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Rainfall and Juvenile Water as the Feeding
            '                                                       '  . Origins of the Hot Springs in Beppu
             '
         By Takaharu NTomitu;i" and Kinzo Seno '

                  <l's'Leceived :X.tic.Tust 29, I939)

                             Abstract
      In tlie city of Beppti the]re are about a tl)otisancl hot springs. XVith res,arcl to

   a})out a hundred of theni, our I".aboratory has observed the dischargÅë r.ate and ten)-

   peratuve once a "reek for ]nore than ten yeavs, Coniparing the results thtis obtainecl

   with the results of nieteoroloeicttl observation xve have tried to elucidate tlie feeclincr
                                   r ts                       b                                                              '   origin of the $pring water. 'l"his is indeed tiie ptirpose of this paper. ' '
      Irirst, analysinsr the anntial vavation xve sho"red that the causes of the variation
   in spring discharge bear the follo"'ing ratio:

         I<aiRfall : Variation of atTnospheric pressure : I-"Iuctuation of sea level

         ==5:2:I; . .   ancl those of the va}'iation in sprin'.g teinperature l)ear the Collowing ratio:

                   .I         X7ariatioii of air ten)perature t Change of cooling eff+ect due to the clischarire

         val-ltltlOn == 2 : 3•
      lt "'as also found that the.secular variatioii in discharge is chiefly caused by tlie

   clifl-eretice of precipitation except for a gradual decre.ase on account of the deposition

 , of incrnstation in the'undcrgrny:,iind conduit pipes or the erosional breaX' of the pipes

   catisincr leakarre.

       ne      '[hen, coinparin',,, the totttl discharge of all B{eppu l)ot springs "Tith the annuttl

   precipitation on the "rhole catchnient area, we pointed ot!t that niost of the percolat- .
   irig t'ain beconies hot water. i)F{o}'eover we ascertained that the efl'ect of rain appears

   ino$t ren)ayls'itbly in the sanie B)onth but thenceforwarcl it decreases according to the

   exponential la"T in tiine, and its after eff"ect reniain$ about three years.

      Finally, touching on tlie juvenile water in the Beppu spring water, we inferred

   that it xvould be aboiit a half of the xvhole aniount.

    "l'he. cliscliarge rate of certain hot springs in Beppu s"ddenly in-

cyeases witk copiotts rain anc! decreases cluring clroug'ht. The nearer
a hot spring is to the IBIttff, the more marked this phet]omenon becomes.

Hence, undoubtedly, a lar.o'e amount of the hot spring water clepends
i}pon the supply of ecaln water.
    In the present paper, with the object of eluci'dating,' the feeding
origins oÅí the hot spring's, the an"ual and secular varlation of the Beppu

hot sprlngs and their causes are first investi.crated and ic naiysed quanti-

tativeiy ; ancl then the abundance of cliscl/ ar.o'e of. these $prings is as`)er-

tained by cotnparing- the total annual discharge oÅí all the hot springs

  ec 'l'. Noniitsu has chan.c.red the spelling of his naiiie to " Noniitti."

.
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ln the city wkh the annual precipitation on the catchment ar".ea ; and
finally, consideration is given to the origins of the hot sprlng wat.er,

the available period of the after effec# of rainfall, aRd the percentage

of juveniie water in the hot spring water. Various other interesting
problems on the relation batween the hot springs and precipitation, such
as local differences in tl}e influence of rainfail and the time taken by

the rainfall to begin to show its influence, xvill be dealt with in other

papers.

      I• The annual change of discharge rate and its causes

    i) 1)a.la :-tllrhe successive observations of the Beppu hot springs

liave been carried out since April ig2s, once a weel< on a number oE .
wellihg moLiths, though unforttmately the observation xvas suspencled

Åírom March igr)i, to January ig32, because of circumstances at the
Beppu Laboratory. 1-'urthermore, the springs or the number observed
varied somewhat year by year as in Table I, anCl some spring's were
dredged or re-dug by their owners, so that not all the results obtalned

from #he observations can be accepted as they stancl.

         Table 1. Springs utilised for the investigation of annual var}ation.

Year 19:)5,tS.pr.-ISil7,"Itzit.
lf}27,.Tniie

--lf};)S,)tay
"}:)S,Jtn}{}

-lf}2!),iNIay

llJth),.rutie
-II}30,
llay

ig: t21;,C5b-1Jt'Lu.i lf):S:t,l-'eb.s1.934,

Jtin.

ly34,Feb.-L!"31-}

.Tau.

4343s44868 3I3436g2 482o 4671 4 58 4

I7357•56Igyo 5S35775r 3II040 3!77I 5S I30: l58
6237os64g92 9240977I s8IIS3 s88oi 87 l343 S7

6g383666gg6 xlo4I882o X30I29I 87I29I I30 l472 I30

92409675rlS3 r2o45T•,I93S 343 130 343 343

Spring Ioo43o6g2 I30472996 4I8 343 4I8 4r8

INo.
r3045I,X77T
T73so678I

I47506Io4o
r-73530I045

472

53o

4I8

472

472

53o

lII53
I.iIl

472
56"

233SII82o x8g542X050 542 53o 542 Ill-l 63g

243s26823 233S64I153 S7I 542 58o 8I3

2s8s3oS38 24o646r28o 67I s64 67r L I[53

2795348S4 26367II283 77I 57I 8oT. I26o

2grs3g86I 2gl68sI2g! 8oi 58o II53

'ibtal

Number 44 39 I7 :7 I3 7 I:

    Therefore, selecting ig3 wellinsr months which had been observed
iust fox a yeicr withotit suspension of observatioil or re-digging, the

montlily mean discharge-rate covering elght years was cletermined as
$hown in Table 2 aBd g'raphically in I;ig. T. •
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    XXJhat are tke ('(uises of lrke a,nnual 7,arz'alzion i'n t/ie rate o/ tli`s-

('liar.,o'tr of the Beppu hot spring-s ? XNThat is the 'relati'"t,c? "(ue'l.)'lit of these

causes P The following are generally reg-arded as influencing the welling

discharge of tlie hot spring's :-

    (I) Internal' causes: '
      (D NIarlation in thc ainoiint of jtivenile xvater.
      <2) t'ariation in the unclerg-round water-path (variation in thc
           xvater vein, clog'glng' or enlavgirig of risin.o' pipes, etc.)

    (II) Extemal causes:
      (3) Vayiatioll ill allloutlt of the pel'colclti]lg xvELtet` (pl`eciPit,ltion)

      (.a.) Variatlon in the amount of condensed water (huinidity or
           saturation deficit)
      (s) Iiiflueiice of atiiiosl)hei'jc pressziye.

      (6) Infiuence of the tide.
The internal catises (I), connecteCl witlt earthqual<es, explosion ot'

volcanos, oy other acciclents,, may be neglected as far as the seasonai
variatio' n for E short period is concerRecl, thotigh very impoytant to the
secular variation. (s) and (6) in ([I) serve irnerely as controlling valves

for the welling of the hot spring, aRd have no essential influence on
the amount of spring x•vater. Only (3) ancl (aj.) 1iave any essentlal

influence on the water qtiantity of hot springs. The condensed water,
(4), means the watery vapo}n" in the atmosphere which has becn cooled
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I;'ig. T,. ,.X.nnttal variation of the flosv-rate tand teinperature of the

       Beppu Springs with ineteorolog.ical eleinents.
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and cbndensed in voids in the ground. It has beeti emplncsized by
],T•orth IEuropean scholars as o. ne of the origins of the cominon g"round

water. It may be true for sttch a cold distyict of iittle rain as "iXgorth

Eurbpe, bttt iR a volcanic and hot spyin.,o,' zone of hlgh subterranean

temperature stich as Beppu ancl especially in the case of ex.cessive
Precipitation, there can be no objection to disregarding the possible
coRctensed water, whidh at greatest niust' be verv. Iittle compared with
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the percolation of. rain water: XVe have of cour.se investigated the
saturation cleficit, and the result agreed w•ith our expectation. Thus
it is undoubted that the rain is the most important external eleinent
as a Åíeeding origin of the Beppu hot springs'and that the seasoincl
variation !R the precipitation is a chief factor in the variation of the

rate of discharge of the springs. However, the cannual variatlon in the
spring discharge shown in Table 2 and Fig. i is to be interpreted with
consideration not on!y of the influence of precipitation, but also of the

effects of the atmospheric pressure and tide which control the welling
d{scharg'e. We w211, thereÅíore, analyse the anri"al varietion in the spring'
                                                        'discharge under the three heads of precipi•tatlon, atinosphei'ic pressura

and tide, and discov'er the ratio among them. '
    For this purpose we irtust l<now the annual variation in precipi-
tation, atmosphet'ic pressure, cknd ticle. Table 3 indicates these funda-

mental data. Their graphs are drawn in Fig'. 'r.

        Table 3. .Anntual variatioii of meC'eorolog- ictal elemerits aticl sea level.

i"•fonth rv v XI }u vue X X x I I gi A,1'ean

Raiu
<mm.)

103.1 154.8 220.5 209.8 206,8 36e.5 58.5 69.5 53.5 43.9 78.e 116.3 I37.0

Bar.press.
'

(+7oo) 55.1 52.9 5g.3 51.l 50.2 51.6 56.3 57.8 58.7 59,5 58.8 56.9 7S4•9'
]lllll.

Sat.defic, 3.I 4.2 3I 4.2 5•7 4,o 4•4 35 2.4 2•4 2,5 ,2.9 3•S
{lnln.)

Sealevel
(Clll)

ll7 126 145 143 151 143 145 134 125 l20 l26 114 I32

'XXrater
clensity

ift

24.83 24•54 24•SO 24•29 23.8s 22.68 24•S9 24•77 24.8g 24.84 24•79 24.g6 24.46

    It is to be notecl here that the annual variations in meteorological

elements, such. as precipitatioR or atmospherlc pressure, iifiust be the

average of observations made dur?r]g the years with clue account tal<en
of the number of springs observed those years. The values g+iven'  in

Table 3 were obta'ined in this way froni the annual meteorological
reports covering ten years, issued by our Beppu I.aboratory. As to
the annual variatioR in the sea level only, there was no clatum available

coverlng many years except the tide-gauge record made in ig32 by
                         rsthe Construction OMce of Oita I-Iarbour and ic rranged by the I-Iydro-

g'raphical Department of the Navy; atkcl we adopted tkis. As to the•
specific g'ravity oÅí the sea N•vater, the values which the Iisheries Ex-•
perimenta] Station of 6ita P. refecture observecl in Beppu Bay in igr)-7
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were usecl. These data seem somewhat insufiicient. Biit fortunatelv
the fiuctuation of monthly niean seEL leve-i is only between 3o"--Llocm.,

although the claily ticla.1--range extends to 2 m. Accorclingly it is ex-

pected that the annual variation in the niean sea lexTel little infiuences

the spring disclnc r.o"e. Therefore, even the, data obtained t'rom oRe year's

observation will not be inicppropriate.

    It is due to the variation in the $ubmarine hydraulic pressure .that

the rise ancl fai1 of the sea levei influence the spring clischarge, but

the whole of the seasonal fluctuation of the $ea level does Rot cause
vcariation in the submarine presszu'e. Tlierefore, it will be convenient
now to cletermine the effective part oÅí the fiuctuation of mean sea level

wliich causes variation iB the submarine pressure. .eNccorclin.o.'. to stttdies

previously made by one of the present arShors (Nomitu)t, the anniial
varlation in the mean sea level can be consictered to be balanceci staticaily

by the specific .gravity of the sea water, the atmospheric pressure, etc.

Consequently, in the case where the sea is over several hunclred metres
in depth and both the tempeiratva7e and salinity oÅí the water in the

depths of the sea show scarcely any annual variation, the subniarine
pressure does not vary, although the helght of the sea level vayies
seasonally. Btit in the case of a shallow sea, where the specific gravity

of the sea water varies down to the bottom, the submarine pressure varles

iR accorclance with the specific gravity of tl}e sea water. .As Beppu Bay

has a depth of 7o m. at the deepest and its mean depth Åírom the coast
is 3s m, the annuai variation iR the water temperature extends to the
bottoin, so that the submarine pressure will of course show annual
variation. To deterinine this variati.on subtrEct Å}'roni rhe o])served
                                   '
fluctuatlon of the sea level•the rise and fall caused by both the specific

gravity of the sea water at (o, 2o, 4o, 6om mean) and by the atmos-
pheric pressure. Table 4 shows the calculati'on of the effective fluctua-
tion of sea leN•Tei froni the actual variation of sea level, specific .o.'ravity

of the sea watei-, and atmosplieric pressure. I-Iere,

inF,uence of the speciflc g"ravlty on the sea level ==- O"' Å~3soo cm,

        • IOOOinHuence of the atmospheric pressureP oR the sealevel = - A?b Å~ i3.2cm.,

ancl the mean depth is tal<en as r)s m.
    2) ."2.r]7ie c:ij'rgcts qf' !.ke a.Xmos751ie7'i'c fvress?tre. (zn(l t72t' s6'a• lar,cl on

  I. T. Iromitsu: The causes o'f the annual vtu'iation of the mean sea level alon.cr the

fapanese coast; [i'hese thrY'Iemoirs, IO (I927>, r25.
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t-ltc sPri'n'..o' dilgclia.r.o-r- :-Now the annual varia.tion in the cl'ischar..cr.e of

the Beppu hot springs wiil be analysed and the effects of the (lifferent

causes will be examined.
    As stated in the previous p.iperi, [he atmospheric pressure in-
fluences the spring discharge by- increasin.g.' ozi decreasin.cr the controlling

pressure at the upper eRd of tke welling mouth of the hot springs.
NVhen the atmospheric pressure grows highex, the spring discharge
clecyeases; when it becomes lower, the dischicr.cre increases. By iR-
vestlgating' 7 hot spying mouths of Beppu, the baroinetric coeencient
c; wcfts fotmcl to be, as ca niean,

          Baro7n•et•ri'c coqffi'c:'ent, c =8.6minm! ...............(i)

    Concerning the li'dal coeLfi7i'ci'e7il li for the infiuence of the sea water

pressure on the dischar.g- e of the Beppu hot sprin.o's, we have reportect

in the prevlous paper a considerably large number of values clerived
Åírom investigation of the daily tldal lnfluence. Their mean value is as

follows; ' '    The increase in the discharge-rate pei- icm. rise of the sea level=
              li=:o.o24 litre/min. .................................(ii) '

    These coefEcients for the atmospheric pre-ssure and the tide are
truly significant as showlng the general facts, but they cannot be con-
si(1'ered appllcable clirectly to the whole city of Beppu, for they woulcl

surely g'ive excessive resttlts. Beeatise the hot fiprings, whose coe-f--

   I. The Beppu I-Iot springs'and the Ticle, witli the F"ffect of the A- tmosp]ieric I'ressure ;

Cl)hese rvÅíemoiys, 22 (r939>, 403•
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ficients of atinospl}eric pressui'e ancl tidQ we couid determine, were
those whicln hacl these influences to a remarl<able cle.o.;ree and which

could be investigated separately. tNs many hot springs an'e only s]ightly

and indistinctly influenced by them and their coeflicieRts cannot be
determined, it is presumed that the mean coeff}cient of all the hot
spriiags iti the city is definitely smaller them the above mentioned values

and is probably not more than half of them. Now, what would be
practically a ineati coeMcient for the whole cityP 'VVe devised the
following means to determine it.
    For two years from April ig2s to ITXilay ig27, the observations on
44 springs were most satisfactori'ly continued. 'K}SLXe sorted the statistics

of the dischar.o'e of these spring's ic ccorcli.Bg to the distance of the spring's

from the coast by every ioo m, as showli in Iif,.r. 2. IFrom this fig'ure it

is eviclent that the infiuence of the precipitation i{ large at a distance

from the coast air!c becomes smaller with the approach to tlte coast.
Notlcing this fact, we sortecl the statistics mentionecl above, of the mean

ic nnual variation for !o yeic rs by the distance l'roir{ the coast, and ob-

tained Fig. 3, which also lndicates that the efliect of the rain is small
on the coast and ]arge on the BIuff.
    Assuming that the'coefficients of tlie ticle (h=o.o24) ancl the atirnos-

pheric pressure (c-wh8.6) derivecl fi'om the above mentionecl few hot
springs mi.o'1it be directly applied to the whole city, the annucal variation

in discharge influenced by both the atmospl}eric pressure and tide was
calculated. The result is shown by' tlie dotted lines in ISig'. r). The
figure shows that the welling' mouths wh{ch are more than 6oo-N7•oo m.

fi'om the coast are most remarl<abiy jnfluenced by t}}e rainfall, ancl,
therefQre, the infiuences of the atmospheric pz'essure and the tide can-

not be directly seen. But, in the case of less than soo'--6oo m., the
parallelism between the observed variation and the calculat tecl infiuences

of the atmospheric pressure and the tide is distinct. It must be noted
here that, thou.cr.h they are parallel, the values calculatecl (the dottecl

lines) are alw• ays large-rthan the actual. Averaging all the cases from

o-vioo m. to .soo---6oo m, the ratio beconies :
          Observed value/Calculated va!ue =o•s4•
Namely it denotes that the coefllLcients of the, atmospheric pressure ancl
the tide for the whole city are o.s4 (about a half) of (O & (ii), the inean

valt}e for a few hot sprlng's already obtainecl. This is concerning the
combinecl effect oÅí tide ttnd atmospheric pressure. As it is not 1<nown

in what.ratio each oÅí them nxist be subtracted, both r,atios have neces-
sicrily been assumed to be o.s4 respectively.
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    Thus the mean valtte. ot the coefficients of the atmospheric pressure

ancl the tide far the whole c2ty could be approximated. It is eEsy to
measure the variation ccausect by the atmospheric presst}re and tlde in
the mean annual variation in all the Beppu hot sprin.cr,s. iPtiluitiplying
the defiectioR of the atmospheric presszure, sl{own in Table 3, by the

coethcient oÅí the atmospheric pressure, and also the annucal variati'on

in the effective sea level by the coefELcient of ghe ticle, we have Tables

s & 6, which show the effect of the atmospheric pressure and the sea
level r{/spective.iy.

            CIral)le s. 2Nnnual variation of discharge-rate (liti'eln)in.)

                      due to the barometric change
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    r,) 7/1ie "L,.IZ?;dX• q/ Xlie Pred?.lei'inti'on on Xrke sP7?'n.o' d.i'sclia7'.o'e:-

Subtract the above stated effects of both atmospheric pressure and sea

level froni the total annltal variation in the welling discharge, Encl the

retnainder mcay be regarded as the direct effect oÅí precipitation, as
showR in Ticble 7.
    'II]he above mentionecl results can be. presentec! as'in II?i,g. t". In

this remaining dlscharg'e tlie effect of natural depletion and of conctensecl

water may be inclucled as weli as that of preclpitation. But after a
glance at the tendency of the annual variation of the saturation cieficit

and of the variation of the sprlng discharge shown in Fig., i, we scarcely
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feel it nece.ssary to t-cl<e the condensed xvcrtter into account. In other
words, it ]'s not what GertTnan scholars call the Berlin t>rpe, but rather

the Paris type. Tlaere was clistinctly recognized a close relation between

the remaincler of the spring clischarge acnd the annual variation of
precipitation. Thoug`h the curve itself has a few points showing un--

           "I"able 7. Effect of rain on the spring discharge (litrelinin)

liilonth rv v' X•I xu viif x x x xu I g II[
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parallel variations, this is not strang'e becaus.c,}. the after effect of rain

,remains for several months. Thc spring d{scharge xvhicla is the mini-
mum in i.N[ay, begins to increase suCtdc"/nly in June on accouiit of the

raiRy season. In July the precipitation, though somewhat decreasing,

is mi}ch more than the annual metm, and so the spring discharge
continues to increase, bein.g influenced by Åíhe after effect of the rainy

season. As the rainfall b:comes less in August, the spring cllscharge.
decyeases somenvhat. In September, the typhoon p6riod, we freqiiently

have l}eavy rains, and the spring clischcarge g,roxvs larger witk the
pyecipitatioR a.nd reaches the inicxiinuin of the year. ThereaÅíter till

January the precipitation is stril<ingly scanty, but on account of the.
aÅítc,ly.r effect of abundant rain froin the rainy season to the typhoon

period, the spring discharge !<eeps lts predominEnce tltough gradually
diininishing'. The iiiohths Åíroin January to Apr21, in xvhich the pre-

cipit.atlon somewhat increases, are still xvithin the dry pe.riod whose.

monthly amount 6f yain is far less than the mean oÅí the year, and
consequeBtly ehe spring discharge still has a texidency to clecrease. It

reaches its minimum iR .May. Iiurthermore, every minute variation in
the monthly precipitic tion can be traced by comparison with the vari-
ation in the spring' clischarge. IÅ}' a inonth of deficient rain occurs
during #he period of iRcreaslng spring' discharge, the increase is p. rompt-

ly restra{ned ; if lt rains durln.cr a clry peyiod iR which the spring dis-

charg"e is de6rea,siiag, the decrease is' velieved. . '
    Iti short, it has been shoxvn that tlicp ann?tal z,a'ri'ati'on i'n tlte alz's-

(:lta•7's)'e,] qf t!ie b'(rPP?b liot sPri'it.o-s (lePe'nds 2tPon. tlie lli'reer ca.eiscs-

fbrecz•ipiZatibn, aifmos261iei'i'c .Presszt.7'e, (vntl sea lez,el. Ilrom the ampl2tude

rcatio shoxvn in Table 7, we kltow the 'reila•ti'z,e e'm.Portande of tlic llwce

c'aetse"s to be roughly as follows :

    .9e'a lc'?,el: .tU•in.os. pr('ssitre : Rai'nfall= o,3g : o.83 : f.7i*1 : 2: 5

These three causes act in inal<ing the spring clischarge abundant in
suminey anrd scanty in winter, but the actual discharge is rem.arl<able
iR late summer and auttmin ow2ng to the after effect of the precipi-
tation, the phase thus rather lagging. The after effect of the precipi-

tation will be statec{ niinutely later. '

  II. The annual variation ln the spring temperature and its causes

    Conce.rning the annual variation•in the spring' teinpercxture as ivell

as in tlie amo"nt of the dischicrg'e, the ig3 weliing niok}ths,observed
for io successiv-e years xvere ave.yaged aBd Table 8 was obtained.
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Tab}e 8. Statistics of spring temperature <"C)

Neiitb i tslun]--'

rv v' W Kil[ FJI[ K X X xuiI K lii beror
Slr.

1'ear a1])kt.S.

I925 2340•S 2344•I 2344•9 2349O '235r•5 2352.2 2347•3 2338.8 2325,6 2322.9 44
xc)26I 2324•4 2326, Il2326.7 23299 2328.4 2323•3 23I9•5 2309,OI

23I4.6i2300•Ii 2293•4 2288.I 44
2o6o,i 2osg.6 2052.9 2oSO.5 2040.3i

[

2o32.Iil2o26,41 2ol9.5 2020.9 39
Ic)28

I929

I930

I93Z

I932'

rg33

i934

2ol7.7

876.I

 887.I

 6gl•4

3s6.2

 624.8

2ois.21 878,3 877.8 876,3 87s.s 886.2 888.4
         '876.s 8g6.o go2.4 gol.g goo.o 8gg.6 8gg.8
 888.gl-

885.7

8g8.2

883.r

8gs.I

683.3

352•4

622.6

688.g'  68g.2 688.i 68s.8 687.o 684.g

35i=5 348•5 355•7 353•4 3S2•8 35i•2
6I7.3i 6T.s.6 6I6.8 6I6,s 6I7.7 6zg.2

   l
   I
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3so.sl 3s2.7

   , 6i4.7I'6rg 5

   II

88i.4 877•5
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I7

I7

'I7

-.N"' {unber

  {}.t• I93
s. pmllgs

rg3

Mean 52.42 52.38

I93

52.63

X93 I93 I93 I93 I93 I93
52.71 52.74 52.64 52.65 52.50 52,43

   1

6gs•s 6g4•o

353-3 353•i
628.3 627.3

x93
I s2.24i-

I93 I93
52.28 52.20

if
I93

52.49

Incidentally the

shown in Table
I'ig.. i.

       'Åíable 9•

n3ean atmosl)heric tenipeyature siinilarly calculatecl is

g, shown graphically xvith the sprin..o' teinperatL}re in

i7Nfean aniiual variation of the.air teinperature at Beppti <"C)
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    .-Ns a caztse of tfic "t,av'i'ati'on zTiz t/ie sPi?:ii.o' te•m.Pcratzi7'c, the a•tiiios-

Plidri:c temPeratit7'e (xvith the surface ground temperature) is first con-

sidered. The ittniospheric and spring' teinper-cture-curves, shoxvn in
Fig. i, certainly indicate a close relation between them. But certain
pbints cannot be explained by this aloke. The spriRg temperature and
the air teinperckture are both at the nietxiniuin in August, and at the

minimum in-April, which is also the iinonth when the clischttr.o'e rate
is' at the minimui:n. .r'OLIso, the spring Åíemperature rises suddenly ln

early summer and falis gractually in autumn. [I]hus ehe general tendency

in temper.ature approximates the variation in the rate of discharge.
XVhen the discharge. raÅíe increases with rainfall, the temperature also
becomes higher, Thus the z,an'a•ti'on of alz'strliar.o'v 7'ate z's obz,iozis4y tfid

secro7i(l ccvz•tsc of the annual variation ln the spring teniperature.



       Rainfall and .iXi{nyenile Water as the Feedin.a Origins etc. .s.s

    Iii another papert we have invest{gated and ascertained ,thict the

spring' temperature certainly varies also with a short period variation
in discharge rate accoiinpanying' the daily tide. .gX.ccordin,cr,,ly we may

say that al1 of the causes which influence the i:ate oir discharge seem

to be qonnected with the variation in spring temperattwe. B- ut they
all act inclirc'tctiy. Therefore, the discharg'e rate which acts directly may

bc takeB to represe.nt them. Then, how does the rate of disckarge
influence the spring' temperaU}re? t'X. s stated in tlie citecl paper, in the

case of Beppu, the hot water is cooled while it rises through the
conclutit pipe. "Vhe larger the rate of discharg'e is, the shorter will be

the. time the water remains in the pipes, and hence the less it wM
cool; and consc' qaentiy the higher the spring temperatRre becomes.
The loss of temperature is to be recl<oned as follows:

           fl,- rf/ ;, =217irlk (d) ,Z" . (lii)

"rhere, ;(;,, 7].: the temperature at the iower and the ttpper end of
                 the vertical floNving- pipe rci)spectiveiy,

           2r: dia. of plpe, l: !ength of pipe, a: discharge rate,
            le: thermal conductivity oÅí the earth,
      'dT/dr: mean temperatxn`e g"rcadient at the pipe-xvali side.

    Exc'tmining the effect of the tlde on i6 mouths o{ the Beppu hot
                                                  OT.
springs, xve obtained the.folloxving inean value of A' or :'

              '
             -          le d7' =o.2i3 calorie cm• miii• '
             07' .
Though it may be improper to icpply this value derivecl from only a
few spyings to the case of all springs, we adopt it for the present.
From !gr) springs whose temperatur-e- xvere measured, the iiieansof2-r

and lwere as follows; •
           2•j• =4.3Icm. I==s7os cm.
Substltuting- these values iB (lii), the annual variation in the spring'

temperatuye due to. the cooling in the concktit pipe is obtaiked as given

in Table io. Theiy g"raphs are clrawn i'n Fig. 4, top. The variation

ot' the spring temperature subtracted the effect of the change of
discharge rate, as would be expected, 1<eeps symmetry having the
centre in August and runs parallel with the variation in the air tempera-

ture. IE[oxv does the air •temperattire influence the spring teinperature ?

   i'. Ioc. cit. p- g7.
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It is chiefiy because of the. fact that the heckt escapin.cr to the air in

the neighbourhood of. tl]e welling inouth and to the surface earth is
diflferent in suninier and xvinter.

    Since the aRnttal variation in the B)eppti kot springs is only oO.4

in amplitude and parallel to the discharge erate, the effect of mixing
superficial gro"nd water of temperature nearly equal to the atniospheric

temperature may be disregardecl in the diseussion of the present prob-
lern. Thoug'h soine sprin.crs of incomplete structure were accidentally
observed, in time of heavy rain, to drop tlieir temperature, sho"rlng
that the cold rain water was mixing with the spring, yet in most springs
in Beppu sL}ch effects are scarcely dlscernible.

    X/Ve haxre thus attributed the annual variation in the 1}ot sprlRg
te' mperature in Beppu to the effect of the atmosph6rlc temperature and

t,he cooling th]rough thc'i• condtiit pipe. ' Their relati.ve iinportance is as

folioxvs; ' '        Dlsclicv'.cre eptiscl : x'-li'r tcnipe'ratu•re' eptkct =o.28 : o."o=I 2 : 3

                                     1.      III. The annual total discharge in all the Beppu hot
                     springs and its feeding

    Concerning the total spring dlschargnye in Beppu, our Geophysical
Laboratoyy measurecl siinultcineously al! the welling inouths in ig24 and
igr)3, ancl obtic ined the results slnown in ehe folloxving` table.

Dcate

X924, Sep.t-vOct.

r933,. july-vAug.

Number of active spnngs

826

7S6

Total dischar.cTe per day

I6.32 x lo`i

I8.7gÅ~IoU

<lllU)

ki ig33 the nuniber of
the total disclaarge haC{

little difference between

the spring inouthg haci
s6mexviiat iBcreased.

the txvo results.

yather
rl"here

clecreasecl, but

was in g'eneral



                                                 O.16
           Total a-nmtal Preci)iZatlo7z r)8.i X io{'

Inside the city of Beppu aione, t!ie discharge of hot wrater aniounts

to i69•o' oS the precip';tation on t:he whole catchment avca, east of At[t.

Tuyumi-dal<e. XVhat a startling Åíact this is ! Besides, that hot spring'

       1?ai4fall and Ytivenile rvater as the Feedii4g Ori.ains etc. s-,'

    XVhen we want to c!erive tlne total amotmt for .a yeay from this
table, the ann"al variatioR must be tal<en ineo accoxmt as statecl in the

preVious seÅëtion. In ig24 the observatjons xvere not made continRously
and in ig3r) also the springs contlnuously obsei'ved xxrere few. rXc-
cordingly, regarding th{;' inean annuai variation g'iv'eri at- the bottoin o'f

Table 2 as their annual variation, xv-e have the totcil $pring discharge
Åíor a year (assuniing that a month has r>o.,so and 3o.42 days oR the
average) as fol]oxvs:
                   '                           '    /ll• ig2", i6.32Å~io3>.<3o.sox 2Å~i36'97 :s.,1.6!Å~iot3 m.:',
                                I2.67                                     +I -7 .29
                               '    /ii• i.gs3, i8•7gÅ~io:'Å~3o•42Å~ ,,2.gXJ. f'9',9.//•;-. =6•s79'Å~io6 •71i`•

.`Xverag'ing these, tke an•nual a•mount is found to be 6.e20 million m".

    On the other haBd, the origins tl}at feed the Beppu hot springs
aye internally, juvenile xvater, ancl externally, precipltation. The Åíeeding

rain area•may be the part which is enclosed within a xvaeer-shed line
(dotted) on the map, :Fig. s, made by the I.ancl Szurveying IDepartnient,

a.s follows:
                                             ts          Water-shecl area tSor Beppu springs=23.o7Å~io6 m:"'.

The preclp2tation ln ige)s was somewhat less than the mean obtainecl
from the observation for io years by the Beppu Laboratory, its annual
amount beinLg u)o6 mm. In ig24, though not observed by the ]Labo-
                  Aratory, according to Oita INt[eteorological Station, it xv,as i6r)i mm., being

inor .e than iR the average year. The ratio of the yearly precipitation

of Oi.ta to Beppu is = i.io in the averag'e. Ii"rom the precipitation
  rsIR Oita in ig24, xve infer' the prci;cipttation oR BeppLi. iii the sic me year

to be i7g4mm. Thus the mean precipitation in Beppu in ig24 and
ig3s may be regardecl as i6somm. a year. Therefoye, we obtain
    total annual preclpltation on the whole catchment area
              ==i.6soÅ~2s.o7Å~ioe m'i=38.iÅ~ioC' m'i

    AccordiRgly the ratlo of 'the total discharge of the Beppu hot
spr!ng`s to the total aRnual precipitation on thei catchment avea ls as
follows :

            7.'oXal annual sPptin.cr--.reo7v - 6.o2 Å~io" -
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Fig. s. Catchment-area for the Beppu hot sprii)scrs,
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water is flowing up from the sea-•bottom is quite evident from the
fact that there are natural sand-baths on a part of the shore and many

hot springs even on .the reclaimed ground along the shore, >vhose total

discharge is large. Still more, within the same catchment area there
are many hot springs which we have not yet surveyed, such as Horita,
Hatiman, Kwankai-Zi, Sira-yu, and Otohara etc. If they are taken
into the calculation, the total increases perhaps to 2oO/o of the total

precipitation, to 3o, 4o, or who can tell, to xvhat per cent?

    Rain water is, in general, disposed of in three ways-by perco-
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lation, evaporatioii, and run-off ; and the 1)ercolated rain xvate.r becoines

an orig"in feeding oydinary groLind water or hot sptings. The amotitit
of peycolating' water, thoug'lt varying.r accorcling to the charactey or slop6

of g'round, as do2•s that of the other two, is sttpposod to bo roiighly
 i/s of the iLvhole. L'"ILs known from tlite topograp]iy of Beppu, most'

part of the catchment area fortns.steep hillsides, and so the surface
rtm--off of rain water is so swift that the pe]rc,olation is infeyred to b'Li.

relativ-ely little. Being rather flat, tl•ie streets of Beppu make a some-
what hE rd s]ope with the difference, of- ti heig'•ht 3o in, per l<tE t. distance

on the ave'rage and the houses are b"ilt there. Therefore it is thought
tlaat it inay be hardct/r for the rain water to percolate there than on tlie.

hillsiC{es. Though the ,character of the ground seems to be favotn'abie
for' percolation because it is made of volcanic ash, lt can scarcely b?.
believed that the .amotmt ot' percolating water reaches i/r) of the
precipitation in spite of sRch topography. Thus it js certain that •m.ost
(t/ t/u: Perc.oltz•t!.Tnsr (biizoit72t of l12e 'ra.iTn. .falli'n.o' on tlicr t'atc/i•iire-nX- (v't'a•

q/ Z.9t.r+PP2t• l?etrom.es lioZ srvPn.'n.cr 'tc.f(r!dr. A,Ioreover, therc seeins a con-

siderablc,/ amo"nt of juve.nile watc,ir of inagrnatic' orig'in there, and it is

supposed to anaotmt to many percent of the spring discharge.
    In the city of Bepp", it is, ln Åíact, generally hot water that cacn
be obtained by digtr'ing, it being rathc.r difficult to get dolcl water. The

citizens use hot xvater for everyehing except cooking. Before. the clty

xvater xvas laid, colcl xvttt(,r had been app, rec.iated rathcir than hot xvat(ir.

It is, lioxve.ve.r, not xvholly bnpossible. to g(.tt coid xvater. C.-olcl xvat(zar

wells in the area froin the coast to thc} 4o in. contour line, and also,
at ebb-tide, at ivlatos,a-hama, on the northern cpast. From this evidence

it is kno"rn that sotne of the p".rcolating yain xvater cloes not bt,)come

the orlgin oÅí hot sprlngs. Its total amount has not yet b3en .measured,

and we intericl to make a stiidy of it. X)V"hen such an amount of colcl
xvater is suberactecl from the. amount of the percolating rain water', the

percolating water alone is too little to be tlaought the feecling origin

oÅí all the Beppii hot springs. Therefore, we must recognlze the ex-
l' stesn.c6 o./ ai la•r.e'e a.771o?tntof7'ztz,evll'le 7vaXeL

        IV. Secular variation of fiow-rate and precipitation

    The annRa! inean of sPri;n.g di'scliarsre varics, as a ru!e, with the '

year ; that is, a secniar variation is seen. As its causes we may recog-

nize all the internal and external causes naentioned in Chapter i. Of
these the atmospheric pressure and sea level act too iittle to nee,d to
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be taken into ficcount. For the difference of #he yeic rly mean atmos-

pheric pressure is generally very $iTnall, that is, the clifference between

the maximum and minimum Åíor the observed io years is only o.8 mm,,
baing only 80/o of iomm., the seasonal variation in the atmospheric
pressure.. .N?gTith regard to tlie i`ise ancl fall of sea level, th(/} clifference

betxveen daily ebb ancl flood is 2 ni. and the rati.o'e oÅí the seasonal varia-t

tion covers about 4o cm., biit the difference oÅí the yearly mean sea level
is less than a fesv cm., not be.ing inore iAo of the seasonal vaxiation.

Consequently the atmospheric pressure ancl the sea level act for the'
$ecular variation in the hot spr'ing's at least i/io less than for thLrs

seasonal variation. .-'Ns this is w2thin the surveying elt'or, it can be

ncglected. Thus the effective causes for the secular var2ation of springs

are change in the amount of the juveni]e water and ii} the spring-water
path as internal causes, ancl the variation in the precipitation as the

exte.rnal one. '
    1>l•oxv concernlRg' the seciihtr variation in the Beppu hot springs,
only 8 springs ha"e boen observed for io siiccessive years, and 4 of

these were dred'ged during the periocl. ThereÅíore the data obtainecl -
are insufficient for minute discussion. •IIFor a ge' neral study, the secular

variations of the 8 spriRgs ancl the precipitation in each year are shown

in Fig. 6.
                                  ttt    It is at once seen from this figure that both the spring discharge
                                            .                                                        ttttand the tenapo.rature show a tendency ot' gradual clecrease. year by year.

'1"his phenonici.non is relatecl to the circun3stance that the artificial hot

springs ln Be.ppu need to bc} dredged about c.very io years. The chie.f
cause of this lies in the fcict that thi.'. conduit pipe.s corrocle ancl alloxv

leal<ag.c}, and that tirte jncrvistation is cleipositeci ii:t coiitduit pipos and

clogs tlieni by de.o'rees. A few ex,amples are illustrated on 1?ig'. g.

Is the variation in the amount of the juvenile water includecl here :'

XVe have now no clatum for judging. But even though the Beppu
hot spring's indy show an inclination to real decay after hundreds or
tliousands of year, we belleve such symptoms are not to be founcl in
a single decade. As onE-/ oÅí the evide'nces, we adcluce the fcict that
tl}e. dlscharge of all the Be.ppu hot springs had increased in i933 over
                                                         /.thclt ill l924• '    Next, the effect of precipitation is certainly notice.d in the secular

variation. I;roni tho remalncler oir the revisecl clischarge got by sub-
Uracting the tendency of graduai clGcye.ase Åírom the observed discharge'

shown in Fig'. 6, it is recog'nizecl that in a year oÅí abundant precipi-
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    Fig. 6. I'Iean secular variation of the 8 springs iii Beppu,

              coinpared with the precipitation.
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tation the sprin.cr discharge corresponclingly increases and in a year of

scicnty precipitation it decreases.
    Finally, the sedr2tlar 'tyan'al'lon. z'7z t/ie liot sPn'n.g leniperatztre .o'ener-

ally follows the welling discharge, being reiated to it positively. As
explained ln the item of the annual variation, this is caused by the fact

that the time of the passage ehrough the conduk pipe and accordingly
the, clegree of cooling varies w• ith increase ox decrease in the clischarLg'e'

rate. Howeveer, the influence of the atmospheric temperat"re on the
hot spriRg teinperature can be neglected: [For the yearly meaR atmos-
pheric temperature remains through years at about isO, anci the diffe.r-

ence be.tweeri the maximum anCl the miRiinum for the observed io
years is only oO.8. Since the clifference of 2oO in tl}e aiy temperature

bc.tween sumine.r and winter gives only about oe.s aniplitucle to the
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anpual variation in the. hot. sprin.o' ten?perature, it is certain that the

effect of the yearly clirference 2n the air te.inperature, xvhich is b{}loxv

i/2o of t'he former, is quite negligiblc,.

    V• After effect of rain and inference of the juvenile water

    A-. heavy rain suddenly incre.ases the sprin.c.r discharge not on, ly in

that nionth, but also in the folloNving; two months, or even several
months later, it causes much increase even iÅí rhere is no additional
rain. 'X/Ve caR it the a.fler e'ltfb'ct of rr7•x:n, which wi12 be clecklt with a.(,.rain

in this chapter. •"'                                                                '    According to inore. than io years' observation made by ehe 13eppii
Laboratory, in Septe.mber ig2,s, as if by Gocl'.g peculiar st>'irace, th(ire.

was a period of record-breaking tort'ential rain, wheii prc,cipitation for

the month aniounted to 8s8.2 nim. In the follo"ring month it was only
:)o mm., wh" ich may bo called, in compari$on witii zhe preceding month,
no rain at call, Thereafter till the next January it rained little. This

was a inost favourable opportiunity for studying the effect of rain, and
('specially its after effect. Fl.,o,". 7 shows the. precipitation and the spring

             Fig. 7. After-effect of tlie heavy rain iR Sep., rg25.
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Rainfall and j)ruwenile rvater.as the

     Table !i. I'recipitation and ilow-rate
               }tiarch ig2s to }farcli

 Feedin,g Origirns

per I springr from
Ig26.

etc. 6,3

1)v'Tonth
rg25

rv v vr il 1;IE x X X xu•
I92)

I I[ m IV

]ilew-rate
(L1]Y•I)

,1'{ain(llllll)

t

II.SI

s8•4

I2.r4

25.3•9

r2.z7

228.o

.I2.32

3IO•9

Z2.3I

2IO.9

I3.90

8s8.2

I2.97

28.6

r2.62

52.6

[2.I8

s8•4

ri.46

9-o

ti.38

76•3
l

T,I.4S

r,24•4

io.6g

s6•s

disclaarge on that occasion, and Tcable i{ shows their values. Con-
cerning the precipitat{on, the daily amount is clenoted with vertical lines

beside. the monthly o.ne. Remember that the `rain in Septembe.r'
means the rainfall on the ist, 4th, aBd .sth day of tha month. As is
clear from tlic. figure, the heavy raiR causeCi the spring clischar.,cr.e in

thact month to increase. at a jump, and for the'following two months
it •kept tho dischargo. over the inean in spite of little rainfall. Its afte,r

effect .o"enerally shows an expone.ntial tendency. I.f a'day or an hour
is tal<en as unit of time, the effect of rain of course does not }ippear

iininediately after tlte rainfa13, but a few hottrs late.r the discharge.

starts to lncrease; some hours later still it reaches its,maximum, ancl
then gradually decreases. XVheii a month ls taken as a unit as in this
.section, froin the exanaples shown in F. iLgt 7, the effect of rain may
be, xvithout a blg error, put as foliows :

           -Z7=aA•Te-kt =.P7geLkt - , (D'
           Arrmmonthly precipitation, t=tinie aÅíter rain in month,xvhere,,

        7;re, ,7;' :discharg. e rates clue to the rain at that month and after

        , lmonth '''            a== coetlicient of rain effect,

            1i=depletion index of rain effect. ,-
This is.theoretically reasonable, for it ineans that the decrease of water-

head on the upper stream in the catchment'area is assuined to be
proportional to the amount of discharge. The coefficient a and 1? are
as yet unl<nown. XVe will first deduct the val"e of le from the in--
c,lination of gradual decrease shown ln Fig. 7. As the rain in October
i' g2s was much less than the heavy rain in September, the decrease
in the discharge rate from September to Octobo.T was to be very next
to a natural diminution. And, as the rain in Janua'ry ig26 was abso-
iutelylittle, amounting to only gmm., the decrease in the spring dis-
charge from December ig2s, to January ig26, was also almost a natural

diTnin"tion. IFrom these two parts which may be regarded as the
natutal diminution, we will decide the value of the depletion incle: Ar.

                         '
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    Suppose a month of no rain and let e2 represent the spring ciis-
char.o'e. in the month ancl at for that in tlae preceding month. Tn the

case of hot $prings, there is usualty juvenile water f wh{cli is not
influenced by the effect of precipitation, and so Fin (i) is only a part
oÅí the observed disehtvge (2. RegarcMngf ics invaiiable, from (i) we

have

 • (e, -f)/( e, -f) =e-k. ' (2)
If x/ e have another occasion lil<e this and take al cand 0.1) as tlie w• hole

spring clischarge for the two months, we have;

           (0S -:/)/( Q{ -L/) == e-k. ' (3)
From (2) and (r)), N.ve can obtain the cirnount of f icnd fe, that is;

     ' f-,,,-eL,e.,,iE,//3,e-{,,,, (-i.)•

  le = log.( 0i -f)- lo.o.'.( 0. 2 --1) == logr.( (.{ -f) -log.( 0. :• -f)• ( s )

'Only fz-om the observed discharge, et, 0.2, e{, ancl e:7, botla the. natural

depletion index and the juveniie ciischarge are easi]y obtained.
    NTow, concerniiig the Beppu hot springs, let the dischar.o'e$ i,n
October aRd January be represented by 0.2 and 0. :. respectively, then from

(4) ancl (,s), or froin the intersection of the (f, e-k) curves obtEtinedo

according' to (2) and (3), we have; .
          f=6.2g litze/min, leww-o.it/. •
                                                 'These values, however, must be correcced, for actua]2y both October
andjanuary hacl inore or less rain. I?or exennple, if there x•vere no rain

in 0ctober, the spring disch,arge of the nionth would be coiisidered to

decrease by about o.i lit/min. from the tendency shown iR Fig. 7.
Revising, moreover, the influence$ of the atniospheric pressure, tide,

etc., we obtain; '                                                 .. ' f=6.1 litre/min., •le=O.11 month-', . .
'which we adopt in the ]ater cliscussion. '

'' • The juvenile water 6.i lit/min. indeed, corresponds to a's i:nuch
as so.sO/o of i2.o8 litre/min., the mean clischavg'e in that year. If

 le-wwo.ii, tlieeffect oÅí the rain decreases with the month, cfts inclicated

 in Table i2. ]n i year, the effect faJls to about• 270/6 oÅí theeffect in

ehe niotith Nvhen it r. ained; in 2 yeays, 7.r96; even in r) yettrs, !.g96;

but in 4 years, it becomes only o.sO/o!. 'l"hus the effect of rain remains

for 3 years, but in the 4th year it is ne.o..'lig'ible. .

     'iLVith the value of le th!is derived we wil] exainine whether or not
                                   '
 the mean annual variation in the discharg'e of the Beppu hot sp'ringj,
 can })e quaneitatively expiained by theSaknual v.kriation in precipitation.



Rainfall and Yuvenile M7ater as the Feedin.a Orrg' ins etc. 65

Table i2. Decay of rain-effect on the Beppu springs.

t <Month)

2, -. ,,

l

.8g6

2

.8o3

3

•7r9

4

.644

5

•S77

6

•sr7

7

+463

8

•4r5

9

•372

ro

•333

II

.2g8

I2

.267

24

.07I

63

.oi9

48

•cos

6o

.oor

    i) .S'tital.v on tlie seasona•l rva.rz'atlon z'vz fg2s:-Since our I eppu

I.aboratory of the Ky6t6 Iinperial University began to mal<e consecutive

lnvestigation of the- spylng disc!ia'rge from .e'iLp]ril ig2s, the discl}arge

in Apri1 of that year, H.si litre/niin., ]s tak'en as a starting point.

It includes the effect of the rain in iNIarch and earliar, the effect of

the rain in April, and the juvenile water. If there had been no rain

throughout the year aft(,}r the twIay, the spring' discharge thekce woiild

be obtained by actding the invariable juvenile water to the water
of rain oyig{n which decreases ft`om i{.s{-6.'i ==s.4i litre/min. at the

rate giv6n in Table i2. T. he values thus obtainecl are tabuh,ted in

'l"able i3•

Table i3. Supposecl clischar.ve (Iitrelinin> if no rain afte.r ]iVIay, and

          that dtie to the precipitation after iiV'tay.

)vlonth

go,Lkg.al}}le:K"/P/"?i,g"

  Effect of rain
   after May

rv

 S•4I

rl.5I

v

4•8s

IOr95

 I.I9

vr

4•34

T,O.44

I.73

IK

3•8g

9•99

2•33

w[

3•48

c).s8

2.73

x

3 I2

9.22

4.68

X

2.8o

8.c)o

4•07

X

2SI

8.61

4.or

xx

2.25

8.35

3.83

I

2.0I

8.zi

3-3S

I[

i.8o

7•go

3.48

liI

r.6T

7•7I

3•74

IV'

r, •44

7•S4

3•I5

'rotal

38.2g

    The dfference between tlae observed discharge and this dischat`ge.
corresponds to the effect of the rain fallin.cr after INiiay, which is shown

in the lowest row ln Table i3. In shoi:t, it corresponds to aXAre-k`
which is to be obtained by applying eq. (i) to each monthly rain and

summing the values arrived at. Though tlie coefficient rz of the effect
of rain is still unknown, only 1:,A,'e-k` can be. calculatect as giveR in

Table u, for l' is l<nown. As the proclucts of mulciplyin.o' the vaiues
in the iowest row of this ' table by a correspond to the effect of rain

shown ln the lowest row in Table ic), a can be obtained by diviciing
the latter by the forme,r. It may be one of the ways to calculate a
fof each month; aiad to take theit- metm, but here we will simply find

a from the ratio oÅí the yearly total:
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   Table r4. 2VTe-kt
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after IIay, I92S•

]Ntlontli
I925

v xif xx 1•ll[ K X X MI
l•igi6[ 'I

m rv

'2539 227•3 204.0 x82.7 I634 I46.5 I31•3 u7•7 I05.3 94•5 84•5 7s.6

228.o 204•4 I833 r64,o x46,8 r3r.6 H8.o ios•7 94•7 84•9 76.o

3IO.7 278.s 249•7 223.6 2oo.3 I79-S i6o.6 T44.I r2g.o II5•7

2zO.9 I8g.7 X70.0 I52•3 r35•4 I22.I Io9•5 98.2 87•9

8s8.2 77o.o 6go.o 6o8.o 552•7 495•5' 440.o •398.o

K;)J

d>
28.6 2s.8 23.2 I8.6 I6.6 I4•9

52.6 47•2 42•3 37•8 33•9 30•4
'

's8•4 S2•3 46•g 4r-9 37.6

'

9-o 8.I 7.2 6.5

76.3 68.4 6x-4

M I24•4 iri.6
>".M s6•s Totcal

253•9 4SS•3I 7I9J 8s5•4 r625,O
1
r48s•5 I383.9 r287-41 ZT70.7i'II26.ol II29.2 ro72.r I25635

          a= 38'29 -                        O.O0302               i2563•5- ' '
ilS/Iultiplying :lll]Aie-k` in the lowest row in Table i4 by this a, we have

the rain effept in eaclt month, and adding it' to the 2nd row in Table
ir) (i.e.. the supposed discharge in the case of no rain) we can obtaln

the monthly tota[ discharg'e. Table i,s gives the iresults obtained. :lrhe

    [rable Is. Calculatecl values of rain-effect and the total floNv-rate. (in lit!inin.)

                                                              lv                                                      ll• ur

                                                     3440• 3•42                                                 3•S4                                                              3 24

                                                             xo.78                                                         xr.I3                                                     rr.3o

IIonth
rg2s

rv I xlf x x x xu
r92

I

Effectof
rainafter

May
-II.5I o•77

II.72

I.37

II.81

IVII[

4•9I

r4.23

4•49

l3•39

4.I8

I2.79

3•8g

I2.24

3•

II.

clotted line in Fig. 7 i!lustrates this calculated discharge which agrees
satisfactorily with the obso• rv'ed discharge. Little difference between

them would be caused by the influences of tide or atmospheric pres-
sure, or by the error brought abozit by the fact that it did not always
r4in in the micldle of a month, but it someti{nes rained at the begin-
iiin.(r or at the end of thLri month.
    2) .S"t?idy on llie 77ze.an annua•l evan'ali'on. .for io sit6cessit`7e .3,ea7's :----

XNTe will nexe study Nvhether or not the mean annual va'riation (the
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 remaining dischargc after the effects of tide and atmospherlc presszire

 have b2en subtracted) of the ig•r, welling mouths, already mentioned
 in tsg I, observe.d for io successive years, can be explained by the mean
 annual variation (Table c) with the vLTeigl}t) oÅí the precipitation for these

 years. As lt is the mean annual vat'iation for io successive years, both

 tha rain and the spring dischargle causecl by the rain may be re.crarded

 as being in a semi-steady state. Suppose that the rain which varies
 annually in the above mentioned way falls on a place wheve there is
 merely the juvenile water and thencbforth it continues to rain every

 year in the same way.' NVe. will c.alculate the spring dischaT.,cr,. "e causecl

 by the rain after i, 2,... to l2mitless years. In' thls case, if only le /'s

 ls'noxvn, we have a xVay of calculating the value even if both f ancl rx

 are not 1<noxvn. Assumiirtg thc xralue of i(r to be /{r==o.ii as xvo. found

.it in ig2,s, in orcler to l<now ehe ratio of the effect of i"ain, wa .g'ot
 Table. i6 and Il?ig'. 8 by calc"latingg =f ?r'"i"t. Tlie calculatioiiL of thc';

 ist yearls equal to that shown in IL"able i4, ancl since the 2nd yea't',
 we obtak{ the values by adding the value of each inonth in the ist
 year to what is g"ot by multiplying e-k' to the values of the iast month
 (]Xtlarch) of the previotts row. In the' semi-steady state after mE ny years,

 the limitlng value fo'r the last month (l,Iarch) is to bg. cort-esponding

 'to the sum of an infinite geometrical progressioR whose first term ls
 867.4., the value of the last month (.NIarch) in the ist year,, and whose,

 cominon ratio is e-iL'L' (tlie rate oÅí decrease in ev(.iry xvhole, y"ear). That is,

     s67.4{i +e-i2L' l- (e-i!L)L'+(c-i2Ll):i+...••.+t•:Mos}= 8-67.tt Å~ i -ic-.t,,L.

                     i       =:S67.`L Å~                          =:II83.4
                 I -o.267
 The value of each inonth inay be regarded as. that of the following
 year, so that it can be obtained by adding the value of tl}c !st year
 and the product of ii8r).tl to e-'k` ln Tab!e i2.

     ZAIemA'` in such a stationary stage, being multiplied by a, will be

 the part of rain origin included in the total discharge obsei'ved, and,
  t therefore, a can bLi obtained froni the ratio of the. variable parts of
 =A'e-kt and the observed discharge. From-the ratio of both amplitzrdes
 (or ratio of the sums of the absolute vkltie of the deflection f'rom the

 mean in eicch month) we have a:

           ,,., i2•4s-io•74 .. i•7I .,.o.oo3go.
                i6o3.8-ii64•7 439•i
 iiN,ilukiplying this value by the annua] mean cjf ZiMe'"k` in the steady
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Table I6. SAremkt

INIonth

/$,

/is•

'k

te

lii

e
'ts"s

Et

tpt.

Sum--i

 i7VIarch

vaatle of
iÅ~e-"kt

   =ii'
- --t --1- fr-11 ==11

 tv.{arcli

valtxe of
iiXe-kt -
   r.iii'
i+iii'
    ::: iii

 i)v'Iarcli

value of
iiiÅ~e-kt
   == iv'
il-iv'

   =iv
tsTat,. decuy
of tlo"' clue
topreviout
 year.s.

 .+1

rv

u8•3

118.3

777,2

895.5

-g84•7

11e3.0

!040.I

1158.4

v

!o6.o

io8.4

214.4

6g6.s

91e.9

.882.s

1096.9

932.I

1146.5

xo60.3 9SO.3

1178.6 l164.7

vr n Vlif

 gs,o• 8s.I          76.2
     87.o          77•9 97.I

    I97.I I76.7220.0

         r8g.i    2TI.O
         I84.o

412.1

623.7

I0358

790.2

1202.3

834.6

1246.7

8so.9

1263.0

580.2

SS8.6

1138.8

7o7.8

1288.0

747.6

1327.8

762.i

1342.3

703.9

500•5

12e4.4

634.I

133g.O

66g.8

1373.7

682.8

1386.7

x X

     6t.2 67.7

     62.5 6g.8

xs8•2    r4x.7
r6g.4 rSI•7

    r47.8I64•9

362.o    324-4
     86.2

992.0

448•4

144e.4

s68.2

156e.2

6oo.i

1592.l

6n.8

1603.8

975.5

4or.6

1377.1

5o8.8

1484.3

537-4

l512.9

S47•9

1523.4

X
 54.8

 56.o

I26.9

I35•9

I32.3

290.7

 77.2

 6g.I

942.9

36o.o

1302.9

4S6.!

1399.e

48r.7

1424.6

49I.I

1434.0

xt

49.I

 50,2

IX3.7

I2I.7

II8,s

26o.3

 6g.2

6r.g

53•3

897.9

322.7

1220.6

4o8.8

13e6.7

43I.8

1329.7

44X.I

1339.0

I

 44,o

45•o

rol.9

I09.I

ro6.2

233.I

 62.o

 S5•S

47.8

 44.o

848.6

288.8

1137.4

366.o

1214.6

386.s

1235.1

394•1

1242.7

ll

 39•4

 40-3

 9I•3

 97•7

 95.I

2o8.9

 ss•s

49•7

42.8

 39•4

 78.I

838.2

t2s8•5

1096.7

327•5

!165.7

34S+9

1184.l

352•7

11909

ur

 353
 36.I

 8I.8

 87.6

 8s.2

I87.2

 49+7

 44•5

 38•3

 35•3

 70.o
I!6.4

867.4

23I.6

1099.0

  "..

293-4

116e.8

309•9

1177.3

3x6.o

1183.4

state, i.e. i32i.o, we have the mean sprlng discharge of rain wicter
origin. Subtracting it from ii.trg litre/min., the annual mean of the
observed clischarge, we get the juvenile disckarge, that is :

Mean disckarge of rEtin origin -iZ7==ir)2i.oxo.oo3go-mo-.i6 litre/min.
Dit'scthar.o'e q/ ma.crmati'c o7`i'.ai'n f=ii.tLg-,s.i6--6.33 litre/min.

)vilultiplying each monthly value of =Ale-k` in the steady state by (x, '

we have 17for the monthly discharge of iain wate'r origin. The juvenile
disc}iat-g'ef :L-6.3r) litre/min. being xc ddGd to this, we obtain the annuaS

yckriatiop j;} the tQtal spriB.q.. discharge. The result$ obtained are giveR
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ln Table i7:. In 'I"'i..o'. 8, this calcuhcted clischarge is af6xed to tlte

observecl discharge.. CL"he resiilts obtained by calcu]ation a.qi'ee quite

close}y svith those by observatiok. •
    One oÅí the most important results ln tliis chapter is the lnÅíerence

oÅí the juvenile discharge. f=6.r)3 lit/min., the inean for io years, in-

deed corresponcl.s to ss.i 9/o of the mean total discharge a :H.4g lit/nain.

It is significant that t'he value nearly agrees withf==6.i lit/inin., in

ig2o-, which sva.g reached through a qulte different way oÅí inference.
It clenotes not only trhcat the value is credible, but also that, tl}e juvenile
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xvater does not vary over a periocl of severai years. In shoi-t, txboitt
litr,4f qf t/ie liot sPriin..cr "cvater i'•n tlte ci.'ly of B6ipPit• i's l/te 7'it"c,eni'le 7vafer

q/ Xlie ma•,.o'viali'c orzl.cri7z, and the assumption of magmatic activity in
the ax-ea which was based on tt 6omparison of the eotal precipitation

on the catclnment area with the total spring' discharge in the city of
BepPu ;'s therefore supportecl. Although the valu(,i. of a is some.what

larger than xN,e found it in the preceding chap er, this inust be clue
to the Åíact that ln case of a heavy rain $uch as in Soptenibgr ig2s,
the run-off is big' ancl the percolation sinetl] and so it has compai'atively

little ef/fect as a feecling o'rig'ln of hot springi But as the water xvhich

has once percolated re-wells in the saine state provided the ttncler.o'round

path is iclentical, le may be re.crarded as tmchangecl. '
    3) ,SZ2tt(y o7i tlu? sec?tlar "uari'ati'on:-Now, Åíhe secular variation

in clischarge nientioned in SS 4 xvill be quantitatively explained froin tlie

rain xvhich Åíell in ehe $anie years. I-Iere, `sectilar' ineans the poriod

Å}'or io years f,roin ig2s to ig3s. Dui"ing those yeairs only 8 springts

were consecutively observed. 'In spite of $ttch insufficient data, the
infere,nces di:awn receixrecl unexpected confirinatioR from the obser-
   .VcltlOllS.

    The precipitation yftnd the spri'ng cliseharge are shown in "lrtkble 'i8

and Flg. 6. As the yearly differences of the mean atinospheric pres-
sitre an(1 sea level ar,e- be]ow i/2o of the seasonal difference in the ye.ar,

the,iit effects influencing the di.g.cliarg'e rate need i}ot bt' taken lnto

account, for tltey arc} x•vitlititi the observation eriror.

          Table i8. 11tlean secular variation in the lloxv-rate of 8 springs

                     compayed "titli the precipitation

Year

 1<ain (inn])

/,;},}>.1fiO.,;bpli,g,ts,:},,i

  't deen, y

I92S

2I49

z5•39

I2•47

Ig26

g6I

I2.39

ro•54

I927

I522

I2.68

II29

Ig28

I9I3

I3,36

1243

I.929

I732

I2.82

r2.36

I930

rs36

xr•74

II.74

I93I

228g

239I

l
 I473

 ie.g6

 I.I .8g

i933

IS02

 9.0I

IO.40

X934

i399

9•29

II.I4

I935

2374

Ir.75

I4.67

    As has frequently been noted, the discharge from the same sprilng
mouth presents a.natural diminutjon by deposition or clogging through
the conduit pipe, ancl therefore it must be revised before comparison
with the rain. [From the tendency shown in IFjg. 6, take the total
mean ii:gg. !itre/min. at ig3o as the centre. and d'rax/ such astraight
line as shoxvs. .a difference of o.463 lit/min. every i year bL.fore and after
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   '
                         'to represent the effect of natuTal wearing down. Correction corres-
pond2ng to this has been made to tlae observecl discharg'e ancl the
values thus obtained are given in the lowest row of 'll]able i8. 'l'hen

explain the dischai-ge rate thus revised with the secular vai:iation in
precipitation. Years to be dealt witli are equai in the case of 2) cand,
thereÅíore, the depletion index of the rain effect and the percentage of

the juvenile xvater may b(- /} regarde.d the same as before, i. e. we may tal<e

           /e=:o.u, f==6.e,r,Å~ ii'94 -ww6.s8 1it/min.

               , II•4•9• 'Then startins,'.r liroiin tlrLc. clischarge rate in ig2s, the rate. ot' cli,scharge, in

the following years can bq calctilated by the precipitation in a siinilar
vLTay as in the case of i). "Il]1]e results obtairied are glven in Table ig.

                       tt
     [['able Ig. Calculation of tlie mean secular variation for 8 springs in Beppa.

Year

ixre - htt

rg2S Ig26

g6I

I927

N"' tVe-A't

l

961

228

IS22

ctN-l A7ra - kt

v7, == e-!

 F,-hl
 F, +-/
+aN"'tVe-L't

 s•8g

12.47

l2.47

2.3I

I,57

8.l5

le.d-6

175e

4•27

O.42

7.00

11.27

I928

 54
 36I

I9I3

2328

5•73

O.II

6.69

12.42

I629

 X2
 8S
453

r732

2282

5•6g

o.o3

6.61

l2.30

I930

  3
 20
 I07

4Io
rs36

2076

 S•20

'OOI
 6.59

11.89

I93I

  I
  s
 2S
 97
 364

2289

2781

6.88

  o
658

13.46

I932

  2
  6
 23
 86
 543

rl473

2133

S+37

  o
6.58

ll.95

!933

  2
  5
 20
 m8
 349

I502

2oe6

5•04

  o'
6.58

ll.62

I934

  2
  s
 3o
 83
 356

I399

1875

4•70

  o
6.58

11.2,8

!935

  2
  7
 rg
 cg4

 332

2374
2318

9gs

  o
6.58

13.53

    Here, Fi means the na:iiral decrease oÅí i2.47-6.sS==s.8g litre/min.{

the part of rain orig'ln in the revised dischar.ge in ig2o', and a iS de-
termined similarly as in the case of !), as
          a- Tot.ags.tiig.?,{ {.,ex-(,".zi,-,/)} = gggi,o, ==o•oo24,

which was used in the calculation of aZAie""`.
    It is shown in Fig'. 6 that the calculated discharge-rate givei} in
the lowest ro(v of Table ig almost agrees with the observed rate revised
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in Table i8. To the same figure, tlie observed water level of the hot
spTing well at tke rx'Iiy.acli-dal<e Shyine in the city is appe.nded as a

reference since it sugg'e.sts an increasing tenclency of spring' dischacr.cre

jn igr)i although this was not evident by lacl<ing observations. N'ei`e,
it niu$t be Rote.d that the valiie of a for secular vaiiatioR l.s coinpa'ra--

tively snaaller tlian in tlie previou,s ca•se of anni}al variation. iEven for

the sanie hot spring's, the effect of heavy fain inay be different f'roin

that of drizzle. For ;,nstance, a shoi't, 1ieavy rain accoinpanying' a
typhoon, such as fe-ll in Se.ptember ig2b", svill result a compai/atively
small percentag'e of percolation ; xvhile IR ic lon..o', gentle rain, such as
in the r.iiny season, a large'Å}A part of the precipitation in'ay percolate

                                        "and mal<e the value of a large, Es we have already mentionecl. A,Iore-
over, !t' the sp'rings under consideration are different, having' d{fferent

s"bway or nature of the grouncl, the effect of the precipitation xvill
naturally be different. .`Xs the springs used for the stucly of the annual

variation were numerous covering the whole city in both cases of the
year ig-7,s and oÅí the mean for io years, they may be reg'arcled as the

case of the same hot springs w!th the same subway, ancl consequently,
the difference of a. niay be attributed to the character of the rainÅí.kll.
IBut the springs used for the study of the seculetr variation were 8 in
nuinber, 7 of xvhich were near the coast and only one xvas on tliLe Bluff.

'III"herefore, a may be quite diffc,irent froni the inean of the great nuinber

of spriiip.'s throughout the ci.ty.

    k is very significant that the a. obtalned hcre 1 or the spring's w.hicli

tu'e far froni the IBIuff ancl near the coast is snialler than the a obtained

pre,viously for the• niLean Å}'or the wl[iole city, for it shows that the eEEects

oÅí rain is strong on the IBIuff and weak at the coa.st. This fact agree$
with the rt",sult oÅí anotlaer stuCly, ` the clistribtition of influences of rait3-

fall in the IBeppu hot springs '3 But we clo not Eclhere its valtte a.=:

o.oo2.,,. For, in the case of different springs whose sttbways are dif-t
ferent, not only a but lr may be different. Therefore, even fo'r the
.above stu{'lyv on tlic:i special .8 sp'rings, there may be some obje- ction to

zasing le==o.ii, the mean Åíoi' the whole city; but it js unavoidckble, for
we have now no wicy to clei'ive a mo're accurate value. If le var;es,
(x xvoiild also v.iry x•vith 'it.

                        VI. Conclusiop

    'ILXhe relatioR between ehe spring ctischarg"e anci rain 2n the Beppu
                             . The chief poiBts are as follows:hot. springs has beeR cliscussed

               '                               '
    i. Tikyu-Btituri (Geophysics), 2 <Ig38), IS2•
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    k) The total. discha'rge for a year of the Beppu hot spring's iR
the old city, is so great as to reach i6"/i of the total p:ecipitation on

t'he watL.rshe.d area, preserving s.Fich hitgh te.inpc.)rature$ that the inean

is s3". X]gLThat wonderf"1 heating power the 1 eppti zone liolds which

raises all at once such a great ainount of water to such a hi.g'h tenipera-

t,ure year in year out. Thei'e can be fe"r e.xample$ lil<e it in the xvorld!

    (2) 'I'l)e hot spi'ing' xva't(i.r is fed by juv(•inile xvater ttnd /iain xvater.

.JX larg'o a• niount of the pt/s,ircolated irain bocoines hc t xvatei', and bt,.sides,

ss9.6 ot', the total hot discharg'c is jtivenile water. I.t is. easily undei'stood

froin this evidence xv'hat aR activci. niaginatic area the. I3(i.ppu hoÅí spring

zolle. Iis situated oll.

    (3) The hot springs vary considerably with the seasons. Botl}
spring dlscharge and tenipercature. rise in the warm $easQns ancl fall iR

the cold ones. Besides, --
        (a) The anntial vairiation iR discharge is causecl by tl]e an-
nual variat.ions in precipitation, atniospheric piressu:<}., and se-a javel, ttnd

tliei'r influenc6s bear such rcxtio as :

          'Rainfall:"ILtniosphgric pi-cssure:Sea level :s:2:i
        (b) The annual variation in g.priBg teinperatu're is ca"secl

partly by the change in discharg-e-rate and partly by the atmosphei`ic
tempL'ratu,re, bearing the ratio nt.:r). The. former is causecl by the fact

that the heat of 1iot sprlng water is absorbed on thc'.N. x/'ay ftom the

spring''orlgin to thc,. uppe'r end of "relling' inouth ancl the x/ ater is

cooled; the latter, by tlae fact that it i$ cooled by the- e-arth or the aiT

at the upper end of welling mouth.
    (4) The hot sprin.o' fluctucretes as years go by, that is, it presents

a secutar variationL - iN- s to special welliRg mouths in the Beppu hot
springs, the conduit pipes are clogged by deposition of {ncrustation

(Fig. g), or the leakav.o"e is increased by corrosion oÅí the pipes. On

account of these hincirances at lndivid"al sprlngs, the discharg-e rate
shows a diminut.ion yeai` by year, so that the mouths must be. cli'edged

or reCiug every io years on the ave't-age. But that the total discharg'e

ofhot springs !mcter the whole city of Be.ppu by no means shows a
decline. is proved by the investigatlons in' ig24 and Tgr)r). But in
addition t'o the seasonal variat!on the spring discharge vai`ies yeariy
with the chang'e in yearly precipitation. Iffowever, as the yeEurly dif-
fe.rences of ineaR atmospheric pre. ssure and sea level are less t!-ian i/io

conkpared with the seas()Ral differences, their eHiects dt`op within the

observ•ation {:./rror aRcl iinay bL' left out of consideration. Similarly, the

                                                                -
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difference of year]y mean atmospheric temperature being little, its in-

fluence hardly contributes to the secular variation of hot spring tempera-

ture.

    (s) The effect of precipitation on the spring discharge appears

remarkably within the month, but it persists for about 3 years, that
is, it has an after effect. Generally the after effect of rain exponentially

decreases with time, Namely, it forms a.7VTe'kt where N stands for the
precipitation (mm.) and t for the time after rain.

    (6) We have shoNvn a way of calculating from the obse/ ved dis-
charge the coefficient of the after effect of rain a, its index of decrease

k, and thejuvenile waterf. Measuring theprecipitation and the spring
discharge by the mm. and lit/min. respectively as units, we have
obtained the fol]owing mean for the springs in Beppu;
          k=o.ii (rnonth unit), a==o.oo3g, f=6.:, litre/min.

    These three values having been decided, prediction of the welling
discharge becomes possible if the rain can be predicted.

               Fig. g. Deposits on the wall.of conduit pipe.
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