creases with copious rain and decreases during drought.
a hot spring is to the Bluff, the more marked this phenomenon becomes.
Hence, undoubtedly a large amount of the hot spring water depends

Rainfall and Juvenile Water as the Feeding
Origins of the Hot Springs in Beppu
By Takaharu Nomitu® and Kinzo Seno

(Received August 29, 1939)

Abstract

In the city of Beppu there are about a thousand hot springs. With regard to
about a hundred of them, our Laboratory has observed the discharge rate and tem-
perature once a week for more than ten years. Comparing the results thus obtained
with the results of meteorological observation, we have tried to clucidate the feeding
origin of the spring water. This is indeed the purpose of this paper. '
First, analysing the annual variation we showed that the causes of the variation
in spring discharge bear the following ratio:
Rainfall : Variation of atmospheric pressure: Fluctnation of sea level
=512:1; .

and those of the variation in sprinz temperature bear the (ollowing ratio:
Variation of air temperature: Chafize of cooling effect due to the discharge
variation=21 3.

It was also found that the secular variation in discharge is chiefly caused Dy the
difference of precipitation except for a gradual decrease on account of the deposition
. of incrustation in the undergrsund conduit pipes or the erosional break of the pipes
causing leakage.

Then, comparing the total discharge of all Beppu hot springs with the amnual
precipitation on the whole catchment area, we pointed out that most of the percolat-
ing rain becomes hot water. Moreover we ascertained that the effect of rain appears
most remarkably in the same month but thenceforward it decreases according to the
exponential law in time, and its after effect remains about three years.

Finally, touching on the juvenile water in the Beppu spring water, we inferred
that it would be about a half of the whole amount.

The discharge rate of certain hot springs in Beppu suddenly in-

upon the supply of rain water.
In the present paper, with the object of elucidating the feeding

origins of the hot springs, the annual and secular variation of the Beppu
hot springs and their causes are first investigated and analysed quanti-
tatively ; and then the abundance of discharge of these springs is ascer-

tained by comparing the total annual discharge of all the hot springs

* T, Nomitsu has changed the spelling of his name to “ Nomitu.”

The nearer
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in the city with the annual precipitation on the catchment area; and
finally, consideration is given to the origins of the hot spring water,
the available period of the after effect of rainfall, and the percentage
of juvenile water in the hot spring water. Various other interesting
problems on the telation between the hot springs and precipitation, such
as local differences in the influence of rainfall and the time taken by
the rainfall to begin to show its influence, will be dealt with in other
papers. '

I. The annual change of discharge rate and its causes

1) Data:—The successive observations of the Beppu hot springs
have been carried out since April 1923, once a week on a number of
welling mouths, though unfortunately the observation was suspended
from March 1931, to January 1932, because of circumstances at the
Beppu laboratory. IFurthermore, the springs ot the number observed
varied somewhat year by year as in Table I, and some springs were
dredged or re-dug by their owners, so that not all the results obtained
‘from the observations can be accepted as they stand.

Table 1. Springs utilised for the investigation of annual variation.

4 343. 544 868| 31343 69z | 4 820 4 671 4 58 4
17 357 561 910 358 357 751 | 3T 1040 | 31 77I 58 130 538
62 370 564 992| 92 409 77r | 58 1153 |58 Sor 87 343 87
69 383 0666 996| 110 418 820 | 130 1291 | 87 1291] 130 472 130
92 409 075 II53| 120 431,1935 | 343 130 343 671 343
Spring | 100 430 092 130 472 996 | 418 343 418 | 1040 | 418
N 130 45,1771 147 506 1040 | 472 418 472 1153 472
No- i3 506 781 173 530 1045 | 530 472 330 & 564
233 511 820 189 542 1050 | 542 530 542 634
243 526 823 233 504 1153 | 571 542 580 813
258 530 838 240 646 1280 | 671 564 671 | 1153
279 534 854 263 671 1283 | 771 571 8ot 1260

291 539 861 291 685 1291 | 801 580 1153
Number 44 39 17 vo| oo | o7 | o1

Therefore, selecting 193 welling mouths which had been observed
just for a year without suspension of observation or re-digging, the
monthly mean discharge-rate covering eight years was determined as
shown in Table 2 and graphically in Fig. 1.
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Table 2. Sum of the flow-rate (in litre/min.) of the
observed springs, and the average.

Month

Nuni-

A T A A I G -G A I /G I O 4

ings

1925 1473.601496.76(511.08/522 56/506.90/583 811552.93'534.07(511.33/487.531483 91/484.75| 44
1926 448.84]447.651458 221452 4044 1.841471.351445.541425.76 428.81}412.82377.001399 39| 44

1927 490.62/495.64{507.10,541.23'532.71/499.811472.62463 081447.96|446.19] 39
1928 1433 421432 34/215.65/2206.64/238.61|241.54/230.161229.22214.852006.18/202.65(103.76] 17
1929|185 97{187.52]220.141257.70/249.06246.031248.54{240.88 233.81(226.7 1207 .36{209.04] 17
1930 |197.24{201.63 ’ 17
1931 : 148.08/130.24| 13
1932 |124.32]120.41(147.28/169.53 166.09|166.o7 165.64/155 28i149.64{135.67| 60.10, 58.01] 13
1933 | 55.89| 56.34f 56.17| 54.88) 54.37,53 00 | 5540 55.63| 50.26 51.30150 37{149 51| 7
1034 1143 08|141.36[133.43|132.69/127.78[142.24{141.17|148.31|142.77{141.52 12
‘\i‘f“;‘;’ff 193 | 193 | 193 | 193 | 103 | 193 | 193 | 193 | 193 | 193 | 193 | 193 | 193

mean [10.70 [10.80 [11.57 |11.93 [11.87 (12.67 (12.29 |11.86 |11.42 11.01 10.76 10.73

What are the causes of the annuwal vartation tn the rate of dis-
charge of the Beppu hot springs?  'What is the relafive wezght of these
causes ? The following are gencrally regarded as influencing the welling
discharge of the hot springs :—

(T) Internal causes:

(1) Variation in the amount of juvenile watcr.
(2) Variation in the underground water-path (variation in the
water vein, clogging or enlarging of rising pipes, etc.)

(II) External causes :

(3) Varjation in amount of the percolating water (precipitation)

(1) Variation in the amount of condensed water (humidity or

saturation deficit)

(5) Influence of atmospheric pressure.

(6) Influence of the tide.
The internal causes (I), connected with earthquakes, explosion of
volcanos, or other accidents, may be neglected as far as the seasonal
variation for a short period is concerned, though very important to the
socular variation. (5) and (6) in (II) serve merely as controlling valves
for the welling of the hot spring, and have no essential influence on
the amount of spring water. Only (3) and (4) have any essential
influence on the water quantity of hot springs. The condensed water,
(4), means the watery vapour in the atmosphere which has been cooled
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Fig. 1. Annual variation of the flow-rate and temperature of the
Beppu Springs with meteorological elements.
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and condensed in voids in the ground. It has been emphasized by
North European scholars as one of the origins of the common ground
water. It may be true for such a cold district of little rain as North
Europe, but in a volcanic and hot spring zone of high subterranean
teinperature such as Beppu and especially in the case of excessive
precipitation, there can be no objection to disregarding the possible
condensed water, which at greatest must’ be very little compared :with
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the percolation of rain water. We have of course investigated the
saturation deficit, and the result agreed with our expectation. Thus
it is undoubted that the rain is the most important external clement
as a feeding origin of the Beppu hot springs and that the seasonal
variation in the precipitation is a chief factor in the variation of the
rate of discharge of the springs. However, the annual variation in the
spring discharge shown in Table 2 and IFig. 1 is to be interpreted with
consideration not only of the influence of precipitation, but also of the
effects of the atmospheric pressure and tide which control the welling
discharge. We will, therefore, analyse the annual variation in the spring
discharge under the three heads of precipitation, atmospheric pressure
and tide, and discover the ratio among them.

For this purpose we must know the annual variation in precipi-
tation, atmospheric pressure, and tide. Table 3 indicates these funda-
mental data. Their graphs are drawn in Fig. 1.

Table 3. Annual variation of meteorological elements and sea level.

Month | Wl V|V |w|wm|K|[x[X|w|1|1]N ]| Man-

(I;;Sl) 103.1) 154.8] 220.5| 209.8 206.8; 360.5| 585/ 69.5| 53.5| 43.9 78.0(116.3 137.0

Bar. press. N
(+7oo> 55.1 529 50.3) 51.1 50.2| 51.6/ 56.3] 57.8| 58.7| 59.5| 58.8| 569 754.9
mm.

Sat. defic. | 3.1 4.20 31 4.2 57 4.0 44 35 24/ 24 25/ 29 3.5
(mm.)

ST | 117 126 145 143 151 143 145 134 125 120 126 114 132
‘Water
density |24.83] 24.54| 24.50| 24.29| 23.85| 22.68] 24.59| 24.77| 24.89| 24.84] 24.79| 24.96] 24.40
Gt

It is to be noted here that the annual variations in meteorological
clements, such. as precipitation or atmospheric pressure, must be the
average of observations made during the years with due account taken
of the number of springs observed those years. The values given in
Table 3 were obtained in this way from the annual meteorological
reports covering ten years, issued by our Beppu Laboratory. As to
the annual variation in the sea level only, there was no datum available
covering many years except the tide-gauge rccord made in 1932 by
the Construction Office of Oita Harbour and arranged by the Hydro-
graphical Department of the Navy; and we adopted this. As to the
specific gravity of the sea water, the values which the Fisheries Ex-
perimental Station of Oita Prefecture observed in Beppu Bay in 1932
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were used. These data seem somewhat insufficient. But fortunately
the fluctuation of monthly mean sea level is only between 3o0~qo0 cm.,
although the daily tidal-range extends to 2z m. Accordingly it is ex-
pected that the annual variation in the mean sea level little influences
the spring discharge. Therefore, even the data obtained from one year’s
observation will not be inappropriate, ,

It is due to the variation in the submarine hydraulic pressure that
the rise and fall of the sea level influence the spring discharge, but
the whole of the seasonal fluctuation of the sca level does not cause
variation in the submarine pressure. Therefore, it will be convenient
now to determine the effective part of the fluctuation of mean sea level
which causes variation in the submarine pressure. According to studies
previously made by one of the present authors (Nomitu)!, the annual
variation in the mean sea level can be considered to be balanced statically
by the specific gravity of the sea water, the atmospheric pressure, etc.
Consequently, in the case where the sea is over several hundred metres
in depth and hoth the temperature and salinity of the water in the
depths of the sea show scarcely any annual variation, the submarine
pressure does not vary, although the height of the sea level varies
seasonally. But in the case of a shallow sea, where the specific gravity
of the sea water varies down to the bottom, the submarine pressure varies
in accordance with the specific gravity of the sea water. As Beppu Bay
has a depth of 70 m. at the deepest and its mean depth from the coast
is 35 m, the annual variation in the water temperature extends to the
bottom, so that the submarine pressure will of course show annual
variation. To determine this variation, subtract from the observed
fluctuation of the sea level the rise and fall caused by both the specific
gravity of the sea water ¢, (o, 20, 40, 60 m mean) and by the atmos-
pheric pressure. Table 4 shows the calculation of the effective fluctua-
tion of sea level from the actual variation of sea level, specific gravity
of the sea water, and atmospheric pressure. IHere,

gy

influence of the specific gravity on the sea level= — X 3500 cm,

1000
influence of the atmospheric pressure p on the sealevel= — 44 X 13.2cm,,

and the mean depth is taken as 35 m.
2)  The cffects of the atmospheric pressure and the sea level on

1. T. Nomitsu: The causes of the annual variation of the mean sea level along the
Japanese coast; These Memoirs, 10 (1927), 125.
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‘Table 4. Effective part of the annual variation of mean sea-level
acting as the submarine pressure.

rfrjrj vy vy v |mw|X | X | XX

Deviation| cm
() | of sea |—12{ —6—18 —15}{ —6] 13 II i9 It 13
level

(ii)| Asy |0.38/0.33/0.50] 0.37 | 0.08 | 0.04 | ~0.1I7 —0.61| ~1.78] 0.13 | 0.31 | 043"

I8
|
~r

Its cffect| cm

(iii) | on sea | —1| —1| —2| -1 o o I 2 6 o} —1| —2
level
' Barom. | cm
(iv) |effect on] —6] —5 —3 o| -3 6] 3 6 4 —2| —3| -7
sea level
cm
(v) |G+ (v)} —7| —6] —5 —1 | —3 6 6 8 10 —2| —5| —9

cm

{(vi) | }={v) | -5

*

—-13] —14| -3 71 5 11 1 15 7 2

the spring discharge ..—Now the annual variation in the discharge of
the Beppu hot springs will be analysed and the effects of the different
causes will be examined.

As stated in the previous paper!, the atmospheric pressure in-
fluences the spring discharge by increasing or decreasing the controlling
pressure at the upper end of the welling mouth of the hot springs.
‘When the atmospheric pressure grows higher, the spring discharge
decreases ; when it becomes lower, the discharge increases. By in-
vestigating 7 hot spring mouths of Beppu, the barometric coefficient
¢ was found to be, as a mean,

Barometric coeffrcrent, c=8.6 min™" ............... (i)

Concerning the Zzdal cocfficeernt 7t for the influence of the sea water
pressure on the discharge of the Beppu hot springs, we have reported
in the previous paper a considerably large number of values derived
from investigation of the daily tidal influence. Their mean value is as
follows ;

The increase in the discharge-rate per 1 cm. rise of the sea level=

/r=0.024 litre/min. ........ooeiiiiiiiiiiia, (i)

These coefficients for the atmospheric pressure and the tide arc
truly significant as showing the general facts, but they cannot be con-
sidered applicable directly to the whole city of Beppu, for they would
surely give excessive results. Because the hot springs, whose coef-

I. The Beppu Hot springs and the Tide, with the Effect of the Atmospheric Pressure;
These Memoirs, 22 (1939), 403.
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ficients of atmospheric pressure and tide we could determine, were
those which had these influences to a remarkable degree and which
could be investigated separately. As many hot springs are only slightly
and indistinctly influenced by them and their cocfficients cannot be
determined, it is presumed that the mean coefficient of all the hot
springs in the city is definitely smaller than the above mentioned values
and is probably not more than half of .them. Now, what would be
practically a mean coefficient for the whole city?  'We devised the
following means to determine it. ‘ ,

For two years from April 1925 to May 1927, the observations on
44 springs were most satisfactorily continued. We sorted the statistics
of the discharge of these springs according to the distance of the springs
from the coast by every 100 m, as shown in Fig. 2. From this figure it
is evident that the influence of the precipitation is large at a distance
from the coast and becomes smaller with the approach to the coast.
Noticing this fact, we sorted the statistics mentioned above, of the mean
annual variation for 10 years by the distance from the coast, and ob-
tained Ifig. 3, which also indicates that the effect of the rain is small
on the coast and large on the Bluff.

Assuming that the coefficients of the tide (h=0.024) and the atmos-
pheric pressure (¢=8.6) derived from the above mentioned few hot
springs might be directly applied to the whole city, the annual variation
in discharge influenced by both the atmospheric pressurc and tide was
calculated. The result is shown by the dotted lines in Fig. 3. The
figure shows that the welling mouths which are more than 60o~700 m.
from the coast are most remarkably in'ﬂﬁonced by the rainfall, and,
therefore, the influences of the atmospheric pressure and the tide can-
not be directly seen. But, in the case of less than z00~600 m., the
parallelism between the observed variation and the calculated influences
of the atmospheric pressure and the tide is distinct: It must be noted
here that, though they are parallel, the values calculated (the dotted
lines) are always larger than the actual. Averaging all the cases from
0~100 m. to 500~600 m, the ratio becomes :

Observed value/Calculated value=o.54.
Namely it denotes that the coefficients of the atmospheric pressure and
the tide for the whole city are 0.54 (about a half) of (i) & (i), the mean
value for a few hot springs already obtained. = This is concerning the
combined effect of tide and atmospheric pressure. As it is not known
in what ratio cach of them must be subtracted, both ratios have neces-
sarily been assumed to be 0.34 respectively.
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- Fig. 2. Relation between the variation of spring discharge and
the distance from the coast.
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Jig, 3. 10 years mean annual variation of the discharge and the calculated
effect of both sea level and barometric pressure (dotted lines),
classified by the coastal distance
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Thus the mean value of the coefficients of the atmospheric pressure
and the tide for the whole city could be approximated. It is easy to
measure the variation caused by the atmospheric pressure and tide in
the mean annual variation in all the Beppu hot springs. Multiplying
the deflection of the atmospheric pressure, shown in Table 3, by the
coefficient of the atmospheric pressure, and also the annual variation
in the effective sea level by the coefficient of the tide, we have Tables
5 & 6, which show the effect of the atmospheric pressure and the sca
level respectively.

Table §. Annual variation of discharge-rate (litre/min.)
due to the barometric change

Month| IV | V Vi |w | XK X | X |33 I it

l')e\'iu.'
P o2 |—20l—46 =38 | =7 =33 |—14| 29| 38| 46] 39| 20
]J‘(ESS““(.’
(mm),

Its efTect]
on sp,

How” | —0.02| +0.18| +0.41| +0.34| +0.42| 40.30| 4-0.13| —0.206] —0.34| —0.41| —0.35| —0.18
LMy

Table 6. Fluctuation of the discharge rate (litre/min) due to
the annual variation of mean sea-level.

Month| TV v VI VI Vil K X X Xt I I i

l~:f§‘uct.iv(:

change

of sen. | —I4 -3
loevel
(enn)

Its effect
b | —0.17] —0.12| 4+0.08] 4-0.05 +0.10, 4-0.08] 4-0.22, +0.10, 4-0.0I| —0.07| —0.0t| —0.16

1T I 15

~1
|
0
|
w
(o]

~1
(¥

tlow

(1M ,

3) The effect of the precipitation on the spring discharge . —
Subtract the above stated effects of both atmospheric pressure and sca
level from the total annual variation in the welling discharge, and the
remainder may be regarded as the direct effect of precipitation, as
shown in Table 7.

The above mentioned results can be presented as in Fig. 4. In
this remaining discharge the effect of natural depletion and of condensed
water may be included as well as that of precipitation. But after a
glance at the tendency of the annual variation of the saturation deficit
and of the variation of the spring discharge shown in Fig. 1, we scarcely
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n
s

feel it necessary to take the condensed water into account. In other
words, it is not what German scholars call the Berlin type, but rather
the Paris type. There was distinctly recognized a close relation between
the remainder of the spring discharge and the annual variation of
precipitation. ‘Though the curve itself has a few points showing un-

Table 7. Effect of rain on the spring discharge (litre/min)

Montht Ty | ¥ V|| m| K X | X | x I I i

Total
mte of | 10.70| 1080 1157 11.93] 11.87| 12.67| 12.20| 11.86] 11.42 IT.0T] 10.76] 10.73

flow
ric | —0.02| +0.18 +0.41| +0.34; 4-0.42] +0.30| —0.13} ~0.26| —0.34| —0.4I| —0.35] —0.I8

ridal
effect

T | 10.89 1074 1108 1154 1135 1245 12.20 12.02 1175 1149 1112 11.07

cffect)

—0.17] —0.12} 4+0.08] 4-0.05] 4-0.10| —0.08| 4-0.22| 4-0.10} +0.01| —0.07| —0.01| —0.16

Fig. 4. Amnalysis of the mean annual variation in discharge and temperature.
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parallel variations, this is not strange because the after effect of rain
remains for several months. The spring discharge which is the mini-
‘mum in May, begins to increase suddenly in June on account of the
rainy season. In July the precipitation, though somewhat decreasing,
is much more than the annual mean, and so the spring discharge
continues to increase, being influenced by the after effect of the rainy
season. As the rainfall becomes less in August, the spring discharge
decreases somewhat. In September, the typhoon period, we frequently
have heavy rains, and the spring discharge grows larger with the
precipitation and reaches the maximum of the year. Thereafter till
January the precipitation is strikingly scanty, but on account of the
after effect of abundant rain from the rainy season to the typhoon
period, the spring discharge keeps its predominance though gradually
diminishing. The months from January to April, in which the pre-
cipitation somewhat increases, are still within the dry period whose.
monthly amount of rain is far less than the mean of the year, and
consequently the spring discharge still has a tendency to decrease. It
reaches its minimum in May. IFurthermore, every minute variation in
the monthly precipitation can be traced by comparison with the vari-
ation in the spring discharge. If a month of deficient rain occurs
during the period of increasing spring discharge, the increase is prompt-
ly restrained; if it rains during a dry period in which the spring dis-
charge is decreasing, the decrease is relieved.

In short, it has been shown that #ie annual variation in the dis-
charge of the Beppu hot springs depends wupon the three causcs—
precipitation, atmospheric pressure, and sea level.  From the amplitude
ratio shown in Table 7, we know the relative tnportance of the three
cawuses to be roughly as follows :

Sea level: Atmos. pressure: Rainfall=o0.39: 083 1m1==1:2:5
These three causes act in making the spring discharge abundant in
summer and scanty in winter, but the actual discharge is remarkable
in late summer and autumn owing to the after effect of the precipi-
tation, the phasc thus rather lagging. The after effect of the precipi-
tation will be stated minutely later.

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

Concerning the annual variation in the spring temperature as well
as in the amount of the discharge, the 193 welling mouths, observed
for 10 successive years were averaged and Table 8 was obtained.
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Table 8. Statistics of spring temperature (°C)

Month ) : Num-
\ WV VMOV | KX X DL Pe
Yeay ings.

1925 |2340.5| 2344.1 2344.9| 2340 0 2351.5| 2352.2] 2347.3| 2338.8) 2334.3) 2328.3 2325.6/ 2322.9) 44
1926 | 2324.4) 2326.1] 2326.7] 2329 9| 2328.4 2323.3 2319.5| 2300.0, 2314.6 2300.1} 2293.4 2288.1] 44
1927 2056.5| 2060.1| 2059.6| 2052.9| 2050.5 2040.3[ 2032.7] 2026.4] 2019.5| 2020.9] 39
1928 | 2017.7| z015.2) 878.3) 8778 876.3) 875.5) 886.2) 888.4) 8857 8831 88r.4 8775 1

7
1929 | 876.1] 876.5) 896.0] goz.4f 901.9| 900.0, 899.6] 899.8 898.z) 895.1| 8933 8B9r.2| 17
1930 | 887.1] 8889 17

1931 . 695.5 694.00 13
1932 | 691.4, 683.37 688.9 089.21 (38.1) 685.8] 687.0 684.9/ 684.1] 682.7| 353.3 353.I] 13
1933 | 356.2] 352.4] 351.5 348.5| 355.7 353.4] 352.8] 351.2) 3503 7| 6283 627.3) 7

7 2

352
1934 | 624.8] 6226, 617.3) 615.6] 6168 6165 617.7] 619.2] 61935 O614.

Number
of 193 | 193 | 193 | 193 | 193 | 93 | 193 | 193 | 193 | 193 | 193 | I93 | I93

springs

Mean | 52.42] 52.38 52.63 52.71 52.74 52.64, 52.65| 52.50, 52.43 52.24] 52.28, 52.20,52.49

Incidentally the mean atmospheric temperature similarly calculated is -
shown in Table ¢, shown graphically with the spring temperature in
Fig. 1.

Table 9. Mean annual variation of the air temperature at Beppu (°C)

Month| Ty | 'V VI |w| XK | X | X |X|I I | 0 |Mean

Air

temp. 12.7 | 174 | 206 | 25.1| 26.0| 226 17.1| 130| 79| 54| 56| 82| 151

As a cause of the varcation v the spring temperature, the atinos-
pheric temperature (with the surface ground temperature) is first con-
sidered. The atmospheric and spring temperature-curves, shown in
Fig. 1, certainly indicate a close relation between them. DBut certain
points cannot be explained by this alone. The spring temperature and
the air temperature are both at the maximum in August, and at the
minimum in- April, which is also the month when the discharge ratc
is' at the minimum. Also, the spring temperature rises suddenly in
carly summer and falls gradually in autumn. Thus the general tendency
in temperaturc approximates the variation in the rate of discharge.
‘When the discharge rate increases with rainfall, the temperature also
becomes higher, Thus the zariation of discharge rate is obviously the
second cause of the annual variation in the spring temperature.
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In another paper' we have investigated and ascertained that the
spring temperature certainly varies also with a short period variation
in discharge rate accompanying the daily tide. Accordingly we may
say that all of the causes which influence the rate of discharge seem
to be connected with the variation in spring temperature. But they
all act indirectly. Therefore, the discharge rate which acts directly may
be taken to represent them. Then, how does the rate of discharge
influence the spring temperature? As stated in the cited paper, in the
case of Beppu, the hot water is cooled while it rises through the
conduit pipe. The larger the rate of discharge is, the shorter will be
the time the water remains in the pipes, and hence the less it will
cool; and consequently the higher the spring temperature becomes.
The loss of temperature is to be reckoned as follows:

fim g 2mrl 0T

(4

q ar

(iii)
where, 7;, 7,,: the temperature at the lower and the upper end of
the vertical flowing pipe respectively,
27: dia. of pipe, /: length of pipe, ¢: discharge rate,
%£: thermal conductivity of the earth,
" d7/9r: mean temperature gradient at the pipe-wall side.
Examining the effect of the tide on 16 mouths of the Beppu hot

u

. . . or
springs, we obtained the following mean value of £ P :
. ‘ »
o7 . .
V4 5 =o0,213 calorie cm. min.
»

Though it may be improper to apply this value derived from only a
few springs to the case of all springs, we adopt it for the present.
From 193 springs whose temperature were measured, the means of 27
and / were as follows;
2r=4.31 CM., £=3§705 cm.

Substituting these values in (iii), the annual variation in the spring
temperature due to the cooling in the conduit pipe is obtained as given
in Table 10. Their graphs are drawn in Fig. 4, top. The variation
of the spring temperaturc subtracted the effect of the change of
discharge rate, as would be expected, keeps symmetry having the
centre in August and runs parallel with the variation in the air tempera-
ture. How does the air temperature influence the spring temperature ?

1. loc. cit. p. 47
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Table 10. Analysis of the.mean annual variation in temperature
of 193 springs during I0 years.

Month | WLV VW |w K |X| X | @[ I |1 |Hm

Deviation of
obs. temp.

Lffect of

flow-change
Residue +0.05 +0.01| 0.1} 0.I5| 0.I9| 0.00| 0.05| —0.05{ —0.05| —0.21] —0.13| —0.21

—007| —0.II] 0.14] 0.22 0.25) 0.I5]| 0.I6] 001 —0.05 —0.25/ —0.21] —0.29

—0.13) —0.12] 0.03 0.07| 0.00| 0.15| 0.11| 006/ 001 —0.04| —~0.08] —0.08

It is chiefly because of the fact that the heat escaping to the air in
the neighbourhood of the welling mouth and to the surface carth is
different in summer and winter. ,

Since the annual variation in the Beppu hot springs is only o'.4
in amplitude and parallel to the discharge rate, the effect of mixing
superficial ground water of temperature nearly equal to the atmospheric
temperature may be disregarded in the discussion of the present prob-
lem. Though some springs of incomplete structure were accidentally
observed, in time of heavy rain, to drop their temperature, showing
that the cold rain water was mixing with the spring, yet in most springs
in Beppu such effects are scarcely discernible.

‘We have thus attributed the annual variation in the hot spring
temperature in Beppu to the effect of the atmospheric temperature and
the cooling through the conduit pipe. Their rclative importance is as
follows ; ‘

Discharge cffect : Ay temperature ¢ffect=0.28 : 0.40=2: 3

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

Concerning the total spring discharge in Beppu, our (zeophysical

Laboratory measured simultaneously all the welling mouths in 1924 and
1933, and obtained the results shown in the following table,

Date Nun}bcr of active springs Total discharge per day
1924, Sep.~Oct. 826 16.32 X 10% (m?)
1933, July~Aug. 756 18.79 X 10®

In 1933 the number of the spring mouths had rather decreased, but
the total discharge had somewhat increased. There was in general
little difference bhetween the two results.
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When we want to derive the total amount for a year from this
table, the annual variation must be taken into account as stated in the
previous section. In 1924 the observations werc not made continuously
and in 1933 also the springs continuously observed were few. Ac-
cordingly, regarding the mean annual variation given at the bottom of
Table 2 as their annual variation, we have the total spring discharge
for a year (assuming that a month has 30.50 and 30.42 days on the
average) as follows: '
2 X 136.97

In 1924, 16.32%10°%X 30.50 X —=
12.67+12.2

o
3

=3.401 X 10° 77

3

2 X 1536.97 ' :
221097 —p.579% 10° w2

T 1933, 18.79 X 10" X 30.42 X —=
11.93+11.87

Averaging these, the annual amount is found to be 6.020 million m®

On the other hand, the origins that feed the Beppu hot springs
are internally, juvenile water, and externally, precipitation. The feeding
rain area-may be the part which is enclosed within a water-shed line
(dotted) on the map, Fig. 5, made by the Land Surveying Department,
as follows :

‘Water-shed area for Beppu spri11gs=2?,.o7 x 10% nt.

The precipitation in 1933 was somewhat less than the mean obtained
from the observation for 1o years by the Beppu Laboratory, its annual
amount being 1306 mm. In 1924, though not observed by the I.abo-
ratory, according to Oita Meteorological Station, it was 1631 mm., being
more than in the average year. The ratio of the yearly precipitation
of Oita to Beppu is 1:1.10 in the average. From the precipitation
in Oita in 1924, we infer the precipitation on Beppu in the same year
to be 1794 mm. Thus the mean precipitation in Beppu in 1924 and
1933 may be regarded as 1650 mm. a year. Therefore, we obtain

total annual precipitation on the whole catchment area

=1.650% 23.07 X 10° #*=38.1 X 16" 7’

Accordingly the ratio of the total discharge of the Beppu hot
springs to the total annual precipitation on the catchment area is as
follows :

1otal annual spring-flow _ 602 x 10° 0.16
Total annual precipitation 38.1 %X 10°

Inside the city of Beppu alone, the discharge of hot water amounts
to 16% of the precipitation on the whole catchment arca, east of Mt.
Turumi-dake. What a startling. fact thisis! Besides, that hot spring
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Fig. 5. Catchment-area for the Beppu hot springs.
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water is fiowing 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, whose total
discharge is large. Stili 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 20% of the total
precipitation, to 30, 4o, or who can tell, to what per cent?

Rain water is, in general, disposed of in three ways—by perco-
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lation, evaporation, and run-o¥ ; and the percolated rain water becomes
an origin feeding ordinary ground water or hot springs. The amount
of percolating water, though varying according to the character or slope
of ground, as does that of the other two, is supposed to bz roughly
1/3 of the whole. As known from the topography of Beppu, most’
part of the catchment area forms steep hillsides, and so the surface
run-off of rain water is so swift that the percolation is inferred to ba
relatively little. Being rather flat, the streets of Beppu make a some-
what hard slope with the difference of a height 30 m. per km. distance
on the average and the houses are built there. Therefore it is thought
that it may be hardér for the rain water to percolate there than on the
hillsides. Though the character of the ground seems to be favourable
for percolation because it is made of volcanic ash, it can scarcely be
believed that the amount of percolating water reaches 1/3 of the
precipitation in spite of such topography. Thus it is certain that zost
of the percolating anrount of the rarn falling on the catchinent arca
of Beppu becomes hot spring water. Moreover, therc seems a con-
siderable amount of juvenile water of magmatic origin there, and it is
supposed to amount to many percent of the spring discharge.

In the city of Beppu, it is, in fact, generally hot water that can
be obtained by digging, it being rather difficult to get cold water. The
citizens use hot water for everything except cooking. DBefore the city
water was laid, cold water had been appreciated rather than hot water.
[t is, however, not wholly impossible to get cold water. Cold water
wells in the area from the coast to the 4o m. contour line, and also,
at ebb-tide, at Matoga-hama, on the northern coast. From this evidence
it is known that some of the percolating rain water does not become
the origin of hot springs. Its total amount has not yet been measured,
and we intend to make a study of it. When such an amount of cold
water is subtracted from the amount of the percolating rain water, the
percolating water alone is too little to be thought the feeding origin
of all the Beppu hot springs. Thercfore, we must recognize the ex-
istence of a large amount of juvenidle water.

IV. Secular variation of flow-rate and precipitation

The annual mean of spring discliarge varies, as a rule, with the -
year ; that is, a secular variation is seen. As its causes we may recog-
nize all the internal and external causes mentioned in Chapter 1. Of
these the atmospheric pressure and sea level act too little to need to
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be taken into account. For the difference of the yearly mean atmos-
pheric pressure is generally very small, that is, the difference between
the maximum and minimum for the observed 10 years is only 0.8 mm,,
being only 8% of romm., the seasonal variation in the atmospheric
pressure.  With regard to the rise and fall of sea level, the difference
between daily ebb and flood is 2 m. and the range of the seasonal varia-
tion covers about 4o cm., but the difference of the yearly mean sea level
is less than a few cm., not being more 1/10 of the seasonal variation.
Consequently the atmospheric pressure and the sea level act for the
secular variation in the hot springs at least 1 /10 less than for the
seasonal variation. As this is within the surveying error, it can be
neglected. Thus the effective causes for the secular variation of springs
are change in the amount of the juvenile water and in the spring‘-w:ater
path as internal causes, and the variation in the precipitation as the
external onec.

Now concerning the secular variation in the Beppu hot springs,
only 8 springs have been observed for 1o successive years, and 4 of
these were dredged during the period. Therefore the data obtained
are insufficient for minute discussion. -For a géneral study, the secular
variations of the 8 springs and the precipitation in each year are shown
in Fig. 6. )

It is at once seen from this figure that both the spring discharge
and the temperature show a tendency of gradual decrease year by year.
This phenomenon is related to the circumstance that the artificial hot
springs in Beppu need to be dredged about every 10 years. The chief
cause of this lies in the fact that the conduit pipes corrode and allow
leakage, and that the incrustation is deposited in conduit pipes and
clogs them by degrees. A few examples are illustrated on Fig. u.
Is the variation in the amount of the juvenile water included here?
We have now no datum for judging. DBut even though the Beppu
hot springs may show an inclination to real decay after hundreds or
thousands of year, we believe such symptoms are not to be found in
a single decade. As one of the evidences, we adduce the fact that
the discharge of all the Beppu hot springs had increased in 1933 over
that in 1924. .

Next, the effect of precipitation is certainly noticed in the secular
variation. I‘rom the remainder or the revised discharge got by sub-
tracting the tendency of gradual decrease from the observed discharge
shown in Fig. 6, it is recognized that in a year of abundant precipi-
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Fig. 6. Mean secular variation of the 8 springs in Beppu,
compared with the precipitation.
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tation the spring discharge correspondingly increases and in a year of

scanty precipitation it decreases.

Finally, the secular varration in the hot spring temperature gener-
ally follows the welling discharge, being related to it positively. As
explained in the item of the annual variation, this is caused by the fact
that the time of the passage through the conduit pipe and accordingly
the degree of cooling varies with increase or decrease in the discharge’
rate. However, the influence of the atmospheric temperature on the
hot spring temperature can be neglected: Ior the yearly mean atmos-
pheric temperature remains through years at about 15°, and the differ-
ence, botween the maximum and the minimum for the obhserved 1o
years is only 0°.8. " Since the difference of 20° in the air temperature
hotween summer and winter gives only about o’.5 amplitude to the



62 - Takaharu Nomitu and Kinzd Seno

annual variation in the hot spring temperature, it is certain that the
effect of the yearly diference in the air temperature, which is helow
1/20 of the former, is quite negligible.

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

A heavy rain suddenly increases the spring discharge not only in
that month, but also in the following ; two months, or even several
months later, it causes much increase even if there is no additional
rain. We call it the affer ¢ffect of »arn, which will be dealt with again
in this chapter. "

According to more than 10 years’ observation made by the Beppu
Laboratory, in September 19235, as if by God’s peculiar grace, there
was a period of record-breaking torrential rain, when precipitation for
the month amounted to 8§58.2 mm. In the following month it was only
30 mm,, which may be called, in comparison with the preceding month,
no rain at all. Thereafter till the next January it rained little. This
was a most favourable opportunity for studying the effect of rain, and
especially its after effect. Fig. 7 shows the precipitation and the spring

Fig. 7. After-effect of the heavy rain in Sep., 1925.
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Table 11. Precipitation and flow-rate per 1 spring from
March 1925 to March 1926.

1925 T926
Month I v VI |V jw K | X | XY |1 I Il v

Flow-rate
(T./M)

Rain (mm) | 58.4) 253.9| 228.0] 310.9] 210.9| 858.21 28.6| 52.6/ 58.4 9.0 76.31 124.4| 56.5

I1.51) 12.14| 12.17|.12.32] 12.31] 13.90| 12.97| 12.62 12.18] 11.46( 11.38| 11.45| 10.69

discharge on that occasion, and Table 11 shows their values. Con-
cerning the precipitation, the daily amount is denoted with vertical lines
beside the monthly one. Remember that the ‘rain in September
means the rainfall on the 1st, 4th, and sth day of the month. As is
clear from the figure, the heavy rain caused the spring discharge in
that month to increase at a jump, and for the following two months
it kept the discharge over the mean in spite of little rainfall. Its after
effect generally shows an exponential tendency. If a day or an hour
is taken as unit of time, the effect of rain of course does not appear
immediately after the rainfall, but a few hours later the discharge
starts to increase; some hours later still it reaches its ‘maximum, and
. then gradually decreases. When a month is taken as a unit as in this
section, from the examples shown in Fig. 7, the effect of rain may
be, without a big error, put as follows :

F=aNe ™= Fe™ : (1)
where, N =monthly precipitation, f=time after rain in month,
74, FF=discharge rates due to the rain at that month and after
¢ month

a=coefficient of rain effect,

k=depletion index of rain effect.
This is_theoretically reasonable, for it means that the decrease of water-
head on the upper stream in the catchment area is assumed to be
proportional to the amount of discharge. The coefficient « and £ are
as yet unknown. We will first deduct the value of % from the in-
clination of gradual decrease shown in Fig. 7. As the rain in October
1925 was much less than the heavy rain in September, the decrease
in the discharge rate from September to October was to be very next
to a natural diminution. And, as the rain in January 1926 was abso-
lutely little, amounting to only ¢ mm., the decrease in the spring dis-
charge from December 1923, to January 1926, was also almost a natural
diminution. From these two parts which may be regarded as the
natutal diminution, we will decide the value of the depletion index Z.
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Suppose a month of no rain and let @, represent the spring dis-
charge in the month and @, for that in the preceding month. In the
case of hot springs, there is usually juvenile water / which is not
influenced by the effect of precipitation, and so in (1) is only a part
of the observed discharge (. Regarding / as invariable, from (1) we
have

(Qz“])/(@x'f):"g-k- (2)
If we have another occasion like this and take O} and (i as the whole
spring discharge for the two months, we have;

(Oi=N/(i=T)=¢"" ‘ (3)
From (2) and (3), we can obtain the amount of / and %4, that is;
/'_. Ql Qﬁ—— QIZQX ( »]‘ )

(0= 0)— (i — %)
k=log (O~ )—1log Qs —/)=logQi—/)—log Q:—/). (5)

Only from the observed discharge, Q,, (., Qi and 3, both the natural
depletion index and the juvenile discharge are casily obtained.

Now, concerning the Beppu hot springs, let the discharges in
October and January be represented by (J, and (J; respectively, then from
(4) and (5), or from the intersection of the (/, ¢™*) curves obtained
- according to (2) and (3), we have;

J=06.29 litte/min, k=0.13.
These values, however, must be corrected, for actually both October
and January had more or less rain. Tor example, if there were no rain
in October, the spring discharge of the month would be considered to
decrease by about o.r lit/min. from the tendency shown in Fig. 7.
Revising, moreover, the influences of the atmospheric pressure, tide,
etc., we obtain ; )

J=6.1 litre/min., £=0.11 month™,
‘which we adopt in the later discussion.

The juvenile water 6.1 lit/min. indeed, corresponds to as much
as 50.5% of 12.08 litre/min., the mean discharge in that year. If
k=o.11, the cffect of the rain decreases with the month, as indicated
in Table 12. In 1 year, the effect falls to about 27% of the effect in
the month when it rained; in 2 years, 7.19% ; even in 3 years, 1.9% ;
but in 4 years, it becomes only 0.5%. Thus the effect of rain remains
for 3 years, but in the 4th year it is negligible.

‘With the value of % thus derived, we will examine whether or not
the mean annual variation in the discharge of the Beppu hot springs
can be quantitatively explained by the‘annual variation in precipitation.
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Table 12. Decay of rain-effect on the Beppu springs.

¢ (Month) 1| 2134567189 lro|lrr|rz]|z24]|36]48]6o

ekt .896.803).719| .644] .577] .517| .463| .415].372].333| .298] .267 .071] .019| .005] .00T

1) Study on the seasonal wvariation in 1925 :—Since our Beppu
Laboratory of the Kybtd Imperial University began to make consecutive
investigation of the spring discharge from April 1925, the discharge
in Aptil of that year, 11.51 litre/min., is taken as a starting point.
It includes the effect of the rain in March and earliar, the effect of
the rain in April, and the juvenile water. If there had been no rain
throughout the year after the May, the spring discharge thence would
be obtained by adding the invariable juvenile water to the water
of rain origin which decreases from 11.51—6.1=5.41 litre/min. at the
rate given in Table 12. The values thus obtained are tabulated in
Table 13.

Table 13. Supposed discharge (litre/min) if no rain after May, and
that due to the precipitation after May.

Month W V| vo|vm XK|X| X\ |||V
Sup(i Ra(ig'gljg)ill 541 4.85) 4.34|3.89] 3.48) 3 12| 2.80| 2 51} 2.25| 2.01| 1.80] 1.61| 1.44
pose -

flow | HJuvenile 1.5} 10.95} 10.44| 9.99| 9.58 9.22| 8.90 8.61|8.35 8.11| 7.90 7.71| 7.54
(@ Total
Effect of rain

after May — | 119 1.73/2.332.734.68) 4.07| 4.01; 3.83 3.35| 3.48 3.74 3.15| 38.29

The difference between the observed discharge and this discharge
corresponds to the effect of the rain falling after May, which is shown
in the lowest row in Table 13. In short, it corresponds to «> Ne
which is to be obtained by applying eq. (1) to each monthly rain and
summing the values arrived at. Though the coefficient « of the effect
of rain is still unknown, only S .NVe™™ can bz calculated as given in
Table 14, for £ is known. As the products of multiplying the values
in the lowest row of this table by « correspond to the effect of rain
shown in the lowest row in Table 13, « can be obtained by dividing
the latter by the former. It may be one of the ways to calculate «
for each month, and to take their mean, but here we will simply find
a from the ratio of the yearly total:
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Table 14. Ne—% after May, 1925.

192§ i 1926
Month| V | VI VI | v | K | X | X | X | I I n|w

253 9| 227.31 204.0 182.7| 1634 146.5| 131.3) 117.7| 105.3| 94.5| 84.5 75.6
228,01 204.4| 183 3) 164.0 146.8) 131.6/ 118.0f 105.7| 94.7) 84.9] 76.0
310.7| 278.5| 249.7] 223.6) 200.3 179.5 160.6 144.1| 129.0; I115.7
210.9| 189.7] 170.0] 152.3 135.4{ 122.1] 109.5) 98.2 879
858.2| 770.0/ 690.0 608.0 552.7| 495.5 440.0 398.0

2 28.60 25.8 23.2] 204 18.6] 16,6 14.9

& 5260 47.2| 42.3 378 339 304

58.4| 52.3 469 419 370

90 81 7.2 65

76.3 068.4] 614

M 124.4 I11.6
= 56.5 Total

= [2539 455.3! 719.1} 855.4 1625,o|1:485.5 138391287 4i1170.7 uz6.o|1129‘2 1072.1} 125635

a=-3829__—0.00302
12563.5
Multiplying > Ve ™ in the lowest row in Table 14 by this «, we have
the rain offect in each month, and adding it to the 2nd row in Table
13 (i. e. the supposed discharge in the case of no rain) we can obtain
the monthly total discharge. Table 15 giveé the results obtrained. The

Table 15. Calculated values of rain-effect and the total flow-rate. (in }it/min.)

1925 1926 ]
Month V) v iy X{X/x x| 1|r,miw

Lffect of

miglafter — | og7| 1.37] 217 258 4.91 4.49] 4.18 3.89 3.54/ 3.40 342 324
May
ﬂog\:f}'i.te II.51) 11.72 11.81| 12.16; 12.16 14.23 13,39 12.79 12.24] I11.65| I11.30{ I1I.13 10.78

dotted line in Fig., 7 illustrates this calculated discharge which agrees
satisfactorily with the observed discharge. I.ittle difference between
them would be caused by the influences of tide or atmospheric pres-
sure, ot by the error brought about by the fact that it did not always
rain in the middle of a month, but it sometimes rained at the begin-
ning or at the end of the month.

2) Study on the mean annial variation for 10 successive yoars —
We will next study whether or not the mean annual variation (the
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remaining discharge after the effects of tide and atmospheric pressure
have been subtracted) of the 193 welling mouths, already mentioned
in §1, observed for 1o successive years, can be explained by the mean
annual variation (Table 3 with the weight) of the precipitation for these
years. As it is the mean annual variation for 10 successive years, both
the rain and the spring discharge caused by the rain may be regarded
as being in a semi-steady state. Suppose that the rain which varies
annually in the above mentioned way falls on a place where there is
merely the juvenile water and thenceforth it continues to rain every
" year in the same way.” We will calculate the spring discharge caused
by the rain after 1, 2,... to limitless years. In this case, if only £ is
known, we have a way of calculating the value even if both / and «
are not known. Assuming the value of £ to be £=o0.11 as we found
_it in 1925, in order to know the ratio of the effect of rain, we got
Table 16 and Fig. 8 by calculating SINVe™™.  The calculation of the
1st year is equal to that shown in Table 14, and since the 2nd year,
we obtain the values by adding the value of each month in the 1st
year to what is got by multiplying ¢* to the values of the last month
(March) of the previous row. In the semi-steady state after many yeats,
the limiting value for the last month (March) is to be corresponding
to the sum of an infinite geometrical progression whose first term is
867.4, the value of the last month (March) in the 1st year, and whose
common ratio is ¢™* (the rate of decrease in every whole year). That is,
86 7.4{: + T (T () L +(:"°°}: 867.4 X 1o

‘ 11—

1

=867.4 X =1183.4

1—0.207
The value of each month may be regarded as that of the following
year, so that it can bz obtained by adding the value of the 1st year
and the product of 1183.4 to ™% in Table 12.

SINe ™ in such a stationary stage, being multiplied by «, will be
the part of rain origin included in the total discharge observed, and,
th'erefore, @ can be obtained from the ratio of the variable parts of
SiNe™™ and the observed discharge. From-the ratio of both amplitudes
(or ratio of the sums of the absolute value of the deflection from the
mean in each month) we have a:

a=— 124571074 . 171 _0,00390.
1603.8—1104.7 439.1

Multiplying this value by the annual mean of 3 NVe™ in the steady
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Table 16, ZNe~—kt
Month | vV, v wW|wmw, X X| X| M| I I| I
118.3 106.0] 95.0, 85.1| 76.20 67.7 6r.2] 548/ 49.1 44.0 39.4] 353
108.4) 971 87.0, 77.9 69.8 625 56.0i 502 45.0 40.3 36.1
220.0, 197.1| 176.7| 1582 141.7| 1269 113.7] 101.9] 91.3 81.8
211.0] 189.1] 169.4| I51.7] 135.9] 121.7] 109.1] 97.7| 87.6
184.0, 164.9 147.8] 132:3| 118.5/ 106.2 95.1| 85.2
z . 362.0 324.4| 290.7| 260.3] 233.1] 208.9| 187.2
< s 86.2 77.2) 69.21 620 553 49.7
| % 69.1| 6ro| 555 49.7| 445
53.31 478 42.8 383
449 39.4| 35.3
781 700
116.4
Sum=1| 118.3| 214.4 412.1 580.2( 703.9| 992.0, 9755 942.9| 897.9| 848.6| 838.2| 867.4
March
l‘gi ;’;‘(“;‘im‘)f 777.2 696.5| 623.7( 558.6) 500.5| 448.4] 401.6] 360.0, 322.7| 288.8|°258.5| 231.6
= =ii
= i-f-ii’ =ii | 895.5| 910.9/1035.8/1138.81204.4/1440.4/1377.1(1302.9(1220.6/1137.4/1096.7/1099.0
T "March :
("5; ;’;‘xh‘f_kf’f 984.7| 882.5| 790.2 707.8| 634.1/568.2 | 508.8| 456.1| 408.8 366.0 327.5| 293.4
= =i
= (I 11103011006 9/1202.3(1288.0/1338.01560.2(1484.311399.0/1306.7(1214.6{1165.7[1160.8
T "March ] ]
= ;2?1;‘3~gf1040-1 932.1) 834.0) 747.6) 669.8) 600.1| 537.4f 481.7 431.8 386.5 345.9| 309.9
S =iv/
" i+iv’=iv 1158.411146.5|1246.7\1327.8(1373.71592.1(1512.9(1424.6/1329.7|1235.1|1184.11177.3
- Nat. d,cc‘ﬂy
5%;‘5%}%“;&‘@10603 950.3) 850.9| 762.1) 682.8) 611.8| 547.9] 491.1] 441.1] 394.1] 352.7] 316.0
TR+ [1178.6/1164.7]1263.011342.311386.7/1603.8(1523 4/1434.0/1339.0/1242.7]11909 1183.4

state, i.e. 1321.0, we have the mean spring discharge of rain water
origin. Subtracting it from 11.49 litre/min., the annual mean of the
observed discharge, we get the juvenile discharge, that is:

Mean discharge of rain origin /=1321.0 X 0.00390=35.16 litre/min.

Discharge of magmatic oriein

J=11.49—5.16=6.33 litre/min.

Multiplying each monthly value of >1NVe™ in the steady state by «,
we have /7 for the monthly discharge of rain water origin. The juvenile
discharge /=:6.33 litre/min. being added to this, we obtain the annuaj
variation in the total spring discharge.

The results obtained are given
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Table 17. Calculated value of the 10 years mean of annual
variation in flow-rate of Beppu springs.

Month i v | oo |m| K X | X | X I I I

Flow of rain-
origin £

6.26 5.60, 5.22] 4.85 4.65 4.62
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Fig. 8. XNVe—# and the flow-rate coresponding to the mean
annual change of precipitation in Beppu.
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in Table 17. In Iig. 8, this calculated discharge is affixed to the
observed discharge. The results obtained by calculation agree quite
closely with those by observation.

One of the most important results in this chapter is the inference
of the juvenile discharge. /=6.33 lit/min., the mean for 10 years, in-
deed Corrcépoxlclé to 55.1% of the mean total discharge Q=11.49 lit/min.
It is significant that the value nearly agrees with /=6.1 lit/min., in
1923, which was reached through a quite different way of inference.
It denotes not only that the value is credible, but also that the juvenile
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water does not vary over a period of several years. In short, about
half of the hot spreng water tn the city of Beppu is the juvendle waler
of the magmatic oregin, and the assumption of magmatic activity in
the area which was based on a comparison of the total precipitation
on the catchment area with the total spring discharge in the city of
Beppu is therefore supported. Although the value of « is somewhat
larger than we found it in the preceding chap er, this must be due
to the fact that in case of a heavy rain such as in September 1923,
the run-off is big and the percolation small and so it has comparatively
little effect as a feeding origin of hot springs. But as the water which
has once percolated re-wells in the same state provided the underground
path is identical, 2 may be regarded as unchanged. '

3) Study on the secular variation .—Now, the secular variation
in discharge mentioned in § 4 will be quantitatively explained from the
rain which fell in the same years. Here, ‘secular’ means the period
for 10 years from 1925 to 1935. During those years only 8 springs
were consecutively observed. In spite of such insufficient data, the
inferences drawn received unexpected confirmation from the obser-
vations.

The precipitation and the spring discharge are shown in Table 18
and Fig, 6. As the yearly differences of the mean atmospheric pres-
sure and. sea level are below 1/20 of the seasonal difference in the year,
their effects influencing the discharge rate need not be taken into
account, for they arve within the observation orror.

Table 18. Mean secular variation in the fow-rate of 8 springs
compared with the precipitation

~Year | 1925 | 1926 | 1927 | 1928 | 1929 | 1930 | 1931 | 1032 | 1933 | 1934 | 1933

Rain (mm) | 2149 | 9061 | 1522 | 1913 | 1732 | 1536 228.9 1473 | 1502 | 1399 | 2374

Obs. 15.39 | 12.39| 12.68| 13.36| 1282 11.74| — | 1096 9.0I| 9.29| 1I.75
Flow } corrected - N :
LM for matural | 12.47 | 10.54 | T1.29| 12.43 12.36| 11.74| — | 11.89] 10.40| 11.14]| 14.67
ecay .

As has frequently heen noted, the discharge from the same spring
mouth presents a natural diminution by deposition or clogging through
the conduit pipe, and therefore it must bz revised before comparison
with the rain. IFrom the tendency shown in Ifig. 6, take the total
mean 11.94 litre/min. at 1930 as the centre and draw such a straight
line as shows a difference of 0.463 lit/min. every 1 year before and after
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to represent. the effect of natural wearing down. Correction corres-
ponding to this has been made to the observed discharge and the
values thus obtained are given in the lowest row of Table 18. Then
explain the discharge rate thus revised with the secular variation in
precipitation. Years to be dealt with are equal in the case of 2) and,
therefore, the depletion index of the rain effect and the percentage of
the juvenile water may be regarded the same as before, i. e. we may take
k=o.11, J=6.33x —=9% =4 <8 lit/min.
11.49
Then starting from the discharge rate in 1923, the rate of discharge in
the following years can be calculated by the precipitation in a similar
way as in the case of 1). The results obtained are given in Table 10.

o

Table 19. Calculation of the mean secular variation for 8 springs in Beppu.

Year 1925 | 1926 | 1927 | 1928 | 1629 | 1930 | 1931 | 1932 | 1933 | 1934 | 1933

961 | 228 54 12 3 I — — — —
1522 | 361 85 20 5 2 — — -
1913 | 453 | 107 25 6 2
1732 | 410 97 23 5 2 -
Ne=kt 1536 | 364 86 20
2289 | 543 128 30 7
o730 49| 83| 19
1502 | 356 84

o
(M

1399 | 332

2374

YNe—-kt 961 | 1750 | 2328 | 2282 | 2076 | 2781 | 2133 | 2006 | 1875 | 2318
aX Ne=kt 2.3T | 4.27 | 373 | 569 | 5.20| 688 537 | 5.04| 4.70 | 6.93
FH=C—~] 589 | 1.57 | 042 | 0.1 | 003 | ooOI [¢] [o) o [¢] )

s 1247 | 815 | 700 | 669 | 661 | 659 | 658 | 658 | 658 | 658 | 6.58

+gxf;{_u 12.47 |10.46 |11.27 {1242 [12.30 [11.89 [13.46 {11.95 |11.62 |11.28 | 1353

Here, /4, means the natural decrease of 12.47 —6.58=15.89 litre/min.,
the part of rain origin in the revised discharge in 1923, and o i$ de-
termined similarly as in the case of 1), as

4= Lotal sum of 1Q—(A+)} _ 43.10
Total sum of S1NVe™* 18855
which was used in the calculation of o> Ve ™™,

It is shown in Fig. 6 that the calculated discharge-rate given in
the lowest row of Table 19 almost agrees with the observed rate revised

=0.0024,
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in Table 18. To the same figure, the observed water level of the hot
spring well at the Miyadi-dake Shrine in the city is appended as a
reference since it suggests an increasing tendency of spring discharge
in 1931 although this was not evident by lacking observations. Here,
it must be noted that the value of a for secular variation is compara-
tively smaller than in the previous case of annual variation. Even for
the same hot springs, the effect of heavy rain may be different from
that of drizzle. For instance, a short, heavy rain accompanying a
typhoon, such as fell in September 1923, will result a comparatively
small percentage of percolation ; while in a long, gentle rain, such as
in the rainy season, a larger part of the precipitation may percolate
and make the value of a large, as we have zllready mentioned. More-
over, if the springs under consideration are different, having different
subway or nature of the ground, the effect of the precipitation will
naturally be different. As the springs used for the study of the annual
variation were numerous covering the whole city in both cases of the
year 1925 and of the mean for 10 years, they may be regarded as the
case of the same hot springs with the same subway, and consequently,
the difference of @ may be attributed to the character of the rainfall.
But the springs used for the study of the secular variation were § in
number, 7 of which were near the coast and only one was on the Bluff.
Therefore, @ may be quite different from the mean of the great number
of springs throughout the city.

It is very significant that the @ obtained here for the springs which
are far from the Bluff and near the coast is smaller than the « obtained
previously for the mean for the whole city, for it shows that the effects
of rain is strong on the Bluff and weak at the coast. This fact agrees
with the result of another study, the distribution of influences of rain-
fall in the Beppu hot springs’t But we do not adhere its value a=
0.0024. For, in the case of different springs whose subways ave dif-
ferent, not only « but # may be different. Therefore, even for the
above study on the special 8 springs, there may be some objection to
using /e=yo.n, the mean for the whole city; but it is unavoidable, for
we have now no way to derive a more accurate value. If 2 varies,
a would also vary with it. '

V1. Conclusion

The relation between the spring discharge and rain in the Beppu
hot springs has been discussed. The chief points are as follows:

1. Tikyu-Buturi (Geophysics), 2 (1938), 152.
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{1) The tota! discharge for a year of the Beppu hot springs in
the old city, is so great as to reach 16% of the total precipitation on
“the watershed area, preserving such high temporatures that the mean
is 537, 'What wonderful heating power the Beppu zone holds which
raises all at once such a great amount of water to such a high tempera-
ture year in year out. There can be few examples like it in the world !

(2) The hot spring water is fed by juvenile water and rain water.
A large amount of the percolated rain bacomes hot water, and besides,
559 of the total hot discharge is juvenile water. It is easily understood
from this evidence what an active magmatic arca the Beppu hot spring
zone is situated on.

(3) The hot springs vary considerably with the seasons. Both
spring discharge and temperature rise in the warm seasons and fall in
the cold ones. Besides,

(a) The annual variation in discharge is caused by the an-
nual variations in precipitation, atmospheric pressure, and sea level, and
their influences bear such ratio as:

Rainfall : Atmospheric pressure : Sea level=35:2:1

(b) The annual variation in spring temperature is caused
partly by the change in discharge-rate and partly by the atmospheric
temperature, bearing the ratio 2:3. The former is caused by the fact
that the heat of hot spring water is absorbed on the way from the
spring ‘origin to the upper end of welling mouth and the water is
cooled ; the latter, by the fact that it is cooled by the carth or the air
at the upper end of welling mouth.

(4) The hot spring fluctuates as years go by, that is, it presents
a secular variation. - As to special welling mouths in the Beppu hot
springs, the conduit pipes are c'ogged by deposition of incrustation
(Fig. 9), or the leakage is increased by corrosion of the pipes. On
account of these hindrances at individual springs, the discharge rate
shows a diminution year by year, so that the mouths must be dredged
or redug every 1o years on the average. DBut that the total discharge
of hot springs under the whole city of Beppu by no means shows a
decline is proved by the investigations in 1924 and 1933. DBut in
addition to the ssasonal variation the spring discharge varies yeatly
with the change in yearly precipitation. However, as the yearly dif-
ferences of mean atmospheric pressure and seca level are less than 1/10
compared with the seasonal differences, their effects drop within the
observation error and may be left out of consideration. Similarly, the
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difference of yearly mean atmospheric temperature being little, its in-
fluence hardly contributes to the secular variation of hot spring tempera-
ture.

(5) 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. (renerally the after effect of rain exponentially
decreases with time. Namely, it forms eVe™™ where NV stands for the
precipitation (mm.) and 7 for the time after rain.

(6) We have shown a way of calculating from the observed dis-
charge the coefficient of the after effect of rain ¢, its index of decrease
#, and the juvenile water /. Measuring the precipitation and the spring
discharge by the mm. and lit/min. respectively as units, we have
obtained the following mean for the springs in Beppu;

k=o.11 (month unit), 2=0.0039, J=6.3 litre/min.

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

Fig. 9. Deposits on the wall. of conduit pipe.

(a) Vertical pipe. (b) Horizontal pipe.



