation) more likely over a lee slope, but inhibits it at the
top of a windward slope".
On a smaller (i.e. local or meso-) scale some results published by Gorshenin (1946) on the rela
tionship between slope, changes of slope and flow near the surface are instructive. Relative wind speeds were
observed of an upslope wind (wind speed at base = 100%) and downslope wind (speed at summit = 100%)
on a small hill which rose to 65 metres in a 650 m run. Wind speeds were measured at each change of slope;
the shortest track distance was about 40 metres on one side of the steepest portion and the longest about I 00
metres. The data set out in Table 4.1 2 have been derived from diagrams in the original paper.
TABLE 4.12
Relative wind speeds (%) measured al various points on a hill slope for upslope and down.slope winds

2-9

(N.B. - refers
100
Base
0-2
100

-

-

10

2

a point at which a slope of- changes
100

10

Degree of slope
2-9
100

9-7
100

7-17
100

100

100

112

91

89

91

9

one of- )
I 00
Summit
7-5
100

11-9
100

9-7
100

Wind up slo., 127
121

127

131

123

Wind down slope
81
85

95

98

100

17-1 I
100

::-

-

METEOROLOGICAL FACTORS AFFECTING SOIL DEGRADATION

83

The most marked change in downslope wind speed occurs when the ground level falls away at a gradient of
one in ten or more. As a useful rule-of-thumb, it is suggested that separation does not occur unless a lee-slope
falls away at a gradient of about one in ten (:::::: 6°) or more. Damaging eddies can, however, occur part-way
down an apparently protected slope. Much relevant information may be obtained from papers dealing with
shelterbelts - a useful reference is WMO (1964); other relevant papers (and the extensive references therein)
include Taylor and Gent (1974) and Taylor (1977a, b).
4.3.2.2.2

Air motion over sharp edges, cliffs

and inclines

In recent years much attention has been directed towards this topic by workers in a wide range of
fields, e.g. the building and construction industry and the monitoring and control of pollution. Since most of
the applications of relevance, however, are more conveniently discussed in the section to follow, it will suffice
to cite a few references (Bowen and Lindley, 1977; Taylor, 1977a, b) and papers dealing with systems of
windbreaks {Iqbal, Khartry and Sequin, 1977).
4.3.2. 3

Quantitative relationships between the geometry of the surface and of obstructions and the frictional
drag imposed on the air-stream. Practical implications

4.3.2.3.l

Large.scale considerations

Any measures which can be taken to reduce the frictional drag of the wind on an erodable surface
will reduce the possible extent of soil movement. One obvious method is that of ensuring a complete vegetative
cover; this may be biologically impossible or - more relevant - inconsistent with many commercial agricultural
and horticultural activities. In enterprises such as those based upon grassland or the range farming of live
stock, however, the ground vegetation may serve the double purpose of protecting the soil and providing
some fodder. In semi-arid areas, grass may be sparse but shrubs and bushes may be relatively densely
scattered, and in addition to being a possible source of food they can act as a very effective soil-protecting
agency. It is thus a matter of some importance to estimate the dimensions and other physical properties of
individual bushes and the area concentration necessary to achieve some desired degree of protection.
One important method of protection is by the use of windbreaks and shelterbelts; this topic is
examined in Section 3. 3.7. Much is known of the effectiveness of a single barrier in reducing wind-speed;
however, the mutual interaction of a series of barriers introduces considerable complications into the design
of optimum networks. Some points arising will be dealt with later.
The parametric representation of large-scale roughness has received considerable attention.
Assuming the vertical wind-speed profile can be represented as

or

u* (z - d)
u*
z
u =-In-or u = -ln--k
k
zo
zo
u
u = * In (z + zo) or u = u* In ( z
k
k
zo

+ zo +
zo

d)

the parameter z0 reflects the effect of surface roughness on the wind profile. The roughness coefficient z0 is
frequently expressed as some fraction (or more complicated function) of h - the mean height of the obstruc
tions - and Kung (1961) has suggested
log z0 = 1.24

+

1.19 log h

(z0 and h in cm)

both z0 and h being within a range of up to 4 000 centimetres.
Investigators have utilized z0 to characterize the integrated upwind roughness on a wide range of
scales, extending from micrometeorological situations (mud-flats and short turf) to both low and tall vegeta
tion, trees and forests; to built-up areas; and even to regional and continental terrain; although the derivation
of the logarithmic profile postulates that the flow is fully turbulent, that the temperature lapse rate is adiabatic
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and that the horizontal shearing stress is constant with height in the friction layer. Nevertheless, the general
use of z0 in a wide range of situations is evidence of its value as an empirical constant which responds to
upwind roughness.
Rossby and Montgomery (1935) state that z0 = 100 cm is characteristic of "the eddy-producing
roughness of a large European city" and that for rough, hilly country with hills of up to I 00 m or more, the
appropriate value is z0 ~ 3.2 m; such statements led Sutton (1953) to remark that the extension of the rough
surface theory to general terrain is "perhaps beyond the point of legitimate application".
It is to be noted that z0 may not be closely linked with h. If a mound or simple ground feature is
formed of material capable of being moved by the wind - dry sand or dry snow are two particular materials the feature tends to adopt a three-dimensional profile which offers the minimum resistance to the wind, thus
the effective contribution to total drag of an obstacle of height h may be only loosely associated with h.
Lettau (1969) quotes measures in a desert showing that the "roughness length" z0 was the same, 0.025 cm,
for sand grains of diameter l mm, rocks and pebbles of mean height 10 cm and Barchan dunes of mean
height 250 cm.
In spite of the doubts and qualifications mentioned above, many authorities have used z0 as a
macro-parameter. Kung and Lettau (1961) derived a value of z0 for LO degree latitudinal zones for each conti
nental land mass on the basis of estimates or reasonable assumptions as to the percentage of the area covered
by nine roughness categories ranging from crops to built-up areas and wasteland; e.g. for the Americas values
of z0 (in cm) are:
Zone
°

70-60 N
Equator- I 0° S

Spring

Summer

Autumn

Winter

1.92
418.9

8.68
431.3

2.09
416.2

1.36
421.6

(The large values c. 400 cm arc due lo extensive cqua1orial forests.)

Lettau (1969) pointed out that the form of the equation quoted above would give a value of zo
independent of the spatial distribution of obstacles of mean height h. He therefore proposed a new definition
of z0 :
z0 = 0.5 h s/S
where

h = average vertical extent or effective height (cm);
s = silhouette area of the average obstacle or the area of the average obstacle or the area, measured
in the vertical crosswind lateral plane (in cm 2 );
S = specific area, or lot area (cm 2 ) measured in the horizontal plane, or in the plane described by
the local average earth/air interface (cm 2).

In subs�quent developments 0.5 is viewed as a form of drag coefficient. Lettau analysed the results from
Kutzbach's ( I 961) investigation on the effects of spatial distribution of "bushel-baskets" on air-flow over an
ice-covered lake (dimensions of baskets: height
30 cm, s = 1.2 m 2, cross-sectional diameter at ground level
42 cm and thus ground area covered by a basket rather less than 1.4 m 2 and approximately equal to s).
Lettau found that the value of z0 derived from the logarithmic formula agreed normally within ± 25% of
that obtained from a detailed analysis of the wind profiles. He noted a very important fact (discussed in more
detail later), namely that z0 , which for the undisturbed ice-surface was 0.015 cm, was also obtained when the
spatial density of bushel-baskets was reduced to five per 600 m 2 ; thus with a lot-area of 120 m2 (i.e.
600/5 m 2 ) "the micro-structure of the ice would be the dominating roughness". There is thus a lower bmit of
concentration (or spatial density) of obstructions below which the obstructions cease to influence the effective
value of z0 .

~

Lettau extended the use of the formula to the extremes of large-scale roughness: e.g.
(a) For the State of Colorado
h = 1 000 m
s = 5 x 106 m2
S = 2 x 10 8 m 2
his the excess of the height of mountain peaks of 10 000 ft (3 048 m) above the general altitude
of 6 800 ft (2 073 m) for Colorado; and s on the basis that each peak has an average base-length
of 104 m, implying a mountain slope of l in 5, then z0 = 12.5 m or I 250 cm.
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(b) For Australia (total area 8 x I 0 12 m2 ) the average lot-area of the relatively sparse mountain
peaks is such that the contribution of h. s/S is insignificant compared with that from the lower,
but more frequent, roughness elements. The expression therefore permits an objective de
termination of that type - amongst a variety of roughness elements - which will be the dominant
contributor to the real z0 value.
A further development by Lettau (1969) of the parametric description of landscape is through the
use of spectral analysis of the topographic profile; this is obtained by measuring altitude at every 100 m
stretch along a l 0O km run in the direction of the prevailing wind. As a consequence it is possible to express
the relative importance of various topographic elements (knolls, ridges, mountains, massifs) in the overall
assessment of roughness.
4.3.2.3.2

Meso-scale roughness. Implications for the risk and control of wind erosion

Before discussing phenomena on the meso-scale of plantations, fields, pasture-lots, etc., it is relevant
to note a distinction between two types of roughness layout. Perry, Schofield and Joubert (1969) considered
the two-dimensional flow over a series of rectangular ridges normal to the flow. The downstream width of a
ridge was b, the gap between successive ridges w and the height of the ridge above the floor of the wind
tunnel, k. When k/w ~ ½ or less the external flow penetrated into the trenches, irregular eddies were formed
which were fed back into the main stream forming a transitional layer before the logarithmic law became
operative at a higher level; roughness of this type was termed "k-type" roughness. Certainly, when the gap
was narrowed to k/w ~ I a discrete roller eddy filled the cavity and "skimming" flow occurred just above the
tops of the ridge element; roughness of this type was termed "d-type" roughness. Wind speed at the eddy
boundary is about one-half of that of the overlying stream. If s = distance below ridge top at which the
boundary layer is found (i.e., the level above which the logarithmic law obtains) then for "k-type" roughness,
the Nicuradse correlation s a: k (which is the scale of roughness) obtains; but for the general type of "d"
roughness no simple way of predicting is known.
Marshall (1970, 1971) and Wooding, Bradley and Marshall (1973) have published important papers
in which a central objective is to partition the total drag on the wind due to a surface with obstructions into
the form drag of the obstructions and that due to shear stress on the intervening ground (floor) surface.
Papers on these and on related topics involve concepts for which the symbols vary between workers.
Accordingly, it may be useful to list some of the more frequently used and the alternatives:
(I) H (Marshall)
}
K (Wooding et al.)
(2) d (Marshall)
}
s (Wooding et al.)

Height of roughness element
Horizontal dimension of element parallel to flow
(Marshall: d also the diameter of cylindrical and hemi
spherical elements)

(3) d (Wooding et al.)

Horizontal dimension of element transverse to flow

(4) D (Marshall)
D (Wooding et al.)

Distance between roughness elements
Distance between rows of elements and transverse dis
tance between individual elements
Distance between shelterbelts (L is customary in this
context)

L (Businger)
(5) A (Marshall)
}
S (Wooding et al.; Lettau)

Specific area or lot-area is the (average) ground surface
per element

(6) A' (Marshall)
}
S' (Wooding et al.)

That portion of A (or S) not covered by the element

(7) A, (Wooding et al.)
}
s (Lettau)
L. (Marshall)

Frontal area of individual element, silhouette area
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(8) L0 ( = L1/A) (Marshall)
}
s/S (Lettau)
), ( = A,/s) (Wooding et al.)

Lateral cover
Roughness concentration

(9) F (Marshall)
F' (Marshall)
N (Marshall)

Total (test) floor area
Test area not covered by elements
Number of roughness elements

(10) t (Marshall and Wooding et al.)

Total shear stress

(11) t8 (Marshall)

Shear stress on surface between obstructions

(12) W (Marshall)

Total drag force on area F

(13) W, (Marshall)

Sum of drag force on all roughness elements

(14) w, (Marshall)

Drag force on uncovered floor area F'

(15) w (Marshall)

Total drag force on area A

(16) w, (Marshall, Wooding et al.)

Drag force on individual roughness element

(17) w8 (Marshall)

Drag force on area A'

(18) C0 (Marshall)

Overall drag coefficient

(19) Cr (Marshall, Wooding et al.)

Roughness element drag coefficient

(20) Cro (Marshall)

Unobstructed roughness element drag coefficient

(2 I) C8 (Marshall)

Uncovered floor drag coefficient

(22) u. (Marshall, Wooding et al.)

Total shear velocity, friction velocity

(23) u., (Marshall, Wooding et al.)

Uncovered floor friction velocity

Given a surface on which roughness elements are disposed, total drag is due to both form and
surface drag. Studies on shelterbelts and considerations linked with k- and d-type roughnesses lead us to
expect that as the packing density increases a given element is increasingly enveloped in the wake of an
upstream element; hence Cr ( Cro and Cr will tend to decrease. It is not however self-evident that even
tually the total drag will be borne by the elements (alternatively that r8 -+ O); experimental evidence
is required. Some results by Businger (1975), who examined flow as affected by a succession of "infinite"
cross-wind barriers, are informative. He investigated the ratio z0/H at various spacing intervals L/H. The
ratio z0 /H increased from about 0.023 at L/H 20 to 0.14 at L/H 2, reaching a maximum of 0.15 at
L/H = l .5; an empirical relationship derived was

~

where C

~

= 0.5.

The above results suggest that when parallel belts are � 20 H apart, the downwind roughness coefficient is
largely due to surface drag, that of the individual roughness elements playing a small part (see Iqbal et al.
( 1977) for further developments relating z0/H to the depth of a fully turbulent boundary layer impinging on
the obstacles).
It is clear that in relation to erosion, significant practical advantages will follow if a relatively open
spatial distribution is capable of reducing erosivity. Obviously there is an optimum density beyond which the
advantages of reduced erosivity are outweighed by the loss of land for cultivation. The possibility that the
obstacles may be shrubs, etc. capable of providing some fodder must be borne in mind (Marshall, 1970).
A convenient quantitative approach has been set out by Marshall (1971):
Where

A
W

= average floor area per element (cm2 );
= total drag force on all roughened surface of area F (dynes);
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W, = sum of drag force on all roughness elements (dynes);
w, = drag force on uncovered floor area F' (dynes);
Co = overall drag coefficient;
C, = roughness element drag coefficient;
C, = uncovered floor drag coefficient;
L. = frontaJ (silhouette) area of roughness element (cm 2 );
L0 = lateral cover = L./A;
H = height of roughness elements (cm);
W=W,+Wg
F'
W.

we have

t

leading to
Now

t

+ t-.
=�
'F
F

= pu; = ½puiCo

. ·. Co

= 2u;/u:.

(N.B. Since u2 varies with z, it is necessary to state a reference height - expressed as a multiple of H at which u2 is measured and to which C0 refers.)

Now
Then
leading to
Marshall's experimental layout utilized cylinders and hemispheres. For cylindrical elements d/H
5; for hemispheres, d/H = 2. "Diameter/height ratios between l and 3 are common to many
woody perennial plants while cylindrical and hemispherical forms occur frequently. The element spacing/

= 0.5, 1, 2, 3,

TABLE4.l3

Com parison between t, t ., t g for var)ing valoes of d/ H and D/ H.
Free stream veloc .ity 20.3 ms-• (t, = W,/F)
d/H
No obstructions
0.5
I
2
2 hs
0.5
I
2
3
2 hs
0.5
0.5
1
2
3
3
2 hs
5
0.5
0.5
3
2 hs
I
3
2 hs
2
3
5

D/H

le X 10 3

49.5
49.0
48.0
48.0
34.5
34.0
33.0
32.0
33.0
20.0
14.0
13.0
12.0
14.0
11.0
12.0
15.0
6.5
5.5

0.2
0.4
0.8
0.63
0.41
0.82
1.63
2.45
1.28
1.19
2.37
5.1
10.2
10.4
15.3
8.0
12.5
10.2
13.9
24.8
24.5
20.4
37.0
174.0
222.0

8.0

6.0
6.0
6.0
1.0
1.0
5.0
5.0

46.9
50.0

t

t,

tg

7.40 ± 0.12
7.35
7.42
7.66
7.43
7.58
7.89

0
0.24
0.56
0.79
0.48
0.60
1.14
1.62
1.86
0.98
l.76
3.50
7.10
9.76
7.87
11.60

7.40
7.11
6.86

(dynes cm- 2) (dynes cm-2) (dynes cm-2)

8.03
8.49

7.50
8.69
10.79
13.20
16.12
15.07
18.19
13.35
14.67
19.54
25.46
23.03
21.49
28.81
28.15
51.17
38.00
32.02
37.50

6.04

11.58
15.10
20.20
18.80
18.80
28.40
28.08
49.15
37.73
28.55
37.01

6.88

6.96

6.98

6.15
6.43
6.67
6.54
6.93
7.30
6.12
6.46
7.38
6.84
7.43
3.25
4.46
5.29
4.49
2.93
0.41
0.08
3.10
0.41
3.90
0.61
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height (D/H) ratios of the roughness arrays varied from I to 59. In the semi-arid, shrub-dominated com
munities to which the results are to be applied, the shrubs are rarely more closely spread than an average
D/H of 2" (Marshall, 1971).
The change in total stress, and in that on the between-element floor as element shape and, more
immediately, element spacing is well illustrated by Table 4.13, extracted from Marshall (1971, Table lV). The
annotation "hs" in column I indicates a hemospherical roughness element; all other figures relate to cylin
ders.
Several "discontinuities" are evident in Table 4.13, most strikingly perhaps the sharp reduction in 'tg
D
falls to about 6.
as
H
Critical values of coefficients and ratios are associated with situations in which •g -+ 0. Marshall's
(1971) Tables V, VJ, VIII contain such values for his wind-tunnel studies and are incorporated in Table 4.14:
TA8LE4.14
Critical falues of statd parameters at which rK -, o (Marshall, 1971)
e

d/H

0.5
I
2
3
5
2 bs

£c X 10'
u-hen Cr = Cr0

when 't g = 0

A (cri1.)

Cro

H2 (cm 2)

Elemem
densily
(crit.)
Elemems
f(J4H2

0.64
0.60
0.43
0.33
0.39
0.34

16.3
18.0
30.8
45.8
34.6
43.2

23.1
27.8
33.1
41.7
20.9
39.9

21.6
36.0
60.4
65.5
144.5
36.4

462
278
165
153
69
275

le X 10 3

D/H (c,ir.)

4.15
5.00
5.77
5.09
7.02
4.03

By combining the results of his study with those of Kutzbach (1961) and Schlichting (1936), Marshall
derived - in the region of the dependence of Cron the Le - the following regression equation:
Cr

=

b/j""Lc + a

As mentioned earlier, Crdepends on the height above the floor at which u2 is measured: coefficients for three
levels are

z
1.6 H
2.36 H
3.94 H

b
0.101 4
0.091 8
0.079 9

a
-0.000 5
-0.045 9
-0.065 6

Marshall's Table VIII drawing on a range of experimental values is reproduced opposite as Table 4. I 5.
It should perhaps be emphasized that all the cases referred to in Tables 4.13, 4.14, 4.15 relate to
three-dimensional obstacles and in all except the "dense shrub" example, the elements are disposed in a
regular array; for results applying to continuous cross-wind barriers papers by Iqbal et al. (1977) and refer
ences therein should be consulted.
For random arrangements of uniform elements Marshall found - from a limited investigation - that
the "critical" values obtained for regular arrays were broadly applicable, although some correction may be
required when d/H < 2.
In field application the heights and shapes of the vegetative elements will vary. Furthermore, the
wind may cause changes in profile and permeability. Given vegetation of different heights, a field problem is
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TABLE 4.15
Approximate critical values of lateral cover for a variety of elements
Roughness element
Form

Diameter/height
ratio, d/H

0.5
0.7
I
1.4
1.52
2
3

Cylinder
Double bushel basket 1
Cylinder
Single bushel basket 2
Dense shrub 3
Cylinder
Cyljnder
Cylinder
Sphere•
Hemisphere
Hemispherical segment•
Cone 0

5

I
2
3.08
2.13

Height. H

(cm)
2.54

60

2.54
30
41
2.54
2.54
2.54
0.41, 0.21
2.54
0.26
0.375

Approximate
unobstructed drag
coefficient,

Approximate
critical lateral

cover1

Cro (112 .J611)

Le (crit.). 103

0.66
?0.64
0.61
0.61
0.48
0.51
0.42
0.48
0.68
0.44
0.34
0.39

16.9
17.9
19.6
19.6
30.5
27.3
38.8
30.5
16.0
35.7
56.6
44.4

1 drag coefl'tcicnt taken as intermcdia1c bctv.«n cylindtrs used in this s1u.dy: 1 Kutzbach's (1961) third run on IS Feb. (A= 7.7 m1 ) taken as approumate unobstructed condition
"'11bou1 • signi6can1 contribu1ioo from ,1. 'dcrue shrub Kochia apl,ylla from Manball (1970) by •pply,ng Eq. S wilh Co "(M•lf) - 0.0163. • from Schlichting (1936), plate XII.
aoceptong Schlichling"s use of Eq. 12 and recalculaung Cr (uu) = 0.908 from ,-clocil) profile data 10 bnng reference 10 2.36H: • from Schlich11n1 (1936). pla� XIV. rccalcula1ed as
abo,e, Cr (uu) = 0.469: • from Scblochuoa (1936), pla1e XXIV. recalcula1ed as above. Cr (uu) � 0.S61: 'usi"i combina1ion cquauon (Cr (u,.,.11) � 0.0918/.ji:;
- 004S9.
N.8. The cquanons n:ferrcd 10 in lhe abo>< foo1no1es an:: Eq. S: Co= 2 ulfu', - C,1< + C1

i

and Eq. 12: Cft.uu) = (Ii •111' (Co - F' C,Jf)/Lc,

to decide which height categories should be included when estimating lateral cover: some wind-tunnel studies
employing cylinders of various heights led Marshall to conclude that when the lateral cover of shorter
elements was 10% or less of the total, their contribution to total stress was negligible. It does not, of course,
follow that the shorter elements contribute nothing to the protection of the soil.
A further point of difficulty is that of determining the height Hat which wind measurements are to
be made: an acceptable solution was to define Has the mean value of maximum element height and to take
wind-speed measurements at between 2H and 4H.
A concise but informative paper on field application is that by Marshall (1970) already mentioned.

4.3.3

WIND EROSION AND SOIL MOISTURE

In Chapter 3 it was stressed that the susceptibility to soil drifting is decisively affected by soil
moisture and that a critical level exists above which wind erosion becomes virtually impossible. Bedarev
(Section 3.3) quotes relationships between soil constituents and properties and water content at the critical
level and adds that this corresponds to the disappearance of water films between particles.
Soil moisture is conveniently specified by
Equivalent moisture (W)

W

==
w•

Amount of water held by soil grains
.
.
.
Amount of water held by soil grams at suction of 15 atmospheres

(N.B. This limit must not be confused with the concept of "moisture equivalent" used by soil scientists which
relates to the moisture remaining in a soil sample after it has been centrifuged at I 000 g; it corresponds to a
pF of about 2.7.)
15 atmospheres = pF of 4.2 and is customarily associated with the wilting point. Baver (1948,
p. 252) notes that at this tension water is held in a thin film around the soil particles and that water wedges
between particles must be very small - statements in conformity with Section 3.3.4.3.
Clearly, therefore, wind erosion is likely to be significant only if the surface soil is "very dry"
according to qualitative judgement. A drought or more generally an extended period with no rain would seem to
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be a necessary preliminary condition for wind erosion. (However, note relevant comments in Section 3.3.4.3
and below.)
Chepil has quantified the process further by defining the effective drag on the soil surface as
(t - y)
where t is as defined earlier and y a cohesive resistance. Experiments established that the maximum value for
y at an equivalent moisture of 1.0 was approximately 6 dynes cm- 2• Chepil (1956) quotes a general empirical
relationship y = 6W 2 . For comparison, some values of -r measured over level grass or similar surfaces range
between I and 4 dynes cm- 2• Sutton (1953) quotes some values obtained by Pasquill (1950) over grassland:
Wind speed at I m (m s- 1 )
T (150 cm) - T (37.5 cm) ( 0 C}
Grass length (cm)
r (dynes cm - 2)

4.03
-0.40
0.90

1-5

4.78
-0.47

4.83
-0.34

1.44

1.53

5-10

5.13
-0.18

4.29
+0.41

1.53

1.38

10-15

4.40
+0.40
1.59

Additional "order of magnitude" estimates of r may be gleaned using information from Sutton
( I 953) and elsewhere. We may write

=

=

T

= tCopU2

{C0 skin-friction coefficient and p air density.) C0 takes different values according to the character of the
surface and also depends upon the height at which wind speed is measured. Over smooth concrete and ii {I
metre) between 3.5 and 5.0 m s- 1, C0 (relative to a measurement of u at 2 m) was about 0.002; the values
over grass associated with the Pasquill data quoted above and relative to u at I m ranged between 0.010 and
0.014. Relative to wind at 10 m Sutcliffe (1936) found C0 0.01 over land surfaces. Wind speeds of 10 m s- 1
or more at 15 cm have been quoted in connexion with soil drift; the associated speed at I m might be about
13 m s- 1 and hence r = t C0 (1.2 x 10- 3) (I 300)2
C0 x 103 dynes cm- 2 or a value ofr between about
2
2 and I O dynes cm- according to the value adopted for C0.

~

~

Broad relationships between the observed state of the soil and equivalent moisture have been sug
gested by Chepil ( I 956) and are quoted in Table 4.16 for information.
TABLE 4.16
Equivalent moisture of various soils according to subjective description of moisture status
Subjeclive category

Barely damp. Dust clings to larger particles
Moderately damp. Particles barely stick together
when pressed
Extremely damp. Fonns fragile balls when pressed
Moist. Plasticity evident (not for sand)

Dry
quartz

Pratt
sandy loam

Bace
silt loam

Sutphen
silty clay

0.39

0.36

0.42

0.43

0.55
0.78
1.17

0.54
1.03
1.54

0.71
1.04
1.34

0.64
0.87
1.06

All authorities stress that only when the soil is quite dry (in ordinary terms) is there a risk of wind
erosion. Water (films) constitutes a very effective cohering agent. Table 4.17, after Chepil and Woodruff
(1963), illustrates the effect on movement of soil of different equivalent moistures by three levels of wind at
15 cm above the surface.
Clearly, therefore, the movement by wind of soil with an equivalent moisture of about I (and hence
offering a resistance of some 6 dynes cm- 2 ) is possible only with winds exceeding about 10 m s- 1 at one
metre above the surface. It must not, however, be thought that wind erosion is confined to arid or semi-arid
climates. Erosion having appreciable practical impact occurs in humid regions such as the British Isles: one
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TABLE 4.17

Rate of soil erosion (silt loam) in mg (cm width)- 1 s- 1 and equivalent moisture
Equivalent
moisture

32 km 1,-•

42 km 1,-,

5/kml,-•

0.01
0.25
0.29
0.34
0.71
1.03

315
295
235
230
68
2

605
630
590
540
290
49

820
780
710
640
390
40

such case of a "soil-blow" in the county of Lincolnshire in March 1968 has been described by Robinson
(1968). On the 0.8 km2 farm some (3 000--4 000) x 10 3 kg of soil were blown into a 0.8 km length of ditches:
in the worst-affected district some 60 km 2 of fen-land lost on average about 5 cm depth of soil. This occurred
during five successive rainless days (16-20 March) with steady SW or W winds exceeding 32 km h- 1 (midday
wind speeds between 48 and 64 km h- 1) after 2½ months during which rather less than 50% of the corres
ponding long-term average (c. 127 mm) rainfall was reported. For the first 14 days of March two repre
sentative stations recorded only 4.32 and 4.06 mm of rainfall. Marshall (1969) notes the inhibiting effect of a
damp mineral soil surface on wind erosion and considers the number of days per month on which the soil
surface at 0900 h is reported "dry" for three years of average, just below average and near minimum rainfall.
TABLE 4.18

Number of days with a dry soil surface (at 0900 b) at Deniliquin, N.S.W., during selected years

Year

1966
1965

+

1968
1967

4.3.3.1

}

Annual
rainfall (mm)

J

F

M

A

M

J

J

A

s

0

N

D

416.3

30

25

23

28

23

17

12

l7

20

18

19

16

347.7 av.

26

28

28

22

13

9

3

3

24

25

26

23

166.3

28

28

28

27

28

21

24

16

21

25

29

29

Broad-scale considerations

Chepil, Siddoway and Armburst (1962) have developed an index which aims to be "merely an index
of the influence of the average moisture content in the surface soil particles and the average level of wind
velocity on the average rate of soil movement by wind".
given by

As already mentioned, q (the rate of dry soil flow, in grams per centimetre width per second) is
q

=

d-(v')3

g

i.e. with the cube of the drag velocity.
Chepil et al. (1962) postulate that q varies inversely to the square of the effective moisture, i.e. W2.
The latter is then replaced by a (climatological) moisture index, the Thornthwaite P/E index (Thornthwaite,
1931) or the moisture index Um) developed later (Tbornthwaite, 1948). A further revision was carried out in
1955 leading to a modification of the moisture index (say /'m):

P and PT being respectively precipitation and potential evapotranspiration (for details, see Carter and Mather,
1966). (It should be noted that potential evapotranspiration is variously designated E, PT, PET, EPT by
different authors.)
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Working relationships between Im and /'m are
Im= I' m for I'm > 0 and Im= 3/5 I'm for I'm < 0

Criticisms of Thornthwaite's indexes are well known, but nevertheless they constitute very useful
empirical measures which are most successful in "continental" climates similar to those of the central U.S.A.,
in which areas they were first developed (i.e. in the most typical of wind-erosive situations).
Chepil and co-workers developed the wind-erosion climatic factor C, and by using the relationship
P/E

= 0.8

Im + 48

arrived at
C

=

V3
/1.9
100 m
U + 60) 2

=

= 0.8 U m + 60)

1oov3 /2.9

(P/E) 2

v3

= 34.4 (P/£)2

~

where Vis the annual mean wind speed in m.p.h. at the standard height of 30 ft ( 10 m). The value at any
place is related to that at Garden City, Kansas, U.S.A., where V = 13.5 m.p.h. (21.7 km h- 1), Im = -24,
and hence C = 1.9. Thus the parameter C "indicates the relative mean rate of wind erosion that would occur
at any geographical location, as a percentage of the mean rate that would occur at Garden City, Kansas, if
conditions other than climate were the same" (Chepil et al., 1962).
The values of C are then divided into five categories and, with some major exceptions, the boundaries
of the categories generally coincide with the Thornthwaite types, namely humid, moist sub-humid, dry sub
humid, semi-arid and dry, climatic types. The exceptions arise from variations in wind velocity.
Chepil et al. derive C in terms of either P/E or Im (i.e. the 1931 and 1948 formulations). Since the
usefulness of an empirical system is not necessarily enhanced by introducing subsequent improvements in
only certain sections of the system, inputs based on either the P/E or the Im approach should be used.
However, since almost certainly any computations will follow the procedures set out in Thornthwaite and
Mather (1957), leading to a value of I'm, this must first be converted to either P/E or Im by the equations
indicated above.
where

A modified version of the factor C (C') has been suggested by the 1978 FAO/UNEP Consultation,
12 V 3
PET-P
C'=Z:-x--xn
1 100
PET

and

= mean monthly wind-speed at 2m height (m/s- 1);
P
= precipitation (mm);
PET= potential evapotranspiration (mm);
11
= number of days in the month;
PET-P
--- x n = number of erosive days per month.
PET

4.3.3.2

Dry periods, extremes and sequences of dry years

where

V

It is confirmed by observation that wind erosion becomes progressively more serious as a sequence
of dry years continues. Conversely, the severity of wind erosion was found to diminish only after the return
of at least two consecutive years of favourable moisture and vegetative growth (Chepil and Woodruff, 1963 p. 232 citing Zingg, 1953). In his paper Zingg (1953) notes that erosion also depends upon a particular
combination of primary factors of rainfall, temperature and wind: "Erosion was heavy following high winds,
high temperatures and low precipitation; erosion was low following low winds, low temperatures and high
precipitation."
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In the central portion of the High Plains, April is the worst erosion month since:
(a) April tends to have the highest winds;
(b) Soils tend to be dry in early spring following the usually dry winter;

(c) There is little vegetative growth and plant residues have, by then, broken down;
(d) Soil clods have broken down and the soil tends to be in its most vulnerable state.

To quantify these items, the persistence effect of rainfall is allowed for by forming a sum of weighted
amounts for various periods prior to the month of April and incorporating these quantities into a complex
formula in which the positive effects of wind and temperature are also included. Zingg lets
P1
P2
P3

= precipitation for six months July-December prior to April;
= precipitation for 12 months July-June preceding the P 1 period;
= precipitation for 12 months July-June preceding the P 2 period.

~

~

u and T being respectively the annual mean wind speed (at z 58 ft ( 18 m) and mean temperature for the
year, and the barred terms corresponding period means. The weighting factors I, ½, ¼ are arbitrary. It
must be noted that the regime quoted is one with low winter precipitation.

4.3.3.3

Sequential behaviour; extreme values

As is well known, severe wind erosion took place in the central U.S.A. in a sequence of years in the
1930s (when the term "dust-bowl" was coined) and in the 1950s, Chepil and Woodruff ( 1963) used a simplified
.
3-year running average of wind speed)
.
. An analysis of the 1920-1960 values of C' usmg
.
form of C say C' =
3-year running average of P/E
(
extreme probability paper revealed that the 1933-1939 and the 1952-1956 periods exclusively occupied the
more extreme (i.e. longer recurrence interval) portion of the chart.

4.3.4

DUST-STORMS, SAND-STORMS AND VISIBILITY

Banoub (1970) notes that the relationships between suspended particles and visibility lead to the
definition that "a dust-storm or sand-storm occurs when horizontal visibility is reduced to less than 1 km". A
useful distinction is that in dust-storms, particle diameter is � 100 micron (0.1 mm); in sand-storms particle
diameter is > 100 micron (0.1 mm). Hagen and Woodruff (1973) preferred a criterion expressed as the mass
median-particle diameter of 50 microns and noted that haze-producing particles in urban areas were much
smaller, namely about 3 microns. Smaller particles are relatively more effective in "reducing visibility than
the larger ones and accordingly it takes a much smaller concentration of such particles to reduce visibility
than it does dust particles during dust-storms" (Robinson, 1968). The difference in the pollution load for the
two cases is quite considerable; Figure 2 in Hagen and Woodruff (1973) indicates that an urban visibility of
J km corresponds to a concentration of about 2 mg m- 3 but to 60 mg m - 3 in a dust-storm.
As already mentioned, in a sand-storm or soil-blow the main bulk of the movement is by saltation,
this being mainly confined to the lowest two metres of the atmosphere and predominantly within the first
metre. At these levels horizontal visibility is virtually nil. In a dust-storm Chepil and Woodruff (1957) found
that dust concentration at 180 cm above ground C6 (mg m - 3) was empirically related to visibility V (in km)
by the relationship
C6

- 56.0
-3
vt.25 mg m .

-
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A theoretically derived relationship (assuming particle density of 2 g cm- 3 and geometric mean radius
11 µm) was
57.2
C=-(mg m- 3)
V
(At V = 0.91 km C6 = C, but C > C6 for visibilities exceeding 0.97 km.) The relationship between visibility
and dust load (Cm) - (assuming that the mass of dust above one mile is negligible) is given by
29.5
. )
Cm = v t 25 (tons per CUb .IC mile
.
Figure 4.17 (after Chepil and Woodruff, 1957) gives an empirical relationship between visibility and both
concentration at 180 cm from the ground and the total load.
3
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Figure 4.17- Relation between visibility and dust concentration at 180 cm height

The quantity of dust transported above a point will depend upon wind speed, and generally dust concentration
will be proportioned to wind speed. Only approximate relationships can be anticipated since "soil texture and
condition, wind direction, the proximity to or within the eroded area and the previous intensity of the wind
and the erosional history of the region are some of the factors to be considered" (Chepil and Woodruff,
1957). Also, whilst the generation of dust at a source region may be increased as wind speed increases, the
amount per unit volume will tend to be diluted.
If R = rate of removal of material in tons per hour per vertical square mile normal to the wind direction,
then
29.5

2.33

]
R=-m
v1.2s [--+B
where m and Bare related to wind velocity at 18 m as given below. In deriving this expression it was assumed
that the log-law u = u. In� held, with z0
k z0

~ 2 cm (a value which is appropriate to flat terrain).
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32
40
48
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rn

B

0.147 7
0.118 2
0.098 4
0.084 4
0.073 8
0.065 6
0.059 I
0.053 7
0.049 2

7.82
9.77
11.74
13.68
15.65
17.61
19.54
21.51
23.47

95

4.4

The roles of temperature, water balance, soil moisture and other weather elements in certain categories
of soil degradation

4.4.1

GENERAL REMARKS

The parts played by wind and water in erosive phenomena and by temperature in periglacial pro
cesses have been adequately discussed elsewhere in this Note. The same meteorological elements - albeit in
their less extreme forms and therefore in their more usual manifestations - play a vital role in the other
degradation processes listed in Chapter 3. It is perhaps worth suggesting that, since these processes are not
dependent upon extreme meteorological phenomena, they constitute more widespread and insidious threats
than do the specific erosive types of degradation - this certainly seems plausible in relation to salinization and
alkalinization (Section 3.6) and indeed in any situation where chemical reactions play an important part.
Solar radiation and atmospheric humidity directly affect airborne material and its subsequent history
on the surface. Certain electrical phenomena, the most spectacular being lightning strikes and consequential
fires, can lead to massive changes in vegetative cover and to alterations in exposure to degrading agents. Soil
fauna are strongly influenced by soil temperature and soil moisture and, in turn, through their activity affect
the physical structure and chemical nature of the relevant soil layers: consequential changes in flora are to be
anticipated.
The above-mentioned topics are treated in numerous publications with which soil scientists will be
very familiar, consequently it is necessary in this Note only to mention any aspects particularly relevant to
specific facets of soil degradation.
4.4.2

SEQUENCES AND COMBINATIONS OF METEOROLOGICAL EVENTS: EXTREME VALUES AND STATISTICAL TREAT·
MENT OF SUCH DATA

The importance of duration and of sequence of meteorological events and of simultaneity of occur
rence of two or more events or states will have been evident in this work; experience has underlined the
problems of amassing, processing and publishing such data. A major constraint on obtaining data is that
almost every problem presented for solution requires different threshold values, class intervals, time intervals,
acceptable tolerances, etc. from instruments with varying response times, degrees of resolution, etc. However,
with the aid of computers it is becoming increasingly possible to compute any function given the basic data
and some of the processing difficulties, e.g., the compilation of contingency tables is being resolved.
Meteorological elements are of two kinds:
(a) Those whose magnitude can be meaningfully accumulated, e.g. solar energy (and hours of sun

shine), precipitation, wind (when considered in terms of mass displacement); and

(b) Measurements of state, e.g. temperature, pressure, relative and absolute humidity, wind velocity,
rates of change (e.g., rainfall intensity), observation of gale.
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Others - state of ground, cloud amount, visibility (see Section 4.3.4) including (a) and (b) - may operate in
either capacity. In practice. organization, communications and logistics pose difficulties at least as intractable
as the technical problems of observation, instrumentation and maintenance.
It is necessary for soil scientists and indeed all users of meteorological data to become adequately
familiar with all the characteristics of any meteorological data they use if incorrect interpretations are to be
avoided.
A range of statistical techniques will doubtless be familiar to all readers. However, data from the
observational sciences and not least geophysical data have properties which render invalid the straightforward
application of simple statistical procedures. One such characteristic is that of serial and/or spatial correlation
which complicates considerably all procedures involving sampling and tests of significance. Invaluable guides
on such matters are Brooks and Carruthers (1953), Panofsky and Brier (I 958) and several WMO Technical
Notes, particularly Nos. 71 ( I 966(a)) and 143 ( 1975).

4.4.3

COMMENTS ON SOME METEOROLOGICAL FACTORS INVOLVED IN CERTAIN DEGRADATION PHENOMENA

4.4.3. I

Rainfall, evaporation, hydrological balance

Erosion by water has been dealt with, but its part in degradation through processes described in
Sections 3.5 and 3.6 need further comment.
The components of, and their combination in, the water balance are central to degradation by
leaching and hydromorphy (including waterlogging), in which precipitation is the dominant factor, and sali
nization and alkalinization, in which the complete balance is involved. Jnformation on these topics, additional
to that already given, will be readily found in standard works on hydrology and hydrometeorology.
In relation to salinization and alkalinization, the FAO/UNEP Consultation of 1978 advised the use
of the ratio P/PET (where P = precipitation and PET= potential evapotranspiration) as a parameter for
rating the hazard, and remarked that "salinization and alkalinization are frequent for P/PET < I and their
intensity is inversely proportional to this index. If there is groundwater within 1.5 metres of the surface, only
PET is considered". Methods of measuring and estimating PET are well documented, e.g. WMO Technical
Notes Nos. 83 (I 966(b)) and 138 (I 975(a)). The Thornthwaite method of estimating PET is probably intended
and indeed, in many areas of interest, temperature and precipitation, on which the method depends, may be
the only relevant meteorological elements available.
Water as a solvent, dilution agent, transporter and possibly chemical initiator is referred to in
Section 3.7. Raindrops also act as a most efficient cleaner or "scrubber" for some categories of atmospheric
pollution.
4.4.3.2

Temperature

When evaluating the influence of temperature on degradation processes it is necessary to decide
whether free air temperature (as conventionally measured in the screen) is that which is strictly required; or
whether the temperature of a freely exposed surface, of a given biological or material entity, of the soil
surface or of layers below the surface, is that which is required. In fact, one of the relatively few instances in
which free air temperature is the appropriate variable relates to the smaller categories of airborne particulate
matter.
Measurements of soil temperature are made at observing stations usually at one or more depths of
5, I 0, 20, 30, 50, I 00 cm (sometimes under a surface of short turf, sometimes under bare soil, sometimes
both); but certainly at depths down to about 30 cm the diurnal cycle renders a once-daily observation of
limited value unless supplementary measurements or procedures are available. Point-to-point differences due
to variability of soil properties can be very significant and may easily be ignored or overlooked.
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Empirical relationships are available for expressing the temperature at sites of interest (e.g. the soil
surface) in terms of air temperature.
Given the course of temperature at or near the ground surface - preferably from direct measure
ments, otherwise by estimation - an approximate (but often sufficiently accurate) estimate of temperature at
any level can be derived using standard theory, and measurements or estimates of certain soil properties, e.g.
heat conductivity, bulk density, specific heat, moisture content. A common approach is to assume that the
daily course of surface temperature is a simple sine curve derived from the daily maximum and daily minimum
air temperature, or better from readings at shallow depths, and to insert these readings in the standard
formulae. The model is not useful for the short winter days, in very cloudy weather, with saturated or snow
covered ground. However, the annual course of temperature in a homogeneous layer (possibly down to some
tens of metres) can be usefully estimated if based upon mean daily (or weekly or monthly) values (see Section
5.3.5.4).
A further gap in the observational scheme arises from lack of temperature data below screen level
which restricts our knowledge of the steep vertical temperature gradients within a few decimetres of the
ground.
How far information from satellites will succeed in providing adequate data is a matter for future
consideration.
However, in spite of all the criticisms advanced above, the conventional screen air temperature
remains a primary and indispensable variable for describing, classifying and analysing meteorological
phenomena and their effects upon physical and biological entities and systems. Indeed, more serious than the
shortcomings listed above is the absence of these primary observations of air temperature over vast areas of
the globe. Next, there are major deficiencies in the schedule of observations: a satisfactory minimum standard
could be specified as an uninterrupted sequence of day-by-day readings of daily maximum and daily minimum
air temperature, followed - not necessarily in order of importance - by (a) additional routine observations
within the daily period sufficient to permit an approximate reconstruction of the daily cycle, or a continuous
record from an autographic instrument; (b) near-surface soil temperatures, preferably daily extremes, but
certainly once-daily observations; (e) (screen) air temperatures at levels below the standard 1.5 to 2 m height.
Apart from its role as a basic climatological parameter, temperature is a fundamental determinant
in many physical, chemical and biological processes. A degradation process - merely mentioned in Chapter I
- is that of biological degradation. This form is characterized or monitored by the decomposition of organic
matter. The latest (1979) expression for the appropriate index aims to combine the effects of temperature and
moisture in the form:
HI (the humolytic index)

where

12

= nI,e" x

M

= 0.1065;
= mean temperature for the month (0C);
M = P/PET if P/PET < 1; otherwise M = l .
c

t

This replaces the 1978 version (the humolytic index of Papadakis):
HI

where

= e"• + e"• + e"•

c = 0.1375;

= mean temperature of warmest month;
12 = mean temperature of coldest month;
t3 = annual mean temperature.
11

4.4.3.3

Wind; atmospheric humidity

Wind (or more generally air motion) makes possible the biologically essential exchange processes
involving carbon dioxide, oxygen and water vapour; but outside its erosive function, its direct part in de-
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gradation processes relates to pollution - the spread, dilution, concentration and deposition of airborne
matter (see WMO Technical Notes Nos. 114 (1970(a)), 121 (1972), 139 (1975(b)).
Atmospheric humidity (both relative and absolute), dewpoint and consequential effects (principally
the deposition of dew) are particularly important to animal life and to the "life" cycle of spores and other
airborne entities such as insects and bacteria. The effectiveness of many pesticides and herbicides may be
related to the wetness of surfaces on which they are deposited. Condensation of moisture on ground surfaces
will inhibit erosion by wind and contribute significantly to the fracturing of rocks and rock debris in very
arid regions.

CHAPTER 5
DEGRADATION PHENOMENA IN SELECTED CLfMATES
5.1

Soil degradation and erosion phenomena in tropical countries with or without a short dry season

5.1.1

IVORY CoAST

The rapid development of agriculture in the Ivory Coast has resulted in accelerated replacement of
the original forestland by either perennial shrub crops (palm trees, heveas and fruit trees), or by annual crops
(rice, cotton, maize, etc.). Jn all cases, the use of agricultural machinery is fundamental to the development,
in particular during the stage of soil preparation (ploughing and stubble ploughing). Owing to the tropical
climate and especially the amount of annual rainfall, which is over two metres in the lower Ivory Coast,
many cases of erosion have been observed. This situation has led the Office de la Recherche Scientifique et
Technique Outre-Mer (ORSTOM), in close collaboration with the various research institutes of the Groupe
ment d'Etudes et de Recherches pour le Deve/oppement de l'Agronomie Tropicale (GERDAT), to set up a
research programme on erosion with the aim of solving the problems posed by the erosion hazard and in
particular to develop countermeasures adapted to the particular conditions of the forest environment. Many
results have been obtained (see in particular the evaluation of twenty years' erosion measurements: Roose,
1975) showing the importance of the soil factor and of the particular characteristics of ferrallitic soils, of the
topographical and relief conditions, the characteristics of plant cover and its evolution in time. The relative
importance of the climatic factor was also evaluated.
5.1.1.1

General climatic data

The erosion plots in the ORSTOM centre at Adiopodoume are situated at 5°20'N, 4° 8'W and at an
altitude of 30 metres. The climate is of the sub-equatorial type with four seasons. It is characterized by mean
temperatures of 26°C, varying little over the year(± 2°), a mean humidity of nearly 80%, and mean annual
precipitation of 2 100 mm. Half of the latter quantity may fall during six to eight weeks, the figure for June
sometimes reaching 700 mm.
Since erosion phenomena are closely associated with exceptional showers, it is interesting to note
that one rainstorm of more than 130 mm can be expected each year and one of 200 mm every five years
(Brunet-Moret, 1963). Intensity may exceed 200 mm h- 1 for five to ten minutes, I 00 mm h- 1 for 30 minutes
and 80 mm h- 1 for an hour at Abidjan.
5.1.1.2

The physical environment

The soils are developed on clayey-sandy sediments from the end of the continental shelf. They are
very deep, but highly desaturated and impoverished and consequently very acidic. Permeability is high in
most horizons and K varies from I O to 120 cm h- 1•
man.
5. l. l .3

The climax is the dense, humid tropical rainforest which has been more or less altered locally by

The results of erosion measurement

The papers by Roose (1975) have provided many results on the relations between meteorological
and erosion data. The lowest runofT and erosion is caused by rain falling after a dry period and with low
maximum intensity in 30 minutes. On the other hand, the highest soil losses and runoff occur in June when
the soil is already very moist and subjected to a higher amount of precipitation(more than 700 mm during
the month). In the edaphic conditions of the Ivory Coast, the amount of rainfall does not entirely explain the
erosion phenomena and two other factors must be taken into consideration, namely: soil moisture before the
rainfall and the maximum intensity over a certain duration and exceeding a certain threshold value.
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The latter concept is important and there exist starting thresholds below which there is no movement
(Roose, 1972). For instance, in certain experimental plots rainfall of at least 30 mm was necessary for runoff
to occur after each shower, and more than 90 mm for erosion to take place, i.e. transport of solids.
In a humid tropical environment it is not the exceptional showers, such as in the Mediterranean or
arid tropical environments, which determine the amount of erosion (Roose, 1972 and 1975). The determining
factor is, in fact, the total of the I O or 20 periods of heaviest rainfall in the year.
The importance of the "previous soil moisture" factor is connected with the amount of the accumu
lated rainfall over the preceding weeks, and in the lower Ivory Coast runoff and even erosion in certain cases
are linearly related to the monthly depth of rainfall.
The role of the intensity factor is more complex. On the one hand there is temporary saturation of
the porosity of the upper horizon of the soil, when the rainfall intensity is greater than the infiltration speed.
On the other hand, as a result of splash, there is often a progressive reduction in time in the defiltration speed
owing to degradation of the surface structure. The succession of waterlogging followed by beating of the soil
by raindrops often results in the formation of crusts.
Roose (1975) pointed out: "As long as the heavy rainfall lasts for a short time and falls on dry soil,
erosion and runoff remain low: this is the case generally in the Ivory Coast before the establishment of the
main rainy season. But when a high frequency of precipitation is combined with very moist soil, large
amounts of rain (100 to 250 mm in 24 hours) and high intensities over long periods, catastrophic erosion
occurs."
Another important result, according to the forecasts by Wischmeier, is that runoff, and in particular
erosion, at least on the ferrallitic type of soil studied, begins only when a rainfall intensity threshold is
exceeded over a certain period. This result justifies using the maximum intensity in 30 minutes as one of the
characteristics of rainfall most linked with erosion (see Subsection 4.2.1.2).
Values of the climatic aggression index have been compared with daily rainfall. There is a straight
line regression
R

= 0.577 h -

5.766

between R, the index of climatic aggression, and h, amount of rainfall from June to September (monsoon
type). The regression is curvilinear for the rainstorms during the rest of the year.
Continuing his analysis, Roose stated that there exists a simple relation between the annual mean
index (RAM) over a sufficiently long period (five to ten years) and the annual mean rainfall (HAM) over the
same period:
RAM/HAM

= 0.5 ±

0.05

This relation is not valid near the coastline (ratio higher than 0.6), nor in mountainous regions.
The use of this relation has enabled the first distribution of the climatic aggression index in the
Ivory Coast to be set up (Roose, 1973).
5.1.1.4

Conclusions

The research carried out in the Ivory Coast has revealed a high climatic aggression in humid tropical
countries. Other factors have importance in the commencement and development of erosion, such as soil type
and the conditions of porosity in the upper horizons, the slope and its characteristics, plant cover and its
density during the occurrence of erosive rainfall, and the agricultural conditions, whether mechanization is
used or not. But the climatic factor remains essential in regions which receive more than two metres of water,
and sometimes three and four metres, per year. Thus the climatic aggression index may reach I 400 in the
lower Ivory Coast, whereas it does not exceed 650 in the U.S.A. (Wischmeier, 1962). (It should be noted that
the R index in Roose is always expressed in English units to enable comparison with American data, except
for the rainfall data, which are in millimetres. The necessary corrections have been made.)
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Bef ore envisaging a development pro ject, it is therefore essential to define the importance of the
erosion hazard , first of all by analysing the climatic data whose essential parameters are, in dense forest, the
monthly rainfall and maximum intensities in 30 minutes. However, one may wonder, as does Roose, whether
this analysis is sufficient and whether it should not be completed by a study of the probability of exceptional
indices of recurrence in the order of 10 or I 00 years. As is the case in computations for civil engineering
works, it is the exceptional occurrences which should be taken into consideration for the definition of a
policy of soil conservation and use.
5.1.2

BRAZIL

TABLE 5.1
Correlation of total rainfall a.nd its intensity with losses in earth and water due to erosion in the different experimental stations

Correlated data
Losses in

Rainfall

Experimental station at Campinas
Earth

Total

Max. in 5 min.
Max. in 15 min.
Max. in 30 min.
Max. in 60 min.

>
<

{

Water
Earth
Water
Earth
Water
Earth
Water
Earth
Water

Degrees of
freedom

Significance

Correla1ion
coefficient

79
79
79
79
62
62
52
52
34
45

None
1%
5%
1%
5%
1%
None
None
None
5%

0.16
0.53
0.25
0.31
0.27
0.36
0.23
0.20
0.04
0.34

222
222
222
222
187
187
140
140
79
79

1%
1%
1%
1%
1%
1%
1%
1%
1%
1%

0.38
0.36
0.52
0.46
0.98
0.52
0.62
0.60
0.65
0.65

Y = 7.3+0.33 X
Y = 292.5 +9.76 X
Y= -9.2+0.49X
Y = -102.9+12.48 X
Y = -10.8+ 1.73 X
Y = -241.2+24.89 X
Y = -24.0+1.58 X
Y = -476.9+40.22 X
Y = -36.6+3.01 X
Y = -802.7+78.37 X

48
48
48
48
46
46
40
40
25
25

1%
1%
None
None
None
None
None
None
None
None

0.62
0.39
0.10
0.18
0.04
0.09
0.04
0.23
0.22
0.26

Y = - 11.6+0.62 X
Y = -124.6 + 23.25 X

184
184
184
184
160
160
119
119
61
61

1%
1%
1%
1%
1%
1%

0.44
0.63
0.22
0.29
0.23
0.35
0.22
0.40
0.24
0.50

Y=
Y=
Y=
Y=
Y=
Y=
Y=
Y=

Experimental station at Ribeiro Preto

Total
Max. in 5 min.
Max. in I 5 min.
Max. in 30 min.
Ma11. in 60 min.

.(

>
<
>

<
<

<

Earth
Water
Earth
Water
Earth
Water
Earth
Water
Earth
Water

Experimemal station at Pindorama

Total

/'
<

Earth
Water

Max. in 5 min.

<

Water
Earth
Water
Earth
Water
Earth
Water

>

Ma11. in I 5 min.
Ma11. in 30 min.
Ma11. in 60 min.

<

Earth

Experimental station a1 Mococa

Total
Max. in 5 min.
Max. in 15 min.
Max. in 30 min.
Ma11. in 60 min.

f
>

.

i
>

Earth
Water
Earth
Water
Earth
Water
Earth
Water
Earth
Water

5%

1%
None
1%

Regression equation
Y=a+ bN

Y=
Y=
Y=
Y=
Y=

-139.9 +1 7.94 X
3.9 + 0.14 X
102.6+ 6.95 X
1.04 + 0.31 X
113.1 + 17.02 X

-

-

Y = 9.1 + 32.69 X

-

-

-

-

- 2.9 + 0.43 X
-396.9 + 49.26 X

1.1+0.12 X

116.0+11.11 X
1.4+0.22 X
- 72.5+23.84 X
1.7 + 0.32 X
-195.4+38.16 X

-

Y = -824.9 + 84.15 X
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A number of studies have been made, or are in progress, in Brazil on runoff and erosion (Bertoni,
1959; Bertoni and Pastana, 1964; Bertoni, Lombardi Neto, Benatti, 1975). The main results were obtained in
the Campinas station, in the State of Sao Paulo. The station is situated at 24 ° S, the soils are of the oxisol type
(ferrallitic), and the climate is the tropical type. In most of the tests it was the combination of two factors,
duration and intensity of rainfall, which determined the amount of erosion. However, the studies showed that
the soil moisture had a certain influence in determining the rainfall threshold where the erosion began.
An analysis has been carried out with maximum rainfall intensity in 5, 15, 30 and 60 minutes. The
results varied according to the site, but a significant correlation between losses through erosion and total
rainfall was found only at Pindorama (see Table 5.1). At Ribeiro Preto a better correlation was found
between soil losses and maximum rainfall intensity in 15 minutes. At Campinas the correlation was between
runoff, rather than soil losses, and total rainfall, which was most significant. The authors concluded that the
use of rainfall characteristics is insufficient when taken in isolation. The role of other factors must be taken
into account, such as the effect of kinetic energy from the impact of the raindrops on the soil surface and the
water content of the upper horizons. A multiple regression equation taking into consideration the various
individual factors would probably lead to better estimates of soil loss through erosion. (Again see Subsection
4.2. l.2.)
The researchers subsequently studied the possibility of using Wischmeier's soil-loss equation. The
factor (R) expresses the rain's capacity to cause earth movement from uncovered ground. All the other
factors being constant, soil losses in cultivated plots are directly proportional to the value of the product of
the total kinetic energy and maximum intensity in 30 minutes. At Campinas kinetic energy was calculated
giving an annual mean value of the erosion index of 686 (mean for 21 years).
The results are shown in Table 5.2 (Bertoni et al., 1975).

TABLE 5.2
Tolerance limits of erosion losses for certain soils in the State of Sao Paulo
Soil losses
Soil plols

With textural B horizon

Podzolic red-yellow. Laras
Podzolic red-yellow, ortho
Podzolic red-yellow, Piracicaba
Podzolic with gravel
Podzolized, Lins Marilia, Lins
Podzolized, Lins Marilia, Marilia
Mediterranean red-yellow
Terra rosea, structured

With latoso/ B horizon

Latosol red
Latosol dark red, ortho
Latosol dark red sandy
Latosol red-yellow, ortho
Latosol red-yellow, flat
Latosol red-yellow, sandy
Latosol red-yellow, terrace
Latosol red-yellow, humus
Soil of Campos de Jordiio

Amow11
observed
(tha-• year-•)

Means. weighled
according to
depth (t ha-')

6.9 to 13.4
5.2 to 7.6
3.4 to 11.2
2.1 to 6.6
3.8 to 5.5
3.0 to 8.0
9.8 to 12.9
11.6 to 13.6

9.1
6.6
7.9
5.7
4.5
6.0
12.1
13.4

10.9 to 12.5
11.5 to 13.3
13.4 to 15.7
12.5 to 12.8
4.3 to 12.1
13.6 to 15.3
1 I.I to 14.0
10.9 lo 11.5
4.6 to 11.3

12.0
12.3
15.0
12.6
9.8
14.2
12.6
11.2
9.6

In conclusion, in all cases it is the degree of intensity of rainfall which is the most useful figure for
predicting erosion. According to Dr. Goedert, of the Savanna Research Centre (Cerrado Centre), it is the
intensity in 15 minutes which gives the best results.
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5.1.3

COLOMBIA

The problem of erosion through runoff in the coffee plantations has been very widely studied
(National Federation for Coffee-growers of Colombia, 1975). The rainfall regime varies according to region
and topographical position, which is normal for a mountainous country, but the annual rainfall is generally
more than l 000 mm.
Soil losses vary considerably according to agricultural conditions; for example, we might quote the
following results obtained on 60% slopes after two-and-a-half years of cultivation (Chinchina plot with
rainfall of 2 409 mm):
Treatment
Hoe
Machete
Herbicide

Soil loss
6 925.95 kg ha- 1
133.27 kg ha-•
16 149.26 kg ha-•

For all the different tests, the amount of damage was related to the volume and speed of rainfall.
The effect of rainfall intensity is su1LID.arized in the table below (Suarez and Rodriguez, 1962) concerning a
colluvial soil.
TABLE 5.3
Total rainfall, maximum intensity and associated erosion
Total rainfall (mm)

Maximum intensity in
less than five minu1es

Erosion
(kgha- 1)( x 103)

20.6
21.4
21.8
22.0

7.9
5.0
2.2
1.0

7.35

1.74

0.47
0.06

The importance of the rainfall distribution was evaluated, the duration between periods of rain
playing a varying role according to the state of soil moistening. The following results demonstrate the role of
rainfall frequency (Suarez, Rodriguez).
TABLE 5.4
Effect of interval between successive rainstorms of roughly equal total falls and maximum
(five-minute) intensities on erosion
Interval belween two
periods of rain

Amou111 of the seco11d
period of rain

Maximum inlensity
in five minules

Erosion
(kgha-1)

2 days
17 days

12.6mm
17.8mm

2.2mm
3.0mm

39.5
2.0

The protective effect of the leaves of coffee trees, slowing down the speed of the rain has often been
mentioned to explain a ce1 tain reduction in erosion in plantations. Jn fact, studies have shown that raindrops
intercepted by leaves arrive at the soil with an energy which is comparable to that of normal rainfall. On the
one hand, the various raindrops, according to their size, reach 95% of their maximum speed after a fall of 2.2
to 7.9 metres; but on the other, the dimensions of the drops falling from the leaves are, in general, high
because of the effect of coalescence on a smooth surface.
In these conditions, the protective effect of coffee trees is not due to the interception of rain but to
the role of the residues which cover the soil. All these results show the importance of a better knowledge of
the rainfall characteristics of quantity, intensity, and distribution which play a role in initiating erosion
through runoff in coffee plantations in Colombia.

TABLE 5.5

0

�

Summary of the annual results obtained on the erosion plots at Sefa Casamanee (Senegal), 1954-1962 (see page 106)

Year

I
9

5

4

I
9

5

5

I
9

5

6

I
9
5
7

I

9

5

8

Plot No.

I

2

3

4

5

6

7

8

9

/0

Slope(%)
Area(m 2 )

200

2

2
200

1.25
500

1.25
250

1.25
250

1.25
250

1.50
250

1.50
250

2
300

2
600

Crop
Method
Rainfall (mm)
RunofT(mm)
RunofT(%)
Erosion(t ha-')
Yield (kg ha - 1)

Gro1111d11111
Tradit.
I 303
460.5
35.3
12.57
Nil

Groundnut
Mechanized

Crop

Fallow

Rice

Method
Rainfall (mm)
Runoff (mm)
Runoff (%)
Erosion (t ha 1)
Yield (kg ha- I)

Tradit.
I 395
300.0
21.5
5.6

Mechanized

Bumi
forest

ProtectI'd
forest

-

740.5
53.1
30.98
Nil

-

-

-

Crop

Gro11nd11111

Grou11dn111

Tradit.

Mechanized

811mt
forest

Protected
forest

Rainfall(mm)
RunofT(mm)
RunofT (%)
Erosion(t ha - 1 )
Yield(kg ha- 1)

I 265
442.5
35.0
6.06
970

-

537.4
42.5
11.96
I 840

Crop

Rice

Rice

Tradit.

Mechanized

Method

Method
Rainfall (mm)
RunofT(mm)
RunofT (%)
Erosion(t ha ')
Yield(kg ha 1 )

971
216.9
22.3
6.93
Nil

set up in 1955

-

631.6
48.5
17.28
Nil

-

-

244.8
25.2
9.73
Nil

Crop

Groundnut

Gro1mdmtt

Method
Rainfall (mn.1)
Runoff(mm)
Runoff (%)
Erosion (l ha - ')

Tradit.
I 336
176.7
13.2
4.87

Mechanized

-

203.3
15.2
11.14

Groundnut/
rice
Strip crop
I 340
295.9
22.1
11.44
I 700/1 760
Gro11ndn11t/
sorghum
Strip crop/
E.V.
I 148
132.8
11.6
1.57
I 636/Gro11t1d11ut/
sorg/111111
Strip crop/
E.V.
I 004
135.0
13.4
6.70
1 920/Gro1111dnut/
rice
Strip crop
I 484
268.1
18.0
28.08

Rice

Grou11d11111

Sorghum

Sorghum

Fallow

?

-7

-

-

Tradit.

-

240.9
18.0
16.3

Co11011

Rice

Groundnut

Groundn11t

Gro,mdmtt

?

?

?

?

?

-

-

-

10.13
0.9
0.67
775

-

244.4
21.3
6.47

160.6
12.0
7.46

-

377.1
28.1
4.18

-

313.5
23.4
6.3
I 780

-

157.9
11.3
IQ.I

-

-

800

108.2
9.4
13.05
2 124

208.8
18.2
4.62
I 948

139.0
12.1
3.47
I 748

Sorghwn

Ground1111t

Rice

Rice

Sorghum

E.V.

?

Mechanized

Mechanized

Grain

-

-

-

-

123.9
12.3
6.72
2 020

Groundnlll

Rice

Sorgh11m

-?

-

?

E.V.

161.0
16.0
2.65

120.4
8.1
6.30

240.5
16.2
18.39

216.3
21.5
6.43
950

-

166.9
11.2
22.71

-

205.8
20.5
9.52
800

-

244.9
24.4
13.40
1 500

Groundnut

Grow1d1111t

?

-?

-

197.9
13.3
7.56

223.7
15.0
13.36

I 271
5.32
0.46
0.070

-

1.91
0.15
0.057

-

-

Burnt

Protectet/
forest

forest
I 029
4.45
0.43
0.051

-

4.38
0.42
0.049

-

-

811mt
forest

Protected
forest

I 296
4.70
0.3
0.141

-

1.70
0.1
0.022

m
;c
V,

Table 5.5 (contd.)
Year

I
9
5
9

Plot No.

I

2

3

4

5

6

7

8

9

10

Slope(%)
Area (m 2)

2
200

2
200

1.25

1.25
250

1.25
250

1.25
250

1.50
250

1.50
250

2
300

2
600

Crop

Fallow

Sorghum

Rice

Sorghum

Groundnut

Rice

Millet

Method
Rainfall (mm)
RunoIT(mm)
RunoIT (%)
Erosion (t ha - I)

Tradit.

E.V.

-?

E.V.

?

Burnt
forest

Protected
forest

-

-

I
9
6
I

I
9
6
2

258.3
31.8
7.37

Groundnut

Groundnut

Method

Tradit.

Stubble
ploughing

Rainfall (mm)
RunoIT(mm)
RunoIT(%)
Erosion (t ha- 1)
Yield (kg ha - ')

I 171
220.3
18.8
5.35
I 900

430.5
36.8
12.15
2 850

Crop

Rice

Rice

Crop

I
9
6
0

812
114.3
13.7
2.03

Method

Tradit.

-

Stubble
ploughing

-

500

Groundnut/
rice
Strip crop

742
124.8
16.8
2.47

Groundnut/
sorghum
Stubble
ploughing/
E.V./strip
crop

I 302
227.6
17.5
4.52
2 580

Rice/
groundnut
Strip crop,
stubble
ploughing

I 185
374.3
31.6
8.05
534/1940

134.5
18.1
2.17

113.8
15.3
3.01

127.7
17.2
4.07

?

243.4
32.8
5.95

-

195.8
26.4
8.10

Groundnut

Groundnut

Rice

Groundnut

Groundnut

Stubble
ploughing

Stubble
ploughing

Stubble
ploughing

Stubble
ploughing

Tradit.

-

-

328.3
25.2
3.59
2 660

376.3
28.9
6.99
2 640

Rice

Rice

-

Stubble
ploughing

-

Stubble
ploughing

-

-

400

375.5
28.8
6.98
2 120

352.4
27.1
7.30
2 580

Groundnut

Sorghwn

Fallow

398.1
30.6
7.38

Stubble
ploughing

-

E.V., Stubble
ploughing

-

Tradit.

-

Rainfall (mm)
RunoIT(mm)
RunoIT(%)
Eros.ion (t ha - 1)
Yield (kg ha-1)

I 231
461.1
37.5
29.95

Crop

Groundnut

Collon

Sorghum/
grain

Sorghum

Groundnut

Collon

Fallow

Fallow

Method

Tradit.

I 084
247.3

Stubble
ploughing

E.V., Stubble
ploughing

Stubble
Ploughing

Stubble
ploughing

Stubble
ploughing

Tradit.

Rainfall (mm)
RunofT(mm)
RunofT (%)
Erosion (t ha - 1)
Yield (kg ha - ')

Stubble
ploughing

Nil

22.8

2.91
I 025

617.4
50.2
54.48
Nil

-

462.8

42.7
18.52

266

I 223
513.9
42.0
3.29
760

446.8

37.7
6.79
I 184

296.2
24.2
1.19
-

431.0
36.4
10.84
872

-

474.3

38.8

3.32
2 224

470.0
39.7
5.24
I 720

-

402.9
32.9
4.25

460

414.4
35.0
8.65

46000

-

180.9
14.8
1.46

-

157.3
13.3

-

9.78

-

228.3
18.7
1.85

-

768
5.0
0.65
0.084
Burnt
forest

I 272
14.67
1.15
0.240

-

4.0
0·52
0.051

Protected
forest

-

19.34
1.52
0.300

-

-

Burnt
forest

Protected
forest

0
rr,
C)
0
►
--l

z
"0

:i:

z0
s::
z>

(TI

(TI

z

Cl)
(TI

r
I 120
15.2
1.34
0.198

-

Burnt
forest

I 219
10.2
0.8
0.021

-

-

13.4
1.18
0.220
Protected
forest

(TI

(TI

0

(')

C

s::
►--l
rr,

Cl)

-

13.9
I.I

0.023

-

0
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CHAPTER 5

5.2

Humid tropical climate with a long dry season

5.2.1

CASAMANCE (SENEGAL)

5.2.1.1

The environment and the erosion hazards

Casamance, a region in Senegal, is situated in west Africa between the Republics of the Gambia and
Guinea-Bissau. Its climate is of the tropical type with two seasons, a rainy season from June to October and
a dry season from October to June. Mean annual rainfall is in the order of 1 380 mm.
The plateaux of Casamance are very flat and, in theory, the risk of erosion by runofT is consequently
low. However, implementation of a vast project of mechanized cultivation of groundnuts has brought out the
real dimensions of the erosion hazard. In 1949 the General Tropical Oilseeds Company (CGOT) began
systematic clearance of a forest zone nearly 20 000 hectares in area. The land, which was situated on a
plateau to the north-east of Sedhiou, was made available for several reasons, partly in view of the easy access
by the river Casamance, and also because of the physical and human environmental conditions. In particular,
it had been possible to find large, continuous areas with deep surface soil which were suitable for
mechanized cultivation. The most common soils, which are red and classified as ferrallitic, are associated
with the classified (French classification) beige tropical ferruginous soils with concretions (Fauck, 1955). The
vegetation is composed of wooded savannah and thin deciduous forests, which are adapted to a climate with
a long dry season characterized by the annual occurrence of bush fires. The promoters of the project had
envisaged the possibility of wind-erosion hazards, in view of the constant direction (north-east) of the har
mattan in the dry season. For this reason, the project director had provided for the organization of fields
lying north-south, one kilometre long and 250 m wide, separated by windbreaks 50 metres wide. The erosion
hazard through runoff had been considered negligible, owing to the geomorphological situation, the slopes
on the plateaux all being less than 3%.
After the clearing of the forest (cutting then drainage), mechanized cultivation of groundnuts began
with systematic stubble ploughing immediately after the first rainfall at the beginning of the rainy season.
From the first year of cultivation, local erosion phenomena through runoff were observed in many plots,
involving erosion in layers with a limited amount of sandy colluvial deposition at the bottom of the slopes.
During the second year of mechanized cultivation, soil removal was speeded up and became more generalized
over all the slopes of a certain length, even those less than 1.5%. When the incline of the slopes exceeded 3%,
erosion by gullying appeared, forcing the CGOT to abandon many plots which had been cleared at great
expense.
The beginning of water erosion, which quickly became catastrophic, led the directors to investigate
the causes of the phenomenon. The particular fragility of the soils was examined as well as the importance of
the meteorological factors. An experimental station was installed at Sefa in order to solve the problem,
comprising ten experimental plots linked to tanks to collect the runoff. The numerous results obtained
revealed the primary effect of the length of the slopes. They also showed the important, but not predominant,
role of the stability of the soil structure and its evolution in time, in relation to the type of mechanized
working of the soil.
Table 5.5 summarizes the results obtained for the erosion cases at Sefa (according to Roose, 1965).
It will be seen that the mean runoff during the rainy season in certain years exceeded 40% of the total
rainfall, and that the soil removed by erosion varied according to the plot from I x 104 to 5 x 104 kg per
hectare per year.
The interpretation of the many results also brought out the essential role of meteorological factors
in starting off the erosion. The results of the analysis are presented below.
5.2.1.2

Analysis of the meteorological factors

5.2.1.2.1

Rainfall amount

The total annual rainfall recorded at Sefa varies between I 100 and 1 500 mm, the mean being
approximately I 380 mm, the exact value varying according to the author and depending on the reference
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period taken for the calculations. Precipitation during the rainiest month, August, varies from 300 to 700
mm, its amount during this month being related to the amount of erosion. However, all the observations
agree in attributing most of the damage to the period between 20 June and 20 July, i.e. during the strong
tornadoes at the beginning of the rainy season and not when most precipitation, quantitively speaking, falls.
Cocheme and Franquin (1967) have estimated the mean intensity of rainfall in the Sudan zone at
approximately 4 mm h- 1, which is high by comparison with that for Europe. But comparison is difficult as
tropical rain falls in rainstorms or line squalls with very variable intensity in time. Pluviograph recordings
have been analysed to detect temporal variations. Table 5.6 shows the results, expressed in mm per hour, for
the period 1965-1968 at Sefa according to Charreau (1973).

TABLE 5.6
Quartile limits of frequency distributions or rainfall intemity (mm h- ') and rainfall amounts {mm) for periods stated (Sera, 1965--1968)

Period
Upper limit of

1st quartile
2nd quartile
3rd quartile
Rainfall amounts

5.2.1.2.2

June

July

August

September

October

Year

9.0
28.2
71.6

13.9
41.4
69.7

7.0
24.3
57.7

9.2
34.3
64.3

9.3
28.2
53.0

8.9
32.0
61.6

111.4

234.7

287.9

403.4

177.0

121.4

Rainfall intensity

It has been noted that half of the annual rainfall falls with an intensity of over 32 mm h- 1 and a
quarter with an intensity of 62 mm h- 1 • It is June and July which have the greatest proportion of high
intensities. It is important to note that some rainfall intensity values of over 100 mm h- 1 are recorded every
year.

Maximum intensity for 30 consecutive minutes has been determined for all occasions of rainfall of
above LO mm. An attempt has been made to establish correlations between rainfall amount and maximum
intensity for 30 consecutive minutes for a total of 143 periods of rainfall during the years 1965-1968. The
calculations have shown that for a 50 mm period of rain there was a 95% chance of obtaining a maximum
intensity over 30 minutes of between 17 and 74 mm h- 1, with a theoretical mean of 46 mm h- 1•
On the basis of results by Wischmeier and Smith, it has been calculated that the kinetic energy
developed by rainfall over the year was on average 2 820 kgf. m/m 2 for the period 1964-1968, variations
seeming to follow closely those of rainfall amounts. The value of the kinetic energy/annual rainfall ratio
provides the mean value of kinetic energy developed per millimetre of rain fallen to be 2.31 kgf. m/m 2 •
Moreover, Charreau has calculated that there is a rough proportionality between rainfall amount and kinetic
energy. From this he deduced that "for all periods of rainfall, the arithmetic mean of the kinetic energy of
each period of homogenous intensity would be roughly equal to a constant". This constant being 2.3, it
corresponds, according to the formula by Wischmeier and Smith, to an intensity of 17 mm h- 1• But this
proportionality between rainfall amount and kinetic energy is not sufficient to account for the rain's aggres
sion erosivity. Roose subsequently calculated the Wischmeier rain index according to the formula:
R

= Eg

X

Ima. 1/100

where £8 is the kinetic energy in foot-tons acre- 1; lmu is the maximum intensity over 30 minutes in inches
hour - 1; and R is the rain index in tons acre- 1•
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From 1964 to 1968, the rain index at Sefa has been as follows:
TABLE 5.7
Rain index (Ions per acre•) at Sera, for months stated and for the year, together with annual rainfall (mm), means for 1964-68 (incl.)

June

July

August

September

October

Year

Annual
rainfall
(mm)

153.0

406.8

361.7

478.0

205.7

I 685.2

I 267.0

• I ton per ocrc - 2 500 kg ha-•

The rain index/rainfall ratio is, on average, 1.23, but the monthly values are variable, reaching 1.62
in July, which is a particularly "erosive" month.
This value must be compared with the results obtained by Fournier (1960) on the evaluation of the
erosion hazard world-wide and in Africa, where the Casamance zone presented an erosion hazard of more
than 106 kg km- 2 year- 1• The exact calculation for Sefa shows a specific degradation estimated at over
3 x 10° kg km- 2, i.e. one of the highest in the world. The Casamance climate would therefore appear to be
30 times more erosive than the average in most temperate zones. This result demonstrates the need for better
knowledge of the climatic parameters and in particular of the values of rainfall intensity. The latter should
enable not only the erosion hazard to be quantified, but also engineering works to be designed in conformity
with the need for flood regularization and removal of excess runoff water.
5.3

5.3. l

Periglacial climates
SCOPE AND SCALE OF THE PROBLEM

5.3.1.1 Introductory remarks
The growing economic and political importance of higher-latitude regions (e.g. northern Canada,
Alaska, U.S.S.R.) renders studies of the physical environment of such areas of increasing importance. A
group of problems of a type which is not of such critical relevance to many other regions concerns the
mechanical strength and stability of the ground layers below the surface stratum - the difficulties associated
with the development of the oil fields in Alaska and with the transport of oil (the Alaskan pipeline) will be
familiar to many readers. The techniques for the successful construction of permanent and semi-permanent
installations appear to be well established (Shevtsov, 1963; Pewe, 1970): the construction and maintenance of
highways present a further set of problems (Lotspeich, 197 I); whilst the long public argument centred around
the trans-Alaskan oil pipeline (Alyesha) project illustrates the hazards of a heated pipe in a permafrost
situation.
Ice is an essential factor in the evolution of erosion in these areas, although by no means are all
manifestations - resulting in many forms of patterned ground - of significance in erosion. Ice and water
dominate the disintegration of rock, the transport of material and linear erosion but progress of erosion is
very dependent on the amount of moisture in different periglacial climates (Birot, 1969). Precipitation in
these regions is generally comparatively low and Birot notes the significant losses of material associated
with the high rainfall in northern Scandinavia.
In the absence of sparse vegetation wind action gives rise to loess ("wind-deposited silt, usually
accompanied by some fine clay and fine sand": Longwell, Flint and Saunders, 1969) which can be deposited
at great distances from the area of origin. In contrast, dunes formed from wind-moved sand, although
mobile, come to rest in the same kind of environment in which they originated or in one located very close to
it. In this respect their morphology, orientation, bedding and sand-grain characteristics can provide consider
able information on the periglacial wind properties ruling in the area.
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Much of the material in this chapter has been drawn from, or suggested by references in, Washburn
(I 973): this text should be consulted for more detailed information and for related work referred to in its very
extensive bibliography.
5.3.1.2

Definition and specification of a periglacial environment

In the strict sense the periglacial area is defined as the area beyond the tree line where the vegetation
is discontinuous (Birot). Washburn (1973, pp. I, 2) cites a range of definitions. The term "periglacial" was
first introduced by Lozinski (1909) to designate the climate of climatically controlled features adjacent to the
Pleistocene ice sheets; subsequently, it was extended to recognize the presence of features of cold climates not
associated with glaciers and regardless of age. The presence of permafrost is considered by some authorities
to be necessary but such a condition seems unduly restrictive since many features such as gelifluction, frost
creep, and several forms of patterned ground related to frost action are commonly regarded as periglacial but
are not necessarily associated with permafrost (Washburn, 1973, p. 2). Indeed, the last author suggests that
the diagnostic criterion (for a periglacial regime) is a climate characterized by "significant frost action and
snow-free ground for part of the year". Accordingly, areas with permanent snow and ice cover (e.g. glaciers)
are excluded and many mountain areas below the permanent snowline in aJJ latitudes included. What degree
of frost action is deemed significant must to some extent be a matter of judgement; certainly it is the com
bination, intensity and duration of cold climate processes that characterize periglacial environments. The
expression of these criteria in terms of conventional climatological elements is dealt with later.
A comprehensive listing of periglacial processes in different geographical situations and their relative
importance is given by Washburn (1973 - Table I I.I) as indicated by the first few entries quoted below:

Lowlands

Highlands

Polar

Subpolar

Middle
latitudes

Polar

Subpolar

Frost action
Frost wedging

2

I

3

2

I

Frost heaving and
frost thrusting
Mass displacement

I
I

2
2

R

3

2
2

3

Processes

I

Low
Middle
latitudes latitudes

2
3

R

3
4

R

Entries I co 4 indicate a decreasing range of tmportancc aod R implics "rare".

Amongst rough rule-of-thumb climatic criteria for the definition of periglacial regions are:
(a) Mean annual temperature (f(ann)) � 3°C (O'Brien, undated);
(b) T(ann) -15°C to -1° C: annual rainfall (excluding snow) 127 mm to I 397 mm;

(c) T(ann) -12°C to + 2° C: annual rainfall 50 mm to I 250 mm.
(Definitions (b) and (c) respectively from Peltier (1950) and Wilson (1968) and quoted in Washburn (1973)).
Such broad estimates form the bases for mapping, e.g. Canada by Brown (1967); this subject will be
considered in detail later.
Since the transmission into the soil of a cyclic temperature variation imposed on the surface depends
upon J(period) and the amplitude of the variation, annual mean temperature is but a first guide and two
approaches incorporating seasonal variation have been judged by Washburn as particularly helpful, namely that
by Tricart (1967, 1969) and the well-known Koppen classification (Koppen, 1936: Koppen-Geiger, 1954). There
is a direct connection between Koppen's categories and Washburn's matrix indicated above. Koppen's partial
reliance on the distribution of vegetation - often considered a weakness in relation to a purely climatic classifica
tion - is to a degree an advantage when considering situations where the vegetative cover plays a dominant role
in the environment.
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5.3.1.2.1

Periglacial climates and characteristics (after Tricart)

(a) Cold, dry climate with severe winters
(i) Very low winter temperatures, (ii) short summers, (iii) low precipitation, (iv) permafrost, (v)
violent winds, resulting in:
- Intense freezing;
- reduced or negligible action of running water;
- Important wind action.
(Encompasses elements of Koppen's D and E climates.)
(b) Cold, humid climates with severe winters

I. Arctic type
(i) Annual mean temperature similar to (a) but smaller seasonal range, (ii) pennafrost, (iii)
precipitation exceeding 300 mm (hence considerable snow cover), (iv) large climatic irregularities;
consequently, compared with (a):
Freezing is less intense and less persistent;
- Running water is more important;
- Wind action is reduced by snow cover.
(Humid areas of Koppen's ET climate.)
II. Mountain type
(i) Seasonal temperature trends similar to (I) but annual mean greater, (ii) higher precipitation,
(iii) more freeze-thaw cycles in valleys than on summits; consequently:
- Frost action is important but pennafrost not typical;
Running water is an important feature;
Wind action is slight.
(c) Cold climates with small seasonal temperature variation
I. High-latitude island type
(i) Annual mean temperature approximately 0° C (and annual fluctuation of the order l 0° C), (ii)
numerous freeze-thaw cycles, (iii) precipitation exceeding 400 mm, consequently:
Frequent freeze-thaw cycles of short duration and slight ground penetration;
- Only slight wind action.

5.3.1.2.2

Periglacial climates and characteristics (incorporating Koppen's criteria)
(f.,

Polar lowlands: 2
Sub-polar lowlands: 2

Middle-latitude
lowlands:
Highlands: 3

Temperature

= mean temp.. warmest month; t, = mean temp., coldest month)

LAtitudinal
range'

Associated
Koppen categories

rr

1', < -J•c
1'., < 10° c

55-90°N
{
50--90•s

EF (ir
{
ET (if

i, < -3'C
f. > 10°c (but T > 10°c for less than four months)

50--70°N
{
4.S-60°s

Ord
Owe
Owd

r, = -J•c
f�

=

> 10°C (and T > 10° C for four months or more)

35-60°N

All

Orten diurnal range > seasonal range

latitudes

1 Cons:u:krabl� longitud.Jn:at control on latitudinal hmus.
1 'T., • IO'C coincides -.11h the trec-b� in lhc nonhcm hcnlispbett; scattered uees can exist
o( laliludc further polcw-arch
J The- eh.mate is controlled by laotude and he1gh1 the grad1en1 ana oncn1auon of slopes arc: ,er) pertinent.

1r

O fb
Dwa
Dwb

r., < o•q
r. > o•q

111

DEGRADATION PHENOMENA IN SELECTED CLIMATES

II. Low-latitude mountain type
(i) Small seasonal temperature variation, (ii) much greater diurnal variation, (iii) high precipita
tion (but with some exceptions); consequently:
- Considerable frost action but only slight freezing penetration;
- No permafrost;
- Little wind action (except if precipitation is low).
5.3.2

PERMAFROST

5.3.2.1

General features

Although permafrost is not always encountered in areas exhibiting periglacial phenomena, it is
central to all discussion of periglacial environments. Figure 5.1 introduces some of the main features. A
distinction is made between the zone of continuous permafrost and that of (spatially) discontinuous perma
frost. A necessary - but possibly not sufficient (Stearns, 1966)- condition for permafrost is a temperature of
the ground material of 0°C or below for a period ranging from at least two consecutive years up to tens of
thousands of years (Muller, 1947).

I

-z-•RESOLUTE
N.W.T. (7'4 ° N)

1

HAY RIVER
N.W.T. (61 ° )

NORMAN WELLS
N.W.T. (65 ° N)

*3-

FT"Eil' LAYER����

Scattered patches
of permafrost
a few feet thick

UNFROZEN GROUND
(TALIK)

CONTINUOUS
PERMAFROST
ZONE

DISCONTINUOUS
PERMAFROST
ZONE

Figure 5.1 - Idealized south-north (right to left) vertical profile of permafrost in Canada (Brown, 1970)

The thickness of continuous permafrost at its junction with the discontinuous zone is typically 30 to
60 metres.
The "active layer" is the upper layer of permafrost that undergoes an annual freeze-thaw cycle. The
absolute level of temperature dictates the existence and depth of the "active layer": the thickness is reduced
to zero in the higher latitudes and increases to ten metres or more in the discontinuous zone, although here
the layer may not completely reach the permafrost table. Some authors apply the term to that layer of
ground subject to seasonal thawing and freezing in a non-permafrost environment (see Section 5.3.4 for
further discussion of this and associated phenomena).
The physical characteristics of the permafrost are described and defined by a number of measure
ments and parameters:
(a) Direct boring into the ground;

(b) Direct temperature measurements - at the surface and within the ground;
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(c) Inferential data based upon geothermal gradients;
(d) Temperature at which seasonal temperature variation vanishes;
(e) The depth of the point defined by (d).
For obvious reasons air temperature as conventionally measured has to be used as an indicator of
ground temperature (usually defined as the mean temperature of the first few tens of centimetres). Ground
temperature as defined is higher than air temperature; a "correction factor" frequently invoked is:
T(ground) - T{air) � 6° F or 3}° C.
An associated relationship is given by De Vries {1958) for the annual temperature wave; the ratio of the
amplitude /'.T0 at the surface and t-.T2 in the temperature screen is
/'.To
-= 1.1 to 2.0 (average 1.3) for bare soil
llT2
l'.To
= 1.25 for short grass
I', T2

Some rough estimates of the (mean annual) temperature limits related to permafrost are set out
below:
Alaska

Canada

North of -6° to -8° C

-6.7°C

limit

Southern limit of continuous
permafrost
Boundary between continuous and discontinuous
permafrost
Southern limit of discontinuous
permafrost

T(air) or T(ground) as appropriate

+J•c

U.S.S.R.

-8.3 °c

-1·c

-1.o·c
(but may be as
low as -9.4°C)

T, l °C to +3°C

Temperature at level of zero annual amplitude, i.e. T,:
0°C;
At limit of discontinuous zone:
-5°C;
At boundary between zones:
At extreme of continuous permafrost: - I 5° C.
By incorporating T (annual applitude--> 0) into the definitions, we have {Lotspeich, 1971):
"Permafrost: permanently frozen ground

(a) Continuous: Areas of deep frozen ground (up to I 200 ft (365 m) thick) whose temperature at
depth of zero amplitude (where temperature shows no annual fluctuation) is Jess than (colder
than) 5° C below freezing;
(b) Discontinuous: Areas of permafrost where the temperature at depth of zero annual amplitude
ranges from 0.5° C to about 4° C below freezing."

So far no explicit reference has been made to the water or ice content of the ground. However, some
authorities (e.g. Stearns, 1966) stress the important role played by ice in cementing the soil material. Stearns's
definition of permafrost requires:
(a) The temperature in the material to have remained below 0 ° C continuously for more than two

years;

(b)

If pore water is present in the material, that a sufficiently high percentage freeze to cement the
mineral or organic particles.

((a) corresponds to dry frozen ground; (a) and (b) define wet frozen ground.)
Elementary mapping procedures rely upon condition (a) only; engineering and constructional prob
lems require attention to (b), although "cementation" is as yet a subjective criterion.
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Permafrost in highland areas

Given sufficient height, permafrost can be found in all latitudes. Brown (1967) examined the lower
limit of permafrost in the Canadian Cordillera; this he associated with the height of the 30° F ( - l.0°C)
annual isotherm and derived the relationship
Z
(Z

= 29 307 - 4642

= height, in ft, above MSL and ), = latitude, in degrees and tenths) with a standard deviation of 447 ft;

or, in metres,

Z

= 8 935 - 141,l.,

and standard deviation 136 m.
Permafrost has been reported in the summit area of Mount Washington (I 917 m, latitude 44½ 0N)
and Mauna Kea, Hawaii (4 206 m, latitude 20° N); the corresponding estimates from the above regression are
2 661 m and 6 1I 5 m.
The importance of slope and aspect in the highland areas is illustrated by the fact that in the
northern hemisphere depth of thawing may be 50-60% greater on south-facing than on north-facing slopes
(Khesthova, 1961, 1969).

5.3.2.3

Other factors influencing the formation and behaviour of permafrost

Additional factors which require mentioning but not discussing in detail are:
(a) Topography. This can influence climate, mainly on the meso- (i.e. local) and microscale, and

exert a direct effect on processes (especially those associated with gravitational movements and
those arising from moving water).

(b) Rock structure. Gross features such as consolidated and unconsolidated sediments, nature of
jointing in bedrock or of fissuring in unconsolidated sediments and geometry of stratification
planes control the ingress of moisture and the spatial characteristics of weathering, splitting, etc.
(c) Mineral composition. Different rock materials react differently to given climatic factors, and
chemically different materials in the same climate may have diverse reactions.
(d) Texture. This characteristic can play a dominant role, particularly through the relationships
between grain size (and hence porosity and intergranular spaces) and moisture: e.g. frost heaving
is to be anticipated if the soil mass contains several per cent of particles finer than 0.07 mm; an
alternative specification is more than 3 to 10% of particles finer than 0.02 mm.
(e) Colour (by virtue of its effect on the absorption of solar radiation).
(j) Time; duration of exposure to periglacial processes. In many respects time must be considered a

major control: for example, periglacial processes leading to solifluction and patterned ground
are very slow acting - it would take solifluction 12 000 years to move material ten to twenty
metres down a very gentle slope; whereas for a slope as steep as ten to fourteen degrees, material
could be moved nine to 37 metres downslope in one thousand years; even a small negative heat
inbalance each year results in a thin layer being added annually to the permafrost (Brown,
1970). Such observations justify the comment by Williams (1961) who observed that "variations
in density of occurrence of specific fossil frozen ground phenomena are not so much indicative
of particular climatic conditions but of the length of time during which the features could be
formed".

On many grounds, therefore, considerable weight must be given to the period during which a
particular climatic factor operates.
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5.3.2.4

Global extenr of permafrosr

Estimates of the amount of the land surface underlain by permafrost (excluding glaciers) vary from
about 14% to 20%. There is also some doubt as to whether the surface below the polar ice sheets is frozen or.
not.
Permafrost characterizes about 80% of Alaska (1.3 m km 2 ), 40-50% of Canada (3.9-4.9 m km 2 ) and
50% (11 m km 2 ) of the U.S.S.R.
5.3.3

PROCESSES OF DEGRADATION AND EROSION IN PER1GLAC1AL ENVTRONMENTS

5.3.3.1

Inrroducrion
(a) Acrive layer. Certainly in the context of agriculture and allied activities, degradation and erosive
processes will assume most importance in those areas subject to the seasonal freezing and thaw
ing of the "active layer", i.e. that which is capable of carrying a crop of some kind; and
meteorological influences (including snow cover) which affect the transmission of heat and
temperature into the ground, the depth and rapidity of seasonal thawing and freezing will be of
relevance.
(b) Wind acrion. Although common to all environments and associated with sparse vegetative
cover, wind action has certain features special to periglacial areas - in particular the effect of
frost action on the creation of a wind-erodable soil fraction;
(c) Vegetarive cover. As in other environments, vegetative cover plays an important role: the vege
tative system is very fragile, however, and, once destroyed, is very difficult to re-establish, partly
due to the limited period of the year when temperature is such as to permit the growth of
vegetation.

Topics (a) and (b) will be dealt with in some detail later. It is, however, convenient at this point to
discuss certain other processes occurring in cold climates and which have a major impact upon civil and
transport engineering and construction, and on the management and navigation of rivers and waterways:
(d) The disintegration of rocks and the consequential mass movement under gravity with or without

the aid of water (rock falls, rock glaciers);

(e) The breakdown of rock debris, stones, pebbles, gravels and finer fractions (i.e. "soil" as gen
erally understood);
(j) Changes in the mechanical and physical properties of rock and soil (these are associated with
frost cracking, frost heaving, frost wedging, frost sorting, manifest in a wide range of types of
patterned ground);
(g) Mass wasting, particularly as occurring in slush-flow associated with thaw;
(h) Erosive processes particularly connected with melt-water on sloping ground;
(i) Damage to river courses and estuaries arising from floating ice ("ice rafting" and "ice shove")
and similar action of sea ice on beaches.
Topics (d) and (e) will not be examined in any detail but it is important to realize that the first step
in the basic cycle of erosion is the disintegration and decomposition (i.e. the weathering) of rocks. Fur
themtore, erosion is strongly affected by meteorological elements, notably moisture and temperature, the first
of which has been increasingly emphasized in recent decades, whilst a primary role for the second factor has
been discounted except in relation to the solid-liquid phase change (Birot, pp. 14-16).
5.3.3.2

Changes in mechanical properties of rock and soil

5.3.3.2.1

Frost wedging

The prying apart of material, commonly rock, by the 9% increase in volume of water at freezing
(the maximum pressure that can be generated by freezing, obtained under ideal laboratory conditions, is
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2 I I 5 kg cm- 2; in natural conditions the limit achieved is probably much lower). However, in porous materials
the directional growth of crystals might be an even more important process.
The extent and degree of wedging depend on the amount of moisture as well as on its presence.
Effects depend basically upon the freeze-thaw cycles (these, of course, within the material and not necessarily
satisfactorily monitored by conventional screen air temperatures) and upon the rapidity of change. Rapid
freezing, at a given moisture content, promotes splitting, whilst the sealing of external pores by freezing could
result in internal disruption.
Frost wedging can eventually reduce suitable parent material to silt (particle diameter 5 x 10- 3 to
5 x 10- cm) or even clay (diameter < 2 - 5 x 10- 4 cm). As an indication of the effect of the freeze-thaw
cycles on the breaking down of particles it is reported (Legget, Brown and Johnston, 1966) that 400 cycles
resulted in a lO to 20% increase in shale and sandstone of fragments of diameter 0.1 to 1.0 mm. However,
there appears to be some doubt as to whether frost wedging is the primary process for producing the wind
susceptible soil, i.e. loess found in these cold regions.
4

The thermal expansion and contraction of dry rock and rock fragments do not appear to be a
significant process in the disintegration of the material. An analogous situation occurs in hot arid climates
where the most effective disintegration takes place, not on the sun-exposed faces experiencing large diurnal
temperature changes, but on the shaded side where such moisture as is available, e.g. from dew, will prefer
entially persist. Moisture is essential for any effective breakdown of material.
5.3.3.2.2

Frost heaving and frost thrusting

As generally understood, frost heaving and frost thrusting are respectively the vertical and horizontal
expression of the pressures exerted by water as it freezes.
Frost heaving has been investigated by studying the movement of wooden pegs inserted at different
depths in the soil prior to freezing. Broadly, the heave of targets inserted to depths of 20 cm (exceptionally
10 cm) was a response to the annual cycle and the greater the depth (i.e. the length of the inserted section),
the greater the heave. Targets nearer the surface tended to respond to short-period freeze-thaw cycles.
The evidence of field trials (Raup, 1969; Washburn, 1969) suggests that target heaving was dependent

(critically) upon moisture content; on vegetation and depth of insertion; but also on temperature and grain

size. Of these, the first and possibly the last mentioned factors are liable to the greatest point-to-point
variation. Most of the heaving probably occurred in the autumn, i.e. at the early stages of the annual freezing
cycle as is evidenced by the following statements:
(a) Heaving is associated with high moisture contents and these are most likely at the end of the
summer and before the winter frosts;

(b) During any freeze-thaw cycle in the spring, lingering snow drifts would tend to insulate the soil

from temperature changes;

(c) Even places usually snow-free but wet showed relatively )jttle heaving in the spring;
(d) Low temperatures following a thaw were more common in autumn than in spring (this is an
expected consequence of the phasing of the annual temperature curve).
The precise mechanism of up-freezing and thus of heaving is not yet clear. The upward movement
of stones has been studied by Kaplar (1970): if a stone is considered as two truncated cones on a common
base and if:
D

= the vertical distance of heave (mm);

R

= the rate of frost penetration (mm day- 1);

H = the heave rate of the soil (mm day- 1);
L = vertical dimension of the stone which is below the common base, i.e. the altitude of the lower

"cone";
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then
Some guidance as lo the magnitude of the vertical displacement may be derived from the following
statements. In a soil medium, moisture will rend LO migrate towards a freezing front; the extent of migration
will depend upon the amount of moisture present and its ability to move by capillarity through the soil mass.
If circumstances are such that little movement is possible, we have a closed system; otherwise an open system
exists. Clearly grain size and the geometry of the voids will be important factors. lf freezing takes place in a
closed system or in a coarse-grained soil, the maximum heave h is given by Ji = 0.1 n.D (n = porosity.
D = depth of freezing). In an open system in which ice layers may form, the heave is many times greater.
It will be noted that the rate of a frost process is again explicit in this phenomenon. The importance
of the rate of freezing is illustrated in a slightly different context, by Terzaghi (1952):
If satura1cd silt or silty sand is exposed to freezing temperatures. the cffccls of freezing depend on the rate at which the
temperature is lowered. Rapid cooling of a sa1urated specimen in the laboratory causes the water 10 freeze in siw as it docs in
sand, but if the temperature is lowered gradually the major part of the frozen water accumulates in the form of layers of clear
ice oriented parallel 10 the surface exposed 10 the freezing temperature. As a consequence the frozen soil consists of a series
of layers of frozen soil separated from each other by layers of clear ice.

5.3.3.2.3

Frost cracking

This is the fracturing by thermal contraction at sub-freezing temperatures (pure ice has a coefficient
of linear contraction of about 50 x 10- 6 (°C 1), varying somewhat with the temperature). Significant frost
cracking is largely confined to the permafrost regions.
The initiation of cracking is associated with the rate of temperature change and depends on the
contraction of ground material, e.g. a sudden fall of temperature of 4° C (Black, 1963; 1969) is sufficient to
initiate cracking when the contraction coefficient approaches that of ice and a fall of 2°C to propagate the
crack downwards: the corresponding values for rock (coefficient ! or! of that of ice) are 10°C and 4° C.
Cracks can be three or four metres in depth.
Most frost cracks occur in unconsolidated material; thawing in the active layer tends to obliterate
frost-crack patterns which are imprinted on the permafrost table and from which any subsequent cracking
starts.
Lachenbruck (1966, pp. 65---66) states that frost cracking is more dependent on the rate of tempera
ture drop than upon the actual temperature at the time of cracking. This phenomenon must be distinguished
from desiccation cracking - the grain size is critical and the process is limited to soils with a considerable
proportion of fines. White (1972) states that "narrow surface desiccation cracks will form in sandy soils with
some clay but desiccation-formed micro-relief does not form unless the soil has more than about 40% clay.
Depression soils with 20-40% clay occasionally have 60-90 cm wide polygons formed by 2-5 cm wide cracks
during drought."
5.3.3.2.4

Size sorting of mineral

soils

Amongst the frost-action processes contributing to the sorting of mineral soils are the up-freezing of
stones; the work of needle-ice (thin filaments which grow perpendicularly to the cooling front); and mass
displacement due to differential pressure and suction in water and ice in the inter-granular spaces.
Generally, the phenomena discussed in the previous sections involve changes within layers several
tens of centimetres thick, often in association with thick and persistent snow cover. Frost-thaw cycles of
relevance are those penetrating to these levels; situations with transient (possibly diurnal) cycles and those
with thin or patchy snow have not been a major consideration. However, in the more temperate sub-zones,
short-period surface freeze-thaw and thin or absent snow cover can, under some types of land use, result in
serious degradation. Recreational use of hill areas (for ski-ing, walking, etc.) is one example and serious
damage can arise very rapidly. Bayfield (1971) describes some investigations upon the Cairngorm Mountains
in Scotland: there a frozen surface and/or quite a shallow snow layer - say 5 cm - can act as a useful
protective agent.
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5.3.3.2.5 Patterned ground
This can take many forms, some requiring frost cracking and others not necessarily associated with
it. Many manifestations are not confined to the inhospitable cold areas. Reid (1970) described a case on the
campus of the University of North Dakota, where, in the winter of 1962-3, cracks developed during several
days at -25°C when cover was largely lacking. In places the cracks were up to two metres deep and remained
open at temperatures up to - 5° C.
5.3.3.2.6

String bogs

These are characterized by ridges of peat and vegetation and interspersed with long, shallow ponds.
They appear to be closely associated with the limiting tree-line, defined by the I0° C isotherm during the
warmest month of the year.
5.3.3.2.7 Palsas (mounds containing a thin core or permafrost 2-3 cm up to 15 cm thick and occurring in bogs)
These are found further polewards than string bogs and form in regions with long winters and thin
snow cover. In Iceland the limit is close to the 0°C isotherm; in Sweden the requirement is expressed as 200210 days with a mean temperature .,,::;0°C and coincides roughly with the mean annual isotherm of -2 to
-3° C.
5.3.3.3

Mass wasting

Several forms of this process, defined as "gravitational flow of rock debris without the aid of a
flowing medium of transport such as air at ordinary pressure, water or glacial ice" (Longwell, Flint and
Sanders, (1969), have a direct impact upon land use and not least in the context of agriculture and forestry.
The above definition allows for water or for air under pressure to be present as a lubricant.
5.3.3.3.1 Avalanching of dry rock material. snow or a mixture
Typically the movement is rapid (1-100 m s - 1 ). Obviously this phenomenon is mainly to be found
on the steep slopes of highland areas. There are, however, important climatic constraints resulting in increasing
severity and frequency as one moves from polar to sub-polar to temperate regions: this tendency is largely
attributable to heavier and more frequent snowstorms and thaw periods in the relatively warmer areas.
5.3.3.3.2

Slush flow

This is the predominantly linear flow of water-saturated snow which can take place in a slow, dis
continuous manner or quite rapidly. In many areas it is an important agent of erosion and deposition, an
example of the latter being the fan-shaped mounds of unsorted material found spanning the mouths of
gulleys in mountainous areas. This occurs when intense spring thaw produces more water than can be
drained through the snow and is therefore a characteristic of periglacial regions.
Other forms of mass wasting are listed below but are not considered in detail as they are not
regarded as particularly relevant to this work.
5.3.3.3.3

Slumping

This is the downward slipping of a mass of rock or unconsolidated material; it is most evident in
steep slopes in periglacial areas where the surface is subject to a marked seasonal thawing.
5.3.3.3.4

Frost creep

Frost creep is "the ratchet-like down-slope movement of particles as a result of frost heaving of the
ground and subsequent settling upon thawing, the heaving being predominantly normal to the slope and the
settling more vertical" (Washburn, 1967). It is closely associated with gelifluction (defined below) and in any
particular observed case it is not easy to apportion the roles of the two processes.
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The displacement is a joint result of weather and site factors and Washburn suggests:
Frost creep
where

11,

s
w;
f.

d,

= f(n, d, s,

w,, f.)

= number and depth respectively of frost cycles;
= gradient;
= amount of water transformed to ice;
= frost-susceptibility of the soil.

Displacement is of the order of a few centimetres per year and is expected to be greater in sub-polar than in
polar latitudes (in view of the dependence on n and d). On a I 0 -14° slope in north-eastern Greenland values
of mass wasting ranged from a mean of 0.9 cm year- 1 in sections subject to desiccation in the summer to
3. 7 cm year- 1 in sections which remain saturated.
5.3.3.3.5

Solifluction

This is '·the slow flowing from higher to lower ground of masses of waste saturated with water
from snow melting or rain" (Andersson, 1906). When it is associated with frozen ground, the term ge/iftuction
is used. As already mentioned, it is difficult to separate the effects of this process from frost creep: however,
Washburn (1969) reports that, acting together, a five-year average displacement rate on a 10°-14° slope in
north-eastern Greenland ranged from 0.6 cm year- 1 at a dry spot to 6.0 cm year- 1 at wet spots. The slope
gradient required can be as little as 1°, given adequate thawing of snow and ice over the permafrost table.
Grain size, which strongly influences the porosity of a material and hence the penetration of water
and degree of saturation, is a dominant factor in the process.
Vegetation, which in almost every case is an anti-erosive agent, plays an ambiguous role in gelifluc
tion since, by assisting the retention of water and by holding together blocks of soil, it can contribute towards
mass slippage.
5.3.3.3.6

Nh•ation

This is the process leading to what are termed "nivation hollows" and is the joint result of frost
action, mass wasting and sheet flow of melt water at the edges of and beneath snow drifts. The significance of
the process depends upon whether or not permafrost exists beneath the snow; if it does, then nivation is
restricted to the drift margin; if not, then both the snow-free and covered areas can be affected simultaneously.
The distribution of such hollows obviously depends upon topography and is probably closely associated with
the snow-line.
5.3.4

fLUVlAL ACTION

This erosive process is common to all environments but in periglacial situations is influenced by
permafrost, thick winter ice, gelifluction and frost action. The effect on the land is largely associated with the
break-up phenomena arising from thaw, consequential flooding and the erosion of river banks by ice rafting.
The effects are particularly marked in rivers which flow towards colder environments with the consequential
downstream build-up of ice.
5.3.5

ASYMMETRIC VALLEYS

These, in which one side is steeper than the other, have been partly attributed to climatic influences
amongst which are differences in the interception of direct sunshine as influenced by slope or orientation with
consequential changes in the thawing of snow. The interrelated differential growth of vegetation and wind
speed and direction are also thought to contribute to this asymmetric land form. It is suggested (Poser and
Muller, 1951) that climatically determined asymmetric valleys are exceptional in polar latitudes because
point-to-point temperature differences are less than further towards the Equator and the heat (solar radia
tion?) is less. It should, however, be borne in mind that the sun is lower in the sky as latitude increases,
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although in the summer half-year the azimuthal range of the sun's path increases. Hence if there is direct
sunshine, purely geometrical considerations suggest that the degree of tilt and orientation of a surface assume
increasing importance with increase of latitude.

5.3.6

LACUSTRINE AND MARINE ACTION

These are terms used for the effect of predominantly ice on the banks of rivers and lakes. Climatic
factors (particularly freeze-thaw cycles) influence the calving of glaciers, the breaking and fracturing of ice
and the thennal contraction and expansion of ice sheets. Pessl (1969) reported an instance at Gardener Lake
in Connecticut where a rise of ice temperature of about 1°C h- 1 for six hours was sufficient to cause ice
thrusting and shoreward movement of ice amounting to one metre in a 30-day period.

5.3. 7

WIND (AEOLIAN) EROSION

Wind erosion is common to many environments, and the subject is dealt with in some detail in
Sections 3.3 and 4.3. However, a few comments of particular relevance to manifestations in cold climates are
desirable.
Cold climate loess (wind-deposited silt) is commonly derived from those broad flood plains where
the virtual absence of vegetation permits the wind to lift the material and transport it, often for great
distances. Sand-dunes can also be found in these regions, but these - although mobile - are largely confined
to environments at or near those at which the material originated.
Loess is particularly characteristic of vast areas of north-eastern Asia. Mean annual precipitation is
usually well below 500 mm and over much of the area below 250 mm; most of the rainfall occurs in the
summer.
In Alaska, aeolian deposits may be found:
(a) On the coastal plains 5 000 square miles west of the Colville River. The coastal plains are very

favourable for wind erosion due to high winds, lack of topographic shelter, low precipitation
and the abundance of silt and sand;

(b) In areas associated with glacial streams. Great quantities of loess exist, but least in south

eastern Alaska where the topography, high rainfall (750 mm or more) and dense vegetation
inhibit the movement of the scarce available material;

(c) In coastal margins characterized by fore-dunes and irregular blow-outs. However, in most
cases high rainfall, fog, high humidity and vegetation discourage mass transport.
ln Iceland, loess is the characteristic soil and has been blown out from the central highlands (which
is the only part of Iceland which can be classified as periglacial). ln these highlands rainfall is of the order of
500 mm in contrast to the I 000 mm of the south-eastern regions.
The above details have been mentioned partly to indicate the meteorological and environmental
factors relating to wind erosion. One point which emerges is that a mean annual rainfall of 500 mm does not,
in itself, rule out wind erosion.
The list of soil-degrading processes involving ice action and associated phenomena which have been
discussed in the previous sections is not exhaustive. Amongst others are those classed under the term thermo
karsts, i.e. topographic depressions resulting from the thawing of ground ice and often initiated by dis
turbance of the overlying soil and vegetative layers.
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5.3.8

THERMAL REGIME OF PERMAFROST

5.3.8.1

Basic physical relacionships

Reference to Figure 5.2 indicates the existence of two layers; first, the (lower) relatively stable part
atTected by mean annual air temperature and long-term temperature trends; and second, the less stable
portion above the zone of zero annual amplitude where seasonal temperature changes dominate the thermal
regime (Washburn, 1972).
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Figure 5.2 - Schematic diagram illustrating temperature relationships in permafrost

The basic relationship governing heal exchange is

where

Q = heat flux through unit area per unit time flowing at right angles lo the surface (ea) s - 1 );
A = area (cm2);
k, = thermal conductivity (cal cm- 1 s- 1 0c- 1);
= geothermal gradient (° C cm - I).

;,

The ultimate heat sources are the earth's interior and the sun, and i1 expresses the combined effect.
The geothermal heat flow and geothermal gradient vary from place to place but approximate
40 ea! cm - 2 year- 1 and inhibit freezing at the permafrost base. Assuming an ice content of 30% and noting
that the volumetric latent heat of ice is (80 cal g- 1 x 0.9) or 70 caJ cm- 3, then the rate of basal thawing
40 cat cm -z year- 1
--------3
0.3 x 70 cat cm-

~

2 cm year- 1

In contrast to this upward thawing (of 2 m per 100 years), Terzaghi shows that a sudden rise of
surface temperature from - l ° C to + l °C would cause a thawing downwards of 15 m in less than 100 years.

121

DEGRADATION PHENOMENA IN SELECTED CLIMATES

Some information on geothermal gradients is incorporated in Figure 5.2.
If q. is constant, ig oc �- For a given mean surface temperature permafrost will extend deeper, the
ks

greater kg, and place-to-place variations in k8 are in practice sufficiently great to give rise to large differences
in the permafrost thickness. For example, at Prudhoe Bay, Alaska, the permafrost is 50% thicker than at Barrow
and 100 per cent thicker than at Cape Simpson. It is of climatological interest that change in i8 with depth can
be used to provide proof of climatic change and indicate its amount rather precisely (Washburn, 1973).
5.3.8.2

The active layer, the permafrost table and the zero curtain

The active layer, i.e. that subject to seasonal thawing, has already been mentioned and is illustrated
- for a permafrost environment - in Figure 5.2. The situation in a temperate climate may be visualized by
displacing the whole diagram laterally about the vertical through 0°C so that T(A) lies to the right of 0°C and
hence T(A) > 0°C. (The mean temperature at all depths will necessarily be above 0 ° C.)
The permafrost table is the "more or less irregular surface which represents the upper limit of
permafrost" (Muller, 1947) and is hence the boundary between the permafrost and the active layer. This is to
be distinguished from afrost front, which is a frozen surface in the active layer and which moves downwards
from the surface with the thaw towards the permafrost table. The depth of the permafrost table, as generally
understood, relates to an average condition; it is, however, subject to short-term fluctuations of the thermal
regime (e.g. an unusually cold winter or unusually warm summer), thus the depth of the permafrost table
need not coincide with the maximum depth of thaw in any particular year. The permafrost table, being a
rigid surface capable of bearing considerable loads without deformation, is of crucial importance in civil
engineering (the dangers which can follow if the permafrost is inadequately insulated from a heated structure
can readily be appreciated). A further effect of the table is that water is prevented from seeping downwards
and thus it contributes towards a high moisture content in the surface layers.
The relationship between the 0° C isotherm, frozen soil and the position of the permafrost table is
illustrated in Figure 5.3. It will be noted that the freezing of the active layer can take place upwards from the
permafrost table as well as downwards from the surface.
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Figure 5.3 - Ground temperatures at Fairbanks, Alaska (Stearns, 1966}

Clearly the upward and downward passage through 0° C of the temperature at any level of the
active layer will be temporarily delayed by the absorption/release of latent heat of fusion of soil water and
hence the temperature-time curve will exhibit a discontinuity. The situation can be appreciated from an
examination of Figure 5.4, in which the zero curtain is defined.
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Zero curtain
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Figure 5.4 - Time-temperature curve at depth of 25 cm (10 in.) near Barrow, Alaska (Brewer, 1958)

5.3.8.3

The freezing and thawing of the soil

5.3.8.3.1

The freezing of a pond

A first approach to quantifying the processes involved is provided by a simplified examination of a
limiting case, e.g. the penetration of a frozen surface into a pond under the influence of a steady temperature
8(0 < 0°C) imposed at the surface.
Let

!!.0 = -(0 - 8);
k = thermal conductivity of ice (0.0052 CGS units);
3
p = bulk density (0.91 g cm- );
L = volumetric latent heat (80 x 0.91
73 cal cm- 3);
= time (in seconds).

~

Assuming latent heat of fusion to be the only source of heat (i.e. ignoring the heat lost from the frozen mass),
if z = depth of freezing,

z2 =

2k . !!.8 . t
L

2
(cm)

and the rate of penetration
dz k.M
=-dt

zL
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(i.e., is proportional to heat conductivity and temperature difference but inversely to the existing thickness. Note
also that since k and Lare sensibly constant,
dz
- a:. temperature gradient).
dl
As for numerical magnitudes:
Suppose

k

=

5.2

2

=

2 X 5.2 X 1Q-l 6.0t
73

Z

=

l .2J�

Z

10- 3 ea) cm- 1 s- 1

X

X

0

c-

1

10- 2

dz 1.42 x 10- 3
If 6.0 = 20° c, then z= 5.3 x 10- 2 r;, cm and - = -----cm s- 1
dt
z
...;

5.3.8.3.2

Freezing and thawing of a moist soil layer

Terzaghi (1952) considers a homogeneous layer of soil with a porosity n
where

n

n

= 0 implies no voids and hence no possibility of water;
= I implies no soil material and the whole volume filled with water;

and studied the penetration of thaw into a frozen layer.
With the assumption that:
density of mineral soil constituents
k

= 2.65 g cm- 3 (that of quartz),

= average thermal conductivity of soil layer= 6.0
of soil particles 0.2 cal g -

1

0

c-

1

x 10- 3 ea! cm- 1 s- 1

0

c-

1

,

and heat capacity

;

he found (on the hypothesis of a steady state) that the heat required to melt the ice in the voids of 1 cm3 of
frozen ground was 72 n ea! cm- 3 (80 ea! g- 1 x 0.9 g cm- 3 ~ 72 ea! cm- 3) and that required to increase the
temperature of I cm3 of thawed but saturated ground to be (0.53 + 0.47n), leading to
z2

2k. 6.0. t

= --------6.0
72n +

2

(0.53 + 0.47n)

In an experimental test a large pan of water heated to, and maintained at, 60° C was placed on a
frozen surface. Assuming n= 0.25, k = 6 x 10- 3 CGS units and 1= 16 days, then

z

~ 162 cm

compared with an observed depth of 205 cm. In view of the uncertainties and assumptions (amongst them
that of homogeneity of the soil block, and that the voids are initially filled with ice), Terzaghi regards the
agreement as satisfactory. In field use additional uncertainties may be introduced by ignoring snow cover,
and/or by regarding air temperature as a satisfactory substitute for thaf of the soil surface.
5.3.8.3.3

Depth of zero temperature change

The depth to which a surface-imposed temperature change penetrates a layer is an important para
meter. Strictly there is no limit, but a minimum can be postulated for practical use, e.g. in the classical
theory of the transmission of a simple sinusoidal change of amplitude A 0 , the effective depth of penetration
is often that when the amplitude is damped to 10- 2 A 0 •
Brown (1966) suggests that the limit be defined as the depth at which the annual amplitude is
<0.06°C.
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Terzaghi proceeds as follows:
(a) Assume at any moment that the 0, - z profile is parabolic (in strict theory it is approximately
so);
(b) Let there be a sudden temperature change at the surface from T0 to T0 + llT sustained for a
given time r;
(c) Assume a homogeneous soil block with k and K the heat conductivity and thermal diffusivity

respectively;

then at time r the depth of layer z which absorbs the beat is (and below which the temperature has not
"perceptibly" changed) is given by
z=jl2i<tcm

(t in seconds, K in CGS units).

Examples:

The time (t) at which a depth of z = 50 ft is reached in quartzite (K = 45 x 10- 3 cm 2 s- 1) is
t = z2 /K.l2 = 4.28 x 106 s � 50 days. For granite (K = 15 x 10- 3 cm 2 s- 1), t � 148 days. For soft clay
(K = 4 x 10- 3 cm 2 s- 1), t � 550 days.
Terzaghi then introduces cyclic heating and cooling: in the diurnal case a sudden and sustained
increase /l T lasting 12 hours will penetrate
z = jl2i<t

= 120ft cm

If then a sustained 12-hour decrease (-/lT} is imposed, then z is the greatest depth of penetration. For wet
sand K = 8 x w- 3 cm 2 s- 1, then the diurnal penetration z 64 cm or 2.1 ft.

~

If we consider a seasonal change (i.e. 365/2 � 182 days at + /lTand 182 days at - /l T, then z

~ 12 m.

It is instructive to note that when the simple sinusoidal variation replaces the square wave postulated
by Terzaghi, then the relation between temperature amplitude at the surface A0 and that at z = z(A,) is
given by
T= period

and when K = 8 x 10- 3 cm 2 s- 1 (i.e. for wet sand), AJA 0 is reduced to 10- 2 at
z
z

5.3.8.4

~ 66 cm (diurnal wave);
~ 12.9 m (annual wave).

Periodic heat flow in a stratified medium

In the previous sections we have encountered phenomena in which the transmission of heat through
successive layers critically influences the character of the ground surface: amongst these are the insulating
effect of a snow cover and the interaction between the active layer and that below (whether permafrost or
not). Lachenbruck published a significant contribution on such phenomena in 1959. His primary concern was
to estimate the depth of surface "fill" of some given material needed to prevent the seasonal thaw penetrating
to the permafrost, i.e. to insulate the permafrost, or more precisely to determine the thickness of a layer
necessary if the seasonal maximum at its base was not to exceed 0°C.
On general grounds it is clear that in a multi-layered system the temperature fluctuations in a given
layer will partly depend on the thermal properties of the other layers and Lachenbruck, in relation to his
specific problem, expresses the facts thus: "The insulating quality of the superficial (i.e. the upper) layer is
actually quite sensitive to the thermal properties of the material it insulates."
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The absorption of latent heat during thaw is allowed for by postulating a stationary continous heat

z

sink at z = ½Z with strength Lp 1 T where T = period (and is approximately that during which the surface
temperature remains above zero). However, it is found that

(a) For soils with a realistic moisture content, e.g. 50% (weight basis), the effect of latent heat on
the depth of fill is small;
(b) In the most important usage - that of a "dry fill" - the latent heat can be disregarded.
In the context of agriculture the term "dry fill" may be replaced by "well-drained active layer" since a layer
of this type is the only one which will penrut useful pasture growth or cropping opportunities. It is also
pointed out that thaw water will drain away early in the period and that for most of the time we have the
"well-drained" situation.

Temp.

oc

y

Figure 5.5 - Schematic diagram indicating temperature fluctuations without (a b c d e) and with (a b' c d' e) a superimposed insulating
layer

Figure 5.5 defines the problem to be solved. Suppose we have a permafrost table where the annual
mean temperature is f ( < 0°) and the annual course of temperature is the sine wave abcd. Insulation is
required such that the seasonal maximum at b' does not exceed 0°C, i.e. (f + F) � 0°C.
ln the physics of heat transmission in a stratified layer a contact coefficient p emerges where
f3 = � and k = thermal conductivity, p = density and c = heat capacity.
Lachenbruck shows that if A,
at the surface, then

=

amplitude at depth z (in the upper layer), A 0

Figure 5.6 indicates schematically the structure of the nomograph in Figure 5.7.

= amplitude imposed
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TABLE 5.8
Some values of thermal constants for typical soils (from Lachenbruck. /959)

Medium

k( x 10-•)

p

C

30
60
60
30
4
4
45
13
2
6

2.0
2.1
1.61
1.35

0.18
0.20
0.31
0.32
0.40
0.50
0.40
1.0
0.45
0.45

Gravel
Sandy gravel
Icy silt
Frozen organic silty clay
Spruce logs
Dry peal
Icy peat
Wet peal (!hawed)
Snow (fresh drifl)
Snow (packed drift)

o.s

0.4
0.9
1.0
0.2
0.35

«( =

P< x 10-l)

33
50

:J

"I= Ji;,.

for a year

.0083
.014
.012
.007
.002
.002
.0125
.0013
.0022
.0038

55

36
9
9
40
36
4.2
9.7

290
375
345
265
140
140
355
115
150
195

k
,x = dilTusivily = -, usually wrilten K;

pc

y = damping deplh, usually written D. defined as the depth al which the amplitude A of a sinusoidal temperature wave of period Tin a
l
homogeneous medium is reduced to - A (e = base of natural logarithms)
e
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Figure 5.6 - Schematic diagram showing relationship between the ratios of amplitudes, depth of penetration of temperature fluctuations
and contact coefficients
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Figure 5.7 - Two-layer case: effect of thennal properties and th.ickness of superficial layer on amplitude at the interface

(i) In a homogeneous block P 1

= P2- When z = D
Az
- � 0.36 and 0.36
Ao
(

1)

~e

(ii) Consider the depth of a gravel overfill (P 1 = 0.033) required to protect (i.e. insulate) a
permafrost table of frozen peat (P 2 = 0.040). Suppose at the surface T (annual mean temperature)= - l 0°C
and the annual range is 30° C (amplitude I 5° C). To protect the permafrost the seasonal maximum must not
exceed 0° C, i.e., the amplitude is to be reduced from 15°C to 10°C.

= 10
15

�= 0.033
/3 2 0.040

~ 0.8

z= 0.34 D= 0.34 x 290 � 99 cm

~

0.4 x 290 cm, the higher contact coefficient of the frozen
Had both levels been of gravel P i //3 2 = I and z
peat implies that the depth of fill required to reduce the amplitude to fA 0 was less than for a homogeneous
layer of lower fJ 1.
Reference to Figure 5.7 indicates that for a given filler (i.e. a given p 1 ) and stated value of A:/ A0 the
required z/D increases as {32 decreases, i.e. the less the contact coefficient Jk2 c2p 2 , the greater the depth of fill
needed.
(iii) With a well-drained "active layer" (of loose dry peat p 1 = 0.009) overlying icy peat P 2 = 0.040
then �= 0.25. If the peat is 25 cm (=z) thick then since D (dry peat)= 140 cm

P2

z
25
.
. A,
- = - = 0.18 1mplymg= 0.54
D

140

Ao

Suitable values of k, c, and p do not, of themselves, necessarily define an effective insulating layer.
Brown, Vietor and Vietor ( 1969) found that replacement of plant cover by a mulch resulted in a thaw to the
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depth of 61 cm compared with the unprotected depth of 75 cm; the control plots (i.e. those with the un
disturbed tundra vegetative cover) gave an average depth of 32 cm for the summer thaw. The relative in
effectiveness of the mulch was largely attributed by the investigators to the changed albedo.
5.3.9

THE EFFECT OF SNOW COVER ON GROUND TEMPERATURES

The importance of snow cover in the thermal economy of the higher latitudes needs no emphasis. A
depth of as little as one centimetre has been quoted as giving some insulation although five centimetres is
perhaps a more realistic effective minimum (Buhrer, 1902).
Assume that a uniform snow layer covers the ground for exactly six months (see Figure 5.8).

i

Temp.

Figure 5.8 - Schema Lie diagram to show effect of snow cover on surface temperature

Then, following Lachenbruck, the temperature at the surface (soil surface in summer, snow surface in winter)
is deemed to have an annual range of 2A*, whereas during the winter at the soil-snow interface the amplitude
is A.
Assume a simple sinusoidal variation. We have
1'(summer)

f"

2
n

A*
n o

2
n

= - sin �- d� = A*- and 'r(winter) = -A-

hence the change 6T in the mean annual temperature due to the seasonal snow cover is

By treating the problem as a two-layer case an estimate of A/A* may be obtained.
/32

Suppose a layer of packed snow (/3 1 = 0.0097, D 1 = 195) of thickness 25 cm overlies a sandy gravel

= 0.050. Then

/31
/Ji

= 0.2 and

z

D

=

25
195

= 0.128
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and from Figure 5. 7
� ~ 0.56
Ao
A*
0.44
flT = -(I - 0.56) =A*.-= 0.14 A*

and
If 2A*

7t

7t

~ 30 C, then llT ~ 2 C.
°

°

Another investigation of temperature under snow is due to Grave (1967). His concern was with the
temperature at the bottom of the thermo-active layer.
tb

If

= the mean annual temperature at the bottom of the thenno-active layer (i.e. at the depth of zero
annual amplitude - Washburn, 1973, p. 40),

,. = mean annual air temperature,
A = the annual amplitude of mean monthly air temperatures,
then

tb

where
(z

f

= '• + �o

=

exp

( l - y)

(zJ:r)

= depth of snow; K = thermal conductivity [N.B. almost certainly diffusivity] of snow)

For limiting cases, when z
where z

=

= 0 (no cover),

1 = I,

tb

= ,.;

oo,

i.e., the constant temperature at the base of the active layer is that of the air plus one-half of the annual
amplitude - this suggests a situation in which the average summer half-year temperature over a snow-free
surface (t. + tA 0) is imposed on the surface and then is immediately "sealed in" by the interposition of an
infinitely thick snow blanket.
5.3.10

COMPUTATION OF FREEZING AND THAWING INDEXES FROM METEOROLOGICAL DATA

5.3.10.1 General considerations
The fundamental approach must be that employing the energy balance (e.g. see WMO, 1973b).
However, in practice, temperature is taken as the basic meteorological variable. Apart from considerations
relating to the availability of appropriate data, the choice may be partially rationalized by noting that (a)
advective processes can seriously distort an empirically derived point-energy balance; and (b) in regions of
seasonal snow and ice cover the changes in albedo are of first importance and may be difficult to locate and
quantify.
On (a) an experimental project to investigate the importance of sublimation in the hydrological
balance {this was found to be very significant) by Branton, Allen and Newman (I 971) had the facilities for
the measurement of net and global radiation flux. Attempts were made to relate the energy transfers associ
ated with sublimation gains and losses to gross energy exchanges using the energy-balance techniques together
with the "aerodynamic approach by calculating a product of the estimated mean diurnal vapour gradient
value with the foJJowing assumed heat transfer coefficient as related by U½ x /le". No meaningful results
emerged but useful answers were obtained using daily maximum temperatures and dew-point temperatures

130

CHAPTER 5

and "warm air advection was apparently the chief energy source for sublimation losses . . . al Palmer, Alaska".
The authors are quick to point out that "an accurate energy transfer accounting approach" might well yield a
better physical explanation.
Waller, Cubley, Parker, Trabant and Bewson {1972), working at Barrow, Alaska, during a spring
snow-melt period (29 May-17 June 1971) and with more elaborate instrumentation which permitted the
measurement of velocity profiles and temperature gradients, were more successful. "Advection of heat on a
large scale (was) considered to be negligible" and, from observations of net radiation and derived values of
sensible heat transfer to air and snow, it was found that the residual term in the energy balance (snow-melt
and evaporation) agreed closely with the measured values.
On (b), a paper by Hare and Ritchie (1972) emphasizes the sharp changes in net radiation due to
changes in albedo, e.g. that occurring between closed forest and open tundra in the spring. A further illustra
tion occurs in the paper by Thompson (in WMO, 1973(b)): in a (quite atypical) snow-free area in Antarctica
the annual net short-wave radiation balance is positive (energy is gained by the surface) in contrast to the
negative balance characteristic of high-latitude areas.
Accordingly the meteorological starting point for most practical studies and for land use tactics and
strategies is temperature - ideally that of the ground surface or some interface, frequently in practice that of
air temperature in the screen.
The effect of temperature at the surface on the state of the underlying ground is typically expressed
through (a) "freezing" and "thawing" indexes; and (b) "freeze-thaw" cycles.
These will be discussed later but some general points may be mentioned here.
Typically

/ (index) = LTd1

(Tin °C)

or

= t(T- T0dt)

(T is °F and T0 usually 32°)

T might be mean daily temperature [ =½(max. + min.)] and t the duration in days of an unbroken freezing
or thawing period. The treatment of short-period occUirences and of breaks in a uniform sequence presents
difficulties. Monthly means have also been used but in no cases can one expect the various indexes to
correlate well with annual mean temperature.

Consideration must be given to the exact nature of any temperature measurement, e.g. whether it is
at the surface, or in the air (and if so at what height); the absolute value of any temperature threshold used
to define freezing (or thawing); the downward (upward) passage through 0° C or some other value and
whether the thresholds are the same for both upward and downward passage. Frost action is by no means
solely a question of the number of freeze-thaw cycles; it also depends on the absolute level of temperature
attained and the duration below (above) a range of values.
Terzaghi's expression for depth of thaw has been quoted (Washburn, 1973) as applying to the
process of freezing, stating that
z2

2k. T. t
= --------T
7211 + j0.53 + 0.47n)

assuming a sustained value for period !(seconds) of a temperature, namely T°C.
A version adopted in the U.S.A. is:
z2

24. k. I

;c]

= --�------=
L+

{<To - 32) +
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where

/
T0
C
k, L

= freezing index in degree-days (° F);
= mean temperature during the period (° F);
= volumetric heat capacity; and
= heat conductivity and volumetric latent heat constant (in British units);

giving z in feet.
Sanger (1966) derived a similar expression but dealt with variations in soil moisture in a different
fashion and incorporated certain soil characteristics. He replaced the cyclic temperature variation by a step
by-step procedure and derived
X=),

�

. ✓�

where (in British units):
X = depth of thawing/freezing (feet);

k = thermal conductivity (B.T.U. rt- 1 h- 1 ° F- 1);
L = volumetric heat content (B.T.U. n- 3);
v, = temperature change (T - 32);
l = a dimensionless empirical constant relating to soil properties, L, temperature. It lies between
0.5 and 1.0.
For practical use, soils were classified into three broad categories: coarse-grained (i.e. high in quartz),
fine-grained (low in quartz but high in other minerals), and highly organic soils. Taking the value of k as the
mean of (k (frozen soil) + k (unf rozen soil)], and replacing the product v, x t by the accumulated day
degrees below 32° F (/), then

X (in feet)
C

I
I
I

I
I
I
I
I
I I I
I I I
I I I
I I
I I

/ / kz_ Freezing-

/

/ /
/
/
/
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Figure 5.9 - Schematic diagram of nomographs for estimating depth of freezing (or thawing) of soil of given characteristics subjected to
various freezing (or thawing) indexes (After Sanger, 1966)
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Nomographs were derived, one for the thawing and the other for the freezing process, for each of the three
soil groups. The use of these diagrams required information (direct or inferred) on the following points:
(a) Which of the three soil groups was involved;
(b) Dry unit weight;

(c) Moisture content (as percentage of dry weight);
(d) Freezing (or thawing) index (degree days with mean temperature below/above 32° F.
To obtain a value for the depth of freezing (thawing) one follows a procedure (abc) which will be clear from
the schematic diagram Figure 5.9.
The form of the nomographs conforms with the qualitative expectation that the depth of penetration
increases in places with lower moisture content, higher density and higher values of the index.
Some illustrative estimates (derived from the nomographs) are given in Table 5.9.

TABLE 5.9
Penetration of freezing and thawing in different soil groups under a range of conditions (after Sanger)

Soil group

Bulk density
(g cm-•)

Moisture
content(%)

13.3

5
10
5
10
5
10
20

Coarse (gravel)

20.0
Fine (clay)

13.3
20.0

Depth (cm) of freezing (thawing)
for stated DD indexes

5

10

I 000

3000

111 (105)
96 (96)
141 (135)
126 (120)
111 (90)
96 (87)
81 (81)
135 (111)
120 (105)

261 (225)
216 (195)
345 (285)
306 (261)
210 (186)
186 (171)
171 (156)
276 (240)
246 (216)

An indication of the physical properties of some of the soils considered appears below:
TABLE 5.10
Values of certain soil characteristics
which influence thermal behaviour (after Sanger)
Unit weight (g cm-3)
Soil block

k(cal cm- 'h- 10 c- ') Sp. ht. (ea/ cm-•)

Moisture
Water and ice%
at saturation

Dry soil

%

By weight By volume

14.5
18.7
17.7
16.7

13.5
16.7
16.7
16.3

14.5
17.7

13.5
16.7

(I) Sandy soils
10
24
IS
8
13
3
2
(2) Clayey soils
8
10
8
13

25

8

I

60

I

35
8
20
30

Thawed

Frozen

Thawed Frozen

7.7
15.5
12.5
5.1

10.7
22.5
16.4
8.4

2.0
3.1
2.6
1.8

2.1
1.9
1.6

6.3
9.8

7.4
12.0

2.2
2.8

1.8
2.2

1.5

5.3.10.2 Freeze-thaw cycles
Many situations have been mentioned in which the frequency and intensity of freeze-thaw cycles
feature as meteorological determinants of soil degradation.
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The geomorphic interest is largely concentrated on the deep penetration (say several tens of centi
metres at least) of a freezing or thawing front. Accordingly fluctuations having a period of months (and
typically six months) are likely to be especially relevant.
Fluctuations with periods of a few days or a day (specifically the diurnal passage through 0°C) are
measurable only in the upper two or three decimetres. Such transients have minor geomorphic significance,
but may have considerable relevance for agricultural and land-use decisions. These are, of course, critically
influenced by major events and specifically by the seasonal thaw and the associated possibilities of flooding,
slush flow, etc.
The relationship between atmospheric processes and the thermal condition of the soil is far from
straightforward. Some complications are inherent in the physics of the processes; others stem from the
interposition of extraneous layers between the atmosphere and the soil (e.g. vegetation, snow cover) and yet
others (and in practice often the least tractable) from the inadequacies and/or inappropriateness of meteoro
logical instruments, of observing networks and practices and of data reduction and analysis.
(a) The physics of the process

Intergranular water does not necessarily change phase at 0° C and, broadly speaking, the drier a
given soil, the lower the temperature at which freezing takes place (Williams, 1967). The follow
ing data from Tsytovich (1958) illustrate these points.

Temperature

c·c;

-0.2
-10.0

% of unfrozen water
Pure sand Sandy clay

0.3
0.15

18.0
9.0

Clay

42.0
20.0

Clearly there is a dependence upon pore geometry, grain size and the physical chemistry of the
surfaces.
It must be noted, however, that the temperature at which ice in a soil thaws may differ from
that at which it freezes (Williams, 1963) and both are affected by dissolved salts. Pressure lowers
freezing point, but is of little practical significance except when extremely high (as at the base of
glaciers).
(b) Ground cover

The effect of superficial layers on soil temperature has already been considered. Some additional
information is given in Section 5.3.10.4.

(c) Observational networks and practices; data handling
Deficiencies and difficulties include:
(i) Sheer absence of observations of any type;
(ii) Lack of observations of specific elements: solar and net radiation; extent, depth and prop
erties of snow cover; wind speed and direction;
(iii) Inadequate knowledge of techniques of interpolation and extrapolation (both in space and
in time) partially to handle (i) but also to produce an acceptable estimate of a continuous
record from fixed time observations;
(iv) The frequent need to utilize conventional observations (particularly air temperatures in the
standard screen) as substitutes for ground (interface) surface temperature.
Mainly as a consequence, a large number of empirical relationships between various types of measure
ment, in particular of temperature measurement, have been derived as well as between these and soil
phenomena.
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5.3.10.3 Freeze-thaw frequencies and duration
As mentioned, in some spheres of activity only freezing to a considerable depth is important, whilst
others may be affected by a shallow or surface freezing. Accordingly, it is found that a range of criteria exists,
defined by different temperature limits and different durations of freezing and thawing.
Some frozen ground phenomena requiring deep frost penetration (i.e. at least about 50 cm) are more
closely related to mean annual temperature (or rather its closeness to 0°C) than to accumulated temperature
(= day degrees) or to temperature of the coldest month, or to freeze-thaw cycles (Williams, 1961). Williams
also suggests that for certain phenomena requiring deep frost penetration the mean annual temperature
should not exceed 3° C.
Rapp ( 1960) proposed a classification of frost cycles as follows:
(a) Short frost cycles, less than diurnal, with several cycles possible in one day;

(b) Daily frost cycles (freezing at night, thawing during the day);
(c) Frost cycles of several days, as might occur during a cold spell;
(d) Annual frost cycles;
(e) Frost cycles of several years' duration, with thawing during any particular warm summer.

Even within a single category there are difficulties of classification, e.g. whether the passage of air
temperature upwards and downwards through 0°C is a sufficient condition for a cycle, or whether a range
(say -2° C to + 2°C) should be required. However, whatever the detail, on a global scale the mean annual
frequency of cycles will range from zero in the warmest climates through to zero in cold regions where the
temperature never rises above 0 °C. The zone of maximum frequency (Peltier, 1950) lies within an area where
annual mean temperature is O to - 5°C and annual mean precipitation is 25 to 125 cm. Fraser (I 959) discusses
the macroscale phenomena, showing for example that, in Canada, in the far north there are I 0-15 cycles per
year, increasing south of 75° N and reaching 18 at 70° N and thence, an approximate linear increase to 50 at
51° N and 60 at 40° N. He also points out that within the year there is a bi-modal frequency distribution in the
far north (centred at June and August - the cycles being associated with the beginning and end of summer),
shifting to maxima in March and October further south and then to the single peak in December or January.
5.3.10.4 Freeze-thaw cycles at or near the ground surface
Degradation and consequential loss of production can follow the mismanagement of the topmost
soil layer subject to short-period cycles. As indicated earlier, the investigation and understanding of these
processes involve the recognition that ground surface temperatures are significantly influenced by overlying
materials, that surface temperatures may not be satisfactorily represented by air temperature and, further,
that the critical phase changes in soil do not necessarily occur at 0°C.
Regarding the rapid fluctuations at or near the surface, Rapp (1960) reports that at Resolute (Lat.
74° 43'N, N.W.T., Canada) of those cycles falling into his category (a) at z = 0:
29% lasted � IO minutes;
20% lasted I(}--30 minutes;
18% lasted 30-60 minutes;
thus 67% of all cycles (with a temperature range of - 2.5°C would have little or no effect on ground freezing.
Associated data are those given by Chang (I 958), namely that four days at - I. I°C is adequate for freezing
of the ground, whilst Petit (1893) stated that, at a degree or so below freezing point, surface freezing of sand
would be achieved in 160 minutes, clay in 190 minutes and peat in 226 minutes.

5.3.10.4.1 Effecl of overlying layers
An extract from Sanger (I 963) will suffice to emphasize this point:
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TABLE 5.11
Depth of penetration (in cm) of freezi.ng in two soil types for 1wo levels of freezing index as affected by overlying material
Clay and damp 1op-soil

Surface s1a1e

l 000 DD

3 000 DD

l 000 DD

3000 DD

27.5
37.5
60.0

80.0
110.0
140.0

80.0
105.0
160.0

205.0
285.0
360.0

Turf + 30 cm snow
Turf but no snow
Bare soil

5.3.10.4.2

Well-drained soil

Specification of temperature limits

In relation to air (screen) temperature, Troll (1943) proposed the following categories:
(a) "Ice days", on which the temperature never rises above 0° C;
(b) "Frost days", on which the temperature crosses the 0°C level either up or down;
(c) "Frost-free" days, on which the daily minimum temperature does not fall below 0°C.
Cook and Raiche (I 962) examined freezing of a bare soil surface during four summers at Resolute.
Amongst their findings were the following conditions for freezing at the stated depths:

(a) At the surface (z

(b) 10 ( z < 20 cm

= 0).

Water on the ground began to freeze -0.5 ( t ( 0° C; ground with no
appreciable water firmed up at - I .0°C (or after several hours at slightly
below 0°C);
T

~ - 4.0°C required (although T) -3.9° C could suffice, given suf

ficient time);

they suggested that T ~ -2.2° C was realistic for short-duration cycles at z
beneath the surface.

= 0 and T ~ -4.0°C for cycles

Visher (1945) mapped the annual average number of days when temperature fluctuates between
freezing and thawing, i.e. average number of nights with frost - average number of days with maximum
below freezing point. He also suggested a potential freeze-thaw frequency indicated by the number of days in
the year with mean temperature (T) such that -7°C ( T < + 10°C. Russell (1943) stated that a freeze-thaw
cycle required a drop from 0°C to -2.2° C and a subsequent recovery to 0° C and mapped the results for the
U.S.A. based upon 18 years' record of daily maximum and minimum at 863 stations.
Fraser ( I 959), recognizing that an effective cycle could arise only if air (screen) temperature fluctu
ated several degrees above and below freezing point, defined such a cycle as a fall to -2.2° C (or less)
followed by a rise to + 1 °C; additionally, results based on the range -4.0° C to + l.5°C were investigated. As
an illustration of the effect of differing limiting values he quoted the following:

Loca1ion
°

Eureka (80 00'N)
Port Radium (66°05'N)
Regina (50° 27'N)

Cycles recorded in 1959 if limi1s:

-2.2 /0 o·c (2° range)
15
39
83

-2.2 10 + re (3' range) -4.0 to + 1.s•c (6' range)
9
29
74

5
18
54

136

CHAPTER 5

Cook and Raiche (1962) analysed some data for Resolute using these criteria for the period I May
to 30 September 1960 and incorporated the classification of the 153-day period according to Troll's defini
tions:

Air (screen)
Soil : 0 (exposed t-couple)
(Average duration in hours)
z 2.5 cm
z 10.0 cm
z 20.0 cm
Annual mean in screen
( 1948-1959)
Range

-2.2 JO O"C

Range
-2.2 to +IC

15
23
17

9
18
19

I

I

0
0

0
0

12.1
4-20

2-14

-40

10

l.7"C

3

7

38
0
0
0

1.4

5.5

0-4

Ice
days

Fros/free
days

Frost
days

57
43

59
66

37
44

58
69
70

82
76
75

13
8
9

269.8
257-295

37.8
17---61

39-81

57.5

No1e: It is important to realize that, Regina apart, the stations mentioned above are all well within the permafrost zone.

Frost-thaw cycles in more important agricultural areas in Canada are indicated by data published
by Fraser ( 1959), a selection of which are included in Table 5.12.
TABLE 5.12
Some dala on Interrelated thermal parameters
Place

Eureka
Resolute
Cambridge Bay
Norman Wells
Baker Lake
Yellow Knife
Fort Smith
Churchill
Knob Lake
Trout Lake
Regina
Winnipeg
Lethybridge
Sault Ste. Maria
Ottawa
Windsor

Lat.

Freezing index (day-deg. F)'
N
M
X
SD

80°00' 13 322 14 243 12 519
74° 43' 11 204 11 591 10 292
69°07' 10 860 11 311 10 302
65° 18' 7 220 7 973 6 137
64° 18' 9 422 I0 072 8 891
62°28' 6 623 7 159 5 318
60°01' 5 613 6 235 4 567
58° 45' 6 718 7 755 6 253
54° 49' 5 109 5 995 3 898
53° 50' 5 118 6 262 4 189
50°27'
49° 54'
49°38'
46°32'
42° 20'
42°17'

533
390
318
620
457
563
612
462
659
552

Thawing index (day-deg. F)'

M

X

N

SD

701
536
I 016
2 996
I 515
3 079
3 365
2 056
2 352
3 208

847
888
l 406
3 354
I 947
3 354
3 685
2 380
2 674
3 896

417
322
767
2 531
I 193
2 843
2806
I 764
1 840
2 755

145
159
201
244
207
255
274
221
249
330

Annual mean
lemp. (0 C) 2

Annual
Freeze-Ihaw
range (0C)2 frequency3

-17.7
-16.2
-14.7
-6.2
-11.9
-5.4
-3.9
-7.8
-4.3
-3.1
+1.8
+2.5

25.8
21.2
24.9
26.3
25.9
25.8
23.8
21.l
18.1
22.1
18.6
20.1
9.3

+7.1
+9.3

13.5
7.4

+5.4
+4.6

8.8

12
13
16
32
29
27

48

28
53
40

68

41
76
57
54
51

1 From H. A Thompson, lot Conr. on Ptrmafrost.
' From World Climatic Data. by F. L WcmS1ed1. O,m. Data Pn:ss. 1972. Lamond Penn.
'From J K Fraser. Arctic, 12. 19S9 S years' data, 1949-Sl.

5.3.10.5 Interrelationships between various thermal parameters
Partly due to the large degree of empiricism involved in quantifying freeze-thaw phenomena, statisti
cal relationships have been studied between various aspects of the behaviour of temperature: some of these
will now be briefly considered.
In Table 5.12 information is set out on mean annual temperature and range, on freeze-thaw cycles
and on freezing and thawing indexes for some stations in Canada. The number of freeze-thaw cycles tends to
increase as mean annual temperature increases from near - l 7.8°C to about I 0°C (the corresponding similar
relationship with decrease in latitude has already been mentioned). Using Fraser's temperature limits and all
the data published by Thompson (1966) and by Fraser (1959), a plot of mean annual temperature (abscissa)
and annual freeze-thaw cycles (ordinate) suggests that the points lie between two straight-line envelopes con
verging at about ( - 25° C, 0), the upper one passing through (7.2° C, 80) and the lower ( l 0°C, 50).
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The simplest association dealing with mean values of standard temperature measurements and frost,
which may be of some diagnostic value, includes statements such as the following:
(a) In western parts of the U.S.S.R. spring frosts cease as soon as the mean daily temperatures
exceed 5° C (or very rarely I0° C), but in the more easterly parts spring frosts typically end after
mean daily temperature rises permanently above 10° C (Gol'tsberg, 1949).
(b) In Canada it has been found that a relationship exists between the average dates of first
(autumn) and last (spring) frosts and the mean minimum temperature. The values range from
4.4° G in British Columbia to 4.4° C (at 1220 m above m.s.l.) to 6. l ° C (at 610 m or below) in the
Prairie Provinces, and to 6.4°C in eastern Canada.
(c) In mountainous regions topography renders generalizations difficult. Caprio (1961) suggests,
however, that the last date of spring frosts in Montana can be related by regression equations to
the first occasion when the daily maximum reaches 21°C.
A macro-relationship between the annual mean freezing index (FA) (° F - base 32°) and the length
of the freezing season (in days) for Canada has been published by Sanger. When log FA is plotted as abscissa
and length of season as ordinates, the points lie on a smooth curve: typical points (sufficient to reproduce the
curve) are given below:
FA (day degrees)
Duration (days)

200
78

500
96

700
104

900
110

1600
130

2 050
140

3 000
160

4 000
180

5 500
200

6 500
230

8 500
263

Statistical relationships are to be expected between freezing index and mean annual temperature
for a given region, although the numerical coefficients may be expected to differ from region to region.
For example, Pewe (1966) gives three maps for Alaska from which one can derive an approximate linear
relationship of the form:
Freezing index (thousands of days 0 C)

~ 1.32--0.34 (mean annual temperature).

Fraser (1959) studied the connection between mean annual diurnal range (° F) and average annual
number of cycles for Canada; an approximate relationship derived from his plot is:
No. of cycles

~

4 (mean annual diurnal range) -32.

CONCLUSIONS AND RECOMMENDATIONS

In this Technical Note the FAO definition of soil degradation has been adopted, namely: "Soil
degradation is the result of one or more processes which diminish the current or potential capability of the
soil to produce goods and services." However, all soils change and evolve with time and thus only certain
types of evolution which diminish the soil's potential can be designated degradation, and then only when they
are irreversible under natural conditions. In an arid environment soil degradation is practically synonymous
with "desertification".
The most important categories of degradation are: erosion by water, erosion by wind, salinization
and alkalinization, leaching, hydromorphy and pollution. In all types many factors contribute to the occur
rence and to the evolution in time of these processes. Of these factors climate may dominate the course of
events; in other cases it may only serve to initiate or to influence the phenomena temporarily. In no case,
however, are climatic elements the only factors - their effects depend upon interactions with topography, the
type and physical state of the soil, the vegetative cover, the pattern and sequence of cultural operations and
other aspects of land use on all temporal and spatial scales.
The principal meteorological elements to be taken into consideration are:
(a) Precipitation: rain, snow and in some areas condensate, i.e. dew. Erosivity is associated with

rainfall amount, but more particularly with its distribution in space and time, and especially
with its intensity. The maximum intensity experienced during a storm within limited periods
(notably 30 minutes) appears to be the most useful single statistic for quantifying the erosion
hazard in any particular case.

(b) Wind: speed and duration - usually of the near ground-level wind - are the main aspects, wind

direction being of prime importance in certain manifestations. Wind through a deep atmospheric
layer is important with respect to dust-storms and the transport and dispersion of pollution.

(c) Temperature: of importance in some cases, e.g. when that of an exposed surface, but more
generally as a component or indicative parameter in the energy and water-balance. Temperature
is the dominating element in periglacial degradative processes.
It would appear that for many regions and classes of degradation the large amount of available
climatological data is of a type, and much - but by no means all - of it in an appropriate format, for use with
soil and pedological data. Nevertheless, there are serious gaps in the basic meteorological network and
observational facilities in many areas, some of these being the most subject to degradation hazards.
The most serious single and geographically widespread shortcoming is the lack of information on
rainfall intensity, particularly that over 5, 15 or (as most frequently stated) 30 minutes during a particular
storm. To obtain such information postulates a sophisticated observing scheme, and hence a parallel effort is
required to obtain associated data (at the crudest, total rainfall or thunderstorm frequency).
The situation is rather similar with respect to wind erosion, i.e., on the one hand, a considerable
knowledge of the phenomenon and its control given adequate data, and on the other hand a lack of even the
most basic data over extensive areas.
The increasing importance and concern with degradation processes contributing to "desertification"
underline the need for adequate data on rainfall and for measurements or computations of the energy and
water balances. Once again there are serious data inadequacies in the very areas where the problem is most
acute. The theoretical bases for obtaining estimates are sufficiently well known to meet many of the current
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needs: the one weakness could be that of the verification of empirical "formulae" and "constants" in areas
and conditions other than those in which the formulae were originally derived.
A similar situation appears to exist in relation to soil degradation in regions subject to seasonal
action,
i.e., the theoretical framework is sufficiently established for present purposes but the data and
frost
procedures for practical application are inadequate.
Progress requires close and continual collaboration between experts drawn from a wide range of
disciplines: namely, meteorologists and climatologists, soil scientists and conservationists, agriculturalists and
agronomists, foresters and biologists of many specialisms, statisticians; and, for implementing conservation
and control measures, social scientists, economists and administrators. Useful progress appears to be im
mediately possible, however, if meteorologists and climatologists take into account the needs of soil scientists
and allied workers and, in consequence, organize their existing volume of measurements, observing procedures
and data processing to incorporate the requirements of soil scientists. Amongst these requirements is in
formation on the sequential behaviour of unusual (but not necessarily extreme) weather events.
The dimensions of the area covered by any analysis may extend from the single site up to the
ecological region or to part of a continent (e.g. central Australia).
The Working Group on Meteorological Factors Associated with Certain Aspects of Soil Degrada
tion and Erosion made the following recommendations:
(I) WMO should take all the necessary steps to facilitate the determination of soil degradation
hazards by encouraging or organizing the development of suitable instruments, of measurements,
of observational procedures and of statistical processing.
Priority is suggested for work on:
(a) Obtaining data on rainfall intensity over periods of the order of tens of minutes during

rainstorms;

(b) Investigating the use of data from meteorological satellites to provide and supplement

knowledge of the meteorological conditions influencing soil degradation especially over areas
inadequately covered by ground-level observations.

(2) WMO and FAO, together with any other appropriate international or national agency, should
co-operate to study the validity of methodologies and formulae for linking meteorological con
ditions with soil degradation derived in (a) particular region(s) to those of other regions.
Important topics for investigation are:
(a) The general validity of the Wischmeier soil-loss equation relating to erosion by water;

(b) Empirical expressions involved in the study and control of desertification;
(c) The validation of the Chepil soil-loss equation relating to erosion by wind.
(3) WMO, in collaboration with FAO, should initiate projects:
(a) To further the examination of the changes in vegetative cover on the micro- and meso

climate of the area; and

(b) In arid and semi-arid areas to study the feasibility and effectiveness of inducing ground

cover (in the form of "green belts" or other arrangements) as an anti-erosion measure.

(4) WMO, in collaboration with UNEP, should initiate a pre-planning study using available data
and techniques from all areas with the object of:
(a) Verifying the validity of the Wischmeier formula in regions other than those in which it was

originally derived;
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(b) Investigating the relationship between point and areal rainfall intensity and deriving empirical

or other relationships; and

(c) Testing the adequacy of formulae in (b) to predict the observed loss in particular storms and
sequences of storms using data obtained in controlled trials.
(5) WMO should initiate a project to study the relationship between rainfall intensity and water
erosion in the humid tropics.
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