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1　Introduction

To m aster any subject in science or technolog y a know ledge of it s past history is of great assis-

tance. Accor ding ly, it is useful befo re confront ing the pr esent-day problems o f extending our

know ledge of hydrolo gy to lo ok brief ly backw ards in t ime in or der to survey past ef fo rts at es-

tablishing hydr olog y on a f irm scient ific basis. To do so w ithin the scope of a sing le paper is

dif ficult and must of necessity be subject ive in it s t reatment . Accor ding ly, the follow ing is es-

sent ially a per sonal v iew -other s might present a list differing in several respects.

The period selected fo r review is the past century and it ref lects the inter ests of the author w ho

has studied and pract ised several aspects of hydrolo gy since 1943. Those interested in a longer

t ime span and in developments in China are w ell ser ved by the r elevant m aterial in the monu-

mental w or k o f Joseph Needham w ho has made w esterners aware of so many aspects of Chinese

Civilisat ion ( Needham 1971) . Those interested in mor e detail o f developm ents relevant to Chi-

na over the past decade are w ell served by the contents of this journal on Advances in Water

Science during that per iod.
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The present discussion has been g rouped on the basis o f the categ orisat ion used by V en T e

Chow in his influent ial H andbook of Applied Hydrolo gy ( Chow 1964 pp 1-7 to 1-10) . T his

schem e, sl ight ly m odif ied by the present author , div ides the tw ent ieth century into four eras:

( 1) the period of empiricism ( 1900-1930) ; ( 2) the per iod o f rationalistat ion ( 1930-1950) ; ( 3)

the period of theo risat ion ( 1950-1975) ; and ( 4) the per iod o f com puterisation. Within each

period at tention w ill be given to a few outstanding developm ents in relat ion to the follow ing

classical divisions of hydrolog y: ( a ) precipitat ion, ( b ) evapo rat ion, ( c ) inf ilt rat ion, ( d )

gr oundw ater, ( e) str eamf low , ( f ) sediment t ranspo rt , ( g ) catchment hydrology , and ( h) re-

gional w ater balance.

2　Period of Empiricism ( 1900- 1930)

This period w as characterised by solid w ork in the field aimed im proving the basis of the design

of w orks in hydraulic engineering . T he prog ress made in these early years can be judged by

examining the published w o rks of D. W. M ead ( 1904, 1919) and of A. F . Meyer ( 1917) . It is

signif icant that no im po rtant new tex ts on hydr olog y w ere published unt il the late 1940′s Nev-

er theless, important steps in the development of hydrolo gy did occur in r elat ion to isolated

topics.

The annual of f icial publicat ions o f r ainfall data became o f increasing importance and w ere

supplemented by a few special publications fo r individual regions such as Salter ( 1921) . In the

case of evaporat ion, a significant step in going beyond em pirical form ulae w as the f ir st fo rmula-

tion of the Bow en rat io linking the latent heat of the evaporat ion f lux w ith the sensible heat of

the energy f lux ( Bow en 1926) .

The theoret ical foundat ion fo r the scient ific study of unsaturated subsurface f low w as laid by

Buckingham ( 1907) w ho int roduced the concept of capillary potent ial now know n ( w ith an

opposite sign) as the matric potent ial o f soil w ater. At the end o f this period of empiricism ,

Richards ( 1931) int roduced the basic equat ion governing the isotherm al tr anspor t o f w ater

thr ough unsaturated so il , propo sed a method for m easuring the matric po tential in soil sam -

ples, and discussed the hysteresis between wet t ing and dry ing condit ions. The know ledge of

gr oundw ater hydro logy at the opening of this period is w ell covered by the m onogr aph of C. S.

Slichter published as part of the A nnual Repor t o f the U . S. Geo logical Sur vey ( Slichter

1899) . T he pro gress in the f ir st tw enty years of the century is equal ly w ell reflected by Meinz-

er ( 1923a. 1923b) in his tw o U . S. Geolo gical Surv ey Papers of that year .

T he pract ices of the hydrom etric m easur em ent of riv er f low using current m eters are cover ed by

the classical tex t of J. C. Hoyt and N. C. Grover w hich the autho r found of inestim able value

as an intr oduct ion to the topic w hen he w as f irst engaged on hydrometric surv ey w ork forty

years later ( Hoy t and Grover 1907) . T he results of such m easur em ents w ere published in sys-

temat ic fo rm and compared w ith historical recor ds. From t ime to t ime, these w ere the subject

of reg ional or nat ional publicat ions such as that for Britain by Glasspoole and Brookes ( 1928) .
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The gradual development in the applicat ion o f sat ist ical m ethods is seen in the use of plot t ing

on probability paper ( Hazen 1914) and in the later em phasis on the skew ness of hydrolog ic ex-

tr em s ( Fo ster 1924) . These developments are w ell discussed in the book on Flo od Flow s w rit-

ten by Hazen at the end of this per iod of empiricism ( Hazen 1930) .

The early wo rk o f the U . S. Geolog ical Survey on sedim ent tr ansport and his ow n im por tant

researches are described by G. K. Gilbert in a monograph of 263 pages ( Gilbert 1914) . The

first ex tension of the equation of cont inuity to cover the case of a movable bed also dates f rom

this period ( Exner 1920) . T here w as a beginning o f inter est in the problems of f luv ial geomo r-

pholo gy ( Davis 1913) . A number of the im por tant early papers in this f ield are repr inted in

Schumm ( 1972) and in Schumm and M osley ( 1972) .

3　Period of Rationalisation ( 1930- 1950)

The nex t tw enty years pr oved to be a m ost f ruit ful per iod advances in theor et ical hydrolo gy .

This w as part icular ly t rue in the United States where the publications and meet ings of the

American Geophysical Union w ere impo rtant factors. The fram ew ork for this development is

reflected in the impo rtant paper by Ho rton on the science of hydrology published by the AGU

( Ho rton 1931) . The pr ogress m ade during this tw enty year period is w ell surv eyed in the com -

prehensiv e w ork on Appl ied Hydr olog y by Linsley, Kohler and Paulhus w hich becam e the first

book on hydro logy to have a w orldw ide circulation ( L insley et al 1945) . The important publi-

cat ions on st reamf low m easurement in the f irst half of the century ar e listed in the comprehen-

sive bibl io graphy by Kolupaila ( 1961) .

M ost of the advances in this period w ere in relat ion to hydrolo gy at the catchm ent scale. Early

in the period there is a g ood surv ey of the state of know ledge o f the elem ents of the hydrolog i-

cal cy cle in a pr esentation to the Internat ional Associat ion of Scient if ic Hydrolog y by Sherman

and Ho rton ( 1934) . The t ransit ion f rom the em pirical to the rat ional in relat ion to land surface

flux es was characterised by the int roduct ion of the concept of inf il tr at ion by Robert H orton

( 1933) , the im proved est imat ion o f evapo rat ion by T hornthw aite ( 1935, 1948) and the est im a-

tion of t ranspir at ion ( e. g . Blaney and Criddle 1950) . A key step, w hich w as to be the basis of

the future tr eatment of evaporat ion, w as the int roduct ion by H. L . Penm an of the concept of

po tent ial evapor at ion and the use of the com binat ion form ula to est imate it ( Penm an 1948) . In

the same year, Budyko published the f irst of his important series of paper s on evaporat ion

( Budyko 1948) .

The m ost significant developm ents in g roundw ater hydr olog y w ere those on non-equilibrium

flow in aquifers by C. V. Theis ( 1935) , the r eform ulat ion of the basic theory o f groundw ater

flow by M . K. Hubbert ( 1940) , and the behaviour o f elastic aquifers by C. E. Jacob ( 1946) .

Sho rt ly after the end of this period Po lubarinova-Kochina ( 1952) published a tex t contaning

substant ial cont ribut ions to groundw ater studies by herself and other Russian w riters.

In r elat ion to st ream flow , major advances w ere made in the ar ea of replacing empirical formulae
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by stat istcal analy sis in the est imat ion of flo od flow s. In this ar ea, an ex tensive m onograph

described the general pract ice in the United States short ly after the start of this period ( Jarvis

et al 1936) . A key development on this topic w as the applicat ion of ex tr em e value statistics to

flood f low s int roduced by Gumbel ( 1941) . In the Sov iet Union, a generalised form of the

gam ma dist ribut ion w as applied to the same problem by Kr itskii and Menkel ( 1934, 1950) .

These approaches w ere developed and generalised by others af ter 1950. The simple relationship

betw een the f requency of the annual maxim a and the f requency of a par tial durat ion series ( i. e.

peaks over threshold) w as derived by Walter Langbein ( 1949) through the applicat ion of a sim -

ple limit a theorem in pure m athemat ics. There w ere also interst ing developm ents in f lood rout-

ing at the scale of the channel reach. T hese included the Muskingum method of f lood rout ing

( M cCarthy 1939) , the m ethod of lag and route ( Meyer 1941) , and the use of the diffusion

analo gy ( Hayam i 1951) .

In the area of catchment response, a key development w as the int roduction of the unit hydro-

graph method of ident if iy ing the rapid response of a catchment to stor m rainfall by L . K. Sher-

man ( 1932) . T he experience in applying the m ethod in these early y ears is described in a sub-

stant ial m onograph by the U . S. Geolo gical Survey ( Hoyt et al 1936) . In 1945 C. O. Clark

suggested that the shape of the unit hydrolo graph could be appr ox im ated by rout ing the t ime-

area-concentrat ion curv e of the rat ional m ethod through a single elem ent of storage ( Clark

1945) . T en years later, this paper became the start ing point fo r important theoretical develop-

ments in relat ion to the unit hydrog raph approach.

In 1945, Robert Horton at the age of 70 produced his landmark paper linking drainage basin

mor pholo gy w ith runof f processes. T he rem arkable law s of dr ainage composit ion postulated in

this paper ( Horton 1945) sparked o ff a new line of research in both hydr olog y and geom orpho

log y that has remained vigor ous ever since.

4　Period of Theorisation ( 1950- 1975)

In the subsequent quarter of a century , hydro logists began to build a body of theor et ical results

based both on internal developm ents in hydrolog y and importat ions f rom other sciences. De-

script ions of the theo ret ical basis of hydro logic practice are to be found in relevant sect ions in

the Handbook of Applied Hydro logy ( Chow 1964) . T his w or k also contains tw o chapter s re-

flecting the posit ion at the time o f snow and ice hydrolo gy . Gar ska on Snow Survey ( Chow

1964, Chapter 10, page 10-1 to 10-57) and M eier on Ice and Glaciers ( Chow 1964, Chapter 16,

pages 16-1 to 16-37) . A tho rough science-based discussion of pro cesses in phy sical hydrolo gy is

to be found in the book on Dynamic Hydrolog y by Eag leson ( 1969) . In the area of unsaturated

flow , the main advance during this per iod w as the classical theoret ical w ork of Phil ip ( 1957,

1969) in r elat ion to ponded inf il tr at ion. In some areas no substant ial theor et ical advance of

pr act ical impo rtance w as made. T hus, an intensive, careful and detailed study of evaporat ion

fr om Lake Hefner in the United States using sophist icated inst ruments and complex physical
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fo rmulae failed to produce any impr ovement in predict ion over existing em pirical formulae

based on measurements of v apour pressur e deficit and w ind speed ( Harbeek et al 1954) .

In the area of catchment mo rpholo gy the determ inist ic form ulat ion of Horton ( 1945) was re-

placed by the sto chast ic form ulat ion of Shreve ( 1966) . M eanw hile, other new ideas w ere int ro-

duced into the discussion including that of ent ropy ( Leopold and Langbein 1962) . Langbein al-

so produced a stimulat ing discussion on the f luvial characterist ics of channel g eom etry as the

outcom e o f a self-regulat ing system ( Langbein 1964, 1965) . T he classical papers up to this

t ime on r iv er mor pholo gy and slope morpholog y ar e reprinted in Schumm ( 1972) and Schumm

and M osley ( 1972) , r espect ively .

Finally not ice should be taken of the first detailed study of the World Water Balance underta

ken as a contribut ion to the Internat ional Hydro logical Decade of 1965-1974 by the Soviet U -

nion ( Korzun et al 1974) .

During this period theoret ical advances w ere accompanied by the beginnings o f improvem ents in

computat ion exemplified by Skibitzke ( 1960, 1963) in analog simulat ion and Linsley and Craw -

fo rd ( 1960) in digital simulat ion.

5　Period of Computerisation ( 1975- 2000)

Betw een 1950 and 1975 both analog and digital com puters w ere used in the simulation of hydro-

logic systems but f rom 1975 onw ards digital simulat ion was dominant . One of the earliest ex-

amples of such dig ital simulat ion w as the or ig inal Stanfo rd M odel ( Linsley and Craw ford

1960) . The move f rom lumped models to semi-dist ributed models is ex em plif ied by T OPM OD-

EL using a com pound parameter to characterise local topog raphy ( Beven and Kir kby 1975) and

by the Xinanjiang M odel incorporat ing a sto rage-capacity curve for the w ho le catchm ent ( EC-

CHE 1977, Zhao 1980, 1992) . W ith further development o f larg er computers and m ore com -

plex m odels involving a profusion of parameter s, the danger increased of concentrating on m ore

and more detailed simulation at the expense o f g reater insight into hydrological phenomena

thr ough theoret ical advances conf irmed by field m easurements. Nevertheless ther e have been

some notable advances in the past tw enty-f iv e year s. A good rev iew is available in a special is-

sue of the the Journal of Hydro logy ( O′Connell & T odini 1996) .

A new development belong ing to this period w as the int roduct ion of the concept of non-

Hortonian surface runof f ( Dunne and Black 1970) . T his period also saw the int roduct ion into

hydr olog ic thinking of research into the ef fect o f vegetat ion on surface f lux es. Good surveys re-

lated to this topic are to be found in Sopper and Lull ( 1967) and in M onteith 1975) .

The area in w hich greatest pr ogress w as made w as that of st ream f low and catchmrnt response

w here both determ inist ic and stochast ic approaches w ere used. In the Soviet Union, G. P .

Kalinin and P. I. M ilyukov used a simplified form o f the St . Venant equat ion for unsteady flow

in an open channel to determine the characterist ic length of channel reach fo r w hich the rout ing

of an input in a channel w ould be equivalent to rout ing thr ough a single linear reservoir and
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w ent on to suggest that longer lengths be considered as a super position of such characteristic

leng ths ( Kalinin and M ilyukov 1957) . Independent ly, Nash on the basis of the comparison of

limit ing r elat ionships for cascades of linear reserv oirs w ith data fr om 90 storm events in Britain

suggested the sam e model for the unit hydr ograph of catchment response ( Nash 1958, 1960) .

At the same t ime the unit hydrog raph approach w as linked w ith the theory of linear t ime-

invar iant sy stems and analysed by separat ing the process of channel f low into separate elements

of pure t ranslat ion ( i. e. linear channels ) and concentrated subsidence ( i. e. linear

reservo irs ) ( Dooge 1959) . T ow ards the end of the period under review , the results from this

deter ministic approach w ere summ arised in a substant ial monog raph by the present author

( Dooge 1973) . T he applicat ion of non-linear Vol terra Series to catchment response w as pio-

neered by Amorocho and Orlob ( 1961) .

M eanw hile, sim ilar prog ress had been made using a statist ical approach. At the beg inning of

this period, H. E. H urst used the substantial data the Nile to demonst rate the pr esence of long

ter m dependency in the series and then examined the phenomenon in other geophy sical ser ies

( Hurst 1951) . T he study of stochast ic processes in hydr olog y was st imulated by M atheron

( 1965) in France, by Kartvelishvilii ( 1967) in the Soviet U nion, by Kaczm ar ek ( 1970) in

Po land, and by T homas and Fiering ( 1962) and by Yevjevich ( 1972a, 1972b) in the United

States. T he applicat ion of stat ist ical methods to the pr oblem of r eser voir stor age was pioneered

by P . A. P . M or an ( 1954) and by Barnes ( 1954) in Aust ralia and by G. G. Svanidze ( 1974)

in the Soviet Union.

In the area of surface flux es there w as the autho ritat ive book on evaporat ion by Brutsaert

( 1982) . Apart f rom this, the main tendency relat ing to precipitat ion and evapo ration has been

to ex tend the scale o f interest so as to study the structure of rainfall f ields and to link

hydr olog ic m odels and atmospheric clim ate models ( Eag leson 1982a)

In the area o f groundw ater hydrolog y a principal topic of interest has been the upscaling o f the

micro-scale equat ions based on cont inuum mechanics for the case of non-homogeneous aquifers.

Typical of these approaches are the wo rk o f Fr eeze ( 1975) and Gelhar ( 1976) ing the United

States, Delhomm e ( 1979) and de M ar sily ( 1982) in France, and Dagan ( 1986) in Israel.

In the area of st reamf low and catchm ent response, prog ress has been disappoint ing . T he sepa-

rate developm ents in determinist ic and stochast ic methods developed in the period 1950-1975

have no t been br ought tog ether as w ould have been hoped. Isolated at tempts have been made in

this direct ion by Eagleson ( 1972) in the U nited States by Klemes ( 1978) in Canada , and by

Zhu ( 1985) in China but the general response has been disappointing. An exam ple of the use of

a stochastic com ponent as part of an otherw ise determ inist ic m odel is the storag e capacity curve

of the Xinanjiang r ainfall-runof f model ( ECCHE 1977, Zhao et al 1980, Zhao 1992) .

In the area o f catchment mo rpholo gy there has been considerable pro gress. A notable achieve-

ment was the linking of the shape of the catchment response to the drainage pat tern of the

catchm ent through the concept o f the geomo rpholo gical unit hydrog raph. ( Rodriguez-Iturbe

and Valdez 1979) . T he whole field has produced a large number of reseach publicat ions in the
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last tw o decades. T hese are to o numerous to review here but there is a general surv ey of the

topic in a recent book by Rodriguez-Itur be and Rinaldo ( 1997) .

A feature o f hydro logic research in the last quar ter of the century has been concer n with prob-

lem s of a cont inental or g lobal scales. There have been further comprehensive est imates of the

w orld w ater balance at both the beginning ( L′vovich 1974, Baumgartner and Reichel 1975) and

at the end o f the per iod ( Shiklomanov 1997) . Of mor e fundam ental significance has been the

pr obing of the dynam ics of large scale hydrolo gic processes including internal feedbacks. The

main centre fo r this r esearch has been the M assachuset ts Institute of T echnology in the United

States. Among this w ork has been the l inking of clim ate, soils and vegetat ion ( Eagleson

1978) , the analysis of ecolog ical opt im ality in larg e catchm ents ( Eag leson 1986) , and the ef fect

of lo cal r e-precipitat ion o f evaporated w ater on persistence of w etness o r dryness ( Entekhabi et

al 1991) . T he general pro gress in this ar ea has been sum marised by Eag leson ( 1994)

6　Main Challenges for the Future

The nature of the main challenges facing hydrological research have been very well fo rmulated

in the r eport on Opportunit ies in the Hydrolog ical Sciences to the U . S. Nat ional Research

council ( Eagleson et al. 1991) . How ever, it w ould be appropriate to end this out line w ith a

summ ary of the view s o f the present author on three important challenges. Firstly , from a

purely scient ific point of view , a vital problem is the quest ion o f scale ( Dooge 1986) . A fully

complete science of w ater w ould need to cover a range of scales fr om the w ater molecular ( 10- 10

metre to the global 10
8
metre) . Since the cont inuity equat ion can be expressed in linear form , it

can be upscaled o r dow nscaled without the need fo r a new estim at ion or measurement of param -

eters at the new scale of inter est . It thus can pr ovide a fundamental theorem of hydr olog y at all

scales. All of the remaining equat ions of inter est in hydrolo gy are non-linear and thus invo lve

dif ficult problems o f scale and also int roduce al l the com plex ity o f systems w ith non-linear feed-

backs ( Dooge 1997) . A thorough and innovative synthesis o f determinist ic methods and

stochast ic m ethods will be required to solv e this problem .

Secondly , hydrolo gic theor y w ill remain speculat iv e unless confirm ed by reliable data w hich is

relev ant to the pr oblem and the scale of interest . The fascinat ion of more powerful computers

and the lure of complex ity has led to an under-valuation of hydrologic data in recent decades.

Financial pressure has in many countries led to a serious reduction in observat ion prog rammes

and in the processing of data. T his t rend must be r ev ised in the interest of bo th theo retical and

applied hydrolo gy ( Dooge and Kuusisto 1999 pp 4-7) .

Thirdly, prog ress in bo th theo ret ical and applied hydrolog y depends on adequate communica-

tion betw een hydrolo gists of all specialit ies, betw een r esearch hydrolo gists and scient ists in

other discipl ines, and betw een hydro logists and decision maker s ( Dooge 1998) . Good partner-

ships do not arise or f lourish autom atical ly. T o be effect iv e, they must be w orked at and en-

couraged. Hydrolog ists must learn to l isten to others, to appreciate their concer ns, to recog-
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nise dif ferences in language and in concepts and to respect the v iew points o f those fr om other

specialities. If w e devo te a real ef for t to improv ing such com municalt ions skills , w e have a bet-

ter chance of developing and f inancing the observ at ion progr ammes required, and even of mak-

ing real prog ress on the daunting problem of the scaling of hydrolo gic pr ocesses.
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20世纪科学水文学的崛起�

J. C. I. 杜　格

(都柏林大学水资源研究中心　爱尔兰)

摘要: 参阅了水文学发展历程中具有里程碑意义的杰出出版物, 评述了水文科学基础的成长历程。

将水文学发展史划分四个时期, 每一个时期各有其特点。这四个时期是: ( a) 经验时期 ( 1900～

1930) ; ( b) 推理时期 ( 1930～1950) ; ( c) 理论化时期 ( 1950～1975) ; ( d) 计算机化时期 ( 1975
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