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Wisconsin.—The month was the coldest February in the central and
southern portions of the State since 1885, and probably the coldest Feb-
ruary on record in the northwestern counties. Although extremely low
temperatures were recorded throughout the State, it is generally believed
that no damage to erops resulted, as winter grains and grasses were
protected by an ample covering of snow. Stock were reported as winter-
ing in good condition.—W. M. Wilson.

Wyoming.—The temperature throughout the State for the month was
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in excess of the normal and there were no severe storms. As a result
stock continued in excellent condition and very little feeding had to be
tone. The mild weather started the grass in some sections, so that a
green tinge was given to the low places. A good supply of snow accu-
mulated in the mountains of the western and northern portions of the
State, but a marked deficiency existed at the close of the month over the
southeastern portion.— W. S. Palmer.

SPECIAL ARTICLES.

DISPOSITION OF RAINFALL IN THE BASIN OF THE
CHAGRES.

By Gen. H. L. Apsot. U, 8 A, retired, dated Cambridge, Mass., March 4, 1904,

The question of what becomes of the precipitation falling
from the clouds upon a given catchment basin—what part es-
capes through the channels of the streams, what part is evapo-
rated, what is absorbed by plant life, and finally what part sinks
into the earth as ground water—has received much attention
from hydraulic engineers by reason of its important bearings
upon the water supply of cities, theirrigation of arid regions, and
the development of water power. To be of utility, such studies
must be based upon long-continued measurements of the rain-
fall at localities suitable to afford a true estimate of the aver-
age precipitation upon the region in question during each
of the different seasons of the year, together with accurate
gagings of the outflowing streams during the same periods.
For a complete solution, further observations to determine the
evaporation from land and water surfaces and the absorption
of moisture by plants are desirable to furnish a check upon
the values found for the other and more important elements,
but the extreme difficulty of such studies has usually proved
a bar to undertaking them. It must not be forgotten, how-
ever, that a portion of the water apparently lost by infiltration
into the earth may ultimately find its way into the streams as
ground water, and as such may be detected, at least approxi-
mately, by a careful investigation of the ratio between down-
fall and drainage in different seasons of the year. Even in
this simplified form the labor and expense involved in the
needful measurements have restricted their application to a
few localities, and those generally situated in populous and
temperate districts.

In connection with their other technical investigations the
engineers of the New Panama Canal Company found it obliga-
tory to study some of these questions with considerable atten-
tion, and this paper is written in the hope that the resulting
facts and figures may prove useful in throwing light upon the
more general problem of the ultimate disposition of rainfall.

The Isthmus of Panama is a locality specially favorable to
studies of this character. Ice and snow, which have usually
complicated such investigations, are here unknown. The re-
gion is practically in its natural condition, densely covered
with the luxuriant growth of the Tropics. The temperature
of the air, which largely influences evaporation, hardly varies
from month to month and from year to year, thus in a great
measure eliminating one important element of relative uncer-
tainty. Finally, the rainfallis excessive, and is sharply divided
between a dry season of three months and a rainy season of
geven months, with two intermediate months of less marked
character. This fact, as will appear later, has greatly favored
the analysis. It seems not improbable that results obtained
under so favorable conditions may not only be applicable to
similar regions in the Tropics but may also throw light upon
certain elements common to more northern latitudes.

The district covered by these measurements is the basin of
the Chagres above Bohio, at which locality will be placed the
lower reservoir dam creating a large lake to be traversed by
shipping as part of the canal route. Under present conditions
all outflow from above passes Bohio. The catchment basin
is naturally divided into three subbasinsg, the lower extending
to Gamboa, where the Chagres first joins the canal route; the
middle extends thence to Alhajuela, where a second dam should

be placed; the upper includes the valley above this point.
The surveys of the Panama Railroad, supplemented by those
of the two Panama Canal companies, have well defined the
watershed of the two lower subbasins, as well as the western
and much of the southern boundaries of the upper subbasin;
but a gap exists on the northern and eastern boundary of the
latter where the line of demarcation is somewhat uncertain
for a distance of about 35 miles. One point nearly in the
middle of the unknown portion was determined by a recon-
naigssance made by a party of the Isthmian Canal Commission
coming from the San Blas district to the head of the eastern
branch of the upper Chagres, and this point together with the
well known general character of the district, low ridges sepa-
rated by narrow gorges, have enabled the ill-defined part of the
boundary to be laid down on the map with fair precision. All
the rest of the entire watershed of the basin being accurately
determined, no error can exist in the estimated area large
enough to sensibly affect any practical conclusions to be
based on the study. The following table exhibits, in statute
miles, the dimensions of the basin, which is a hilly rather than
a mountainous district, and much of it is covered with a dense
tropical growth. The highest summits rarely if ever rise more
than about 1500 feet above sea level:

‘ Basin above Bohio.

) " . Length | Number of

Subbasin. of hed, | afluents.

Area. | Percent,| Length. | Width,

|4 320 16 18 18 31 ?

Middle ..o ol 130 18 7 13 11 15

Lower.............oviiinn 250 36 11 23 20 17
Total covieriiinnnns 00 “ w0 L. (SR 7 \ ............

t

Before stating the general conclusions resulting from the
study it will be well to consider in some detail the several im-
portant elements upon which they are based.

RAINFALL IN THE BASIN ABOVE BOHIO.

So many data have been collected respecting rainfall upon
the Isthmus of Panama that the monthly and yearly precipi-
tation is well understood. The records kept by the Panama
Railroad Company at Colon are nearly continuous since 1862,
and those kept on the Pacific coast and at various intermedi-
ate points by the two Panama Canal companies are nearly
continuous since 1881. The figures were published in the
Mo~stuLy WeaTEER Review for May, 1899, and March, 1903.
Those specially valuable in the present study date from 1895,
when the daily measurements of discharge were extended to
include Alhajuela, near the site of the projected upper dam.
Unfortunately, they were discontinued at this post in 1897 and
1898, but were resumed in 1899 and are still in progress. All
rain gages are read and recorded daily. The respective
heights above the ground in their vicinity are the following:
At Colon, 30 feet; at Alhajuela, 8 feet; at Gamboa, 36 feet; at
Bohio, 6 feet; and at La Boca, 2.5 feet.

‘What is needful in the present study is a knowledge of the
average monthly rainfall in each of the three subbasins, from
which that in the entire basin may be deduced. Bohio and
Gamboa are near each other and at the extremities of the
lower subbasin; Gamboa and Alhajuela are also near each other
and at the extremities of the middle subbasin; tinally, from
the fact that the Pequeni, the largest and most important
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branch of the upper Chagres, heads near Porto Bello only
about five miles from the Atlantic coast, where the conditions
as to rainfall are similar to those at Colon, it may be assumed

that a mean between the recorded rainfall at Alhajuela and at’

Colon will fairly represent the precipitation in the upper sub-
basin. Introducing the areas of the subbasins, and reducing,
the following expressions result for the rainfall, in millimeters,
in the entire basin and for that above Gamboa as well; in them
B, G, 4, and C denote rainfall, in millimeters, at Bohio, Gamboa,
Alhajuela, and Cclon, respectively:

(1) Rainfall above Bohio = 0.323 (0.6 B+ 0.9 G+ 4 + 0.7 ).
(2) Rainfall above Gamboa=10.5 (0.3 G + 4 4+ 0.7 ).

The following table presents the rainfall, in millimeters,
computed as above indicated for the several basins under con-
sideration during the entire period of these studies. As rain
records at Alhajuela were lacking in 1898 and in the first six
months of 1899, the figures for those months have been found
by assuming that the rainfall in the upper subbasin is repre-
gented by that noted at Colon. Similar check comparisons for
subsequent months have shown that no important errors are
thus introduced. Bold-face figures for May, 1902, indicate
interpolations, all records being lacking for this month.

TABLE l.—Average rainfall, in millimeters, in the hasin of the Chagres.

Basin above Bohia. Basin above Gamboa.

Month,
1398. (1899, (1900. (1901, (1902. |1903. (Means. /1598, 1899, [1900. 11901, (1902, 11903. 'Means.
. o B N -~
January..| 140| 156/ 89 19 464 16 147 99| 152 81 15 232 14 99
February . 11 96 24| 18 12 5 27 6| 104 4 9 10 | 23
March....| 27 56 12 37 62 17 34 200 33 11 38 42| 15 27
April..... 108 271 74 43] 163 &2 75 78] 240 71| 48] 148 22 65
May...... 228) 267 234 320| 266| 271 266 230| 285 264 298 270 273 270
Jupe...... 2331 236| 383| 270, 183 263 270, 267 193 377 2 201 273 265
July...... 579) 403| 432] 279| 268 400 394 512) 431 451) 225 336 450 401
August ...| 532] 305 311 428 241, 350 361 395 303] 3200 391| 204 376 832
September| 108 804] 830| 3870 270| 27 291| 182 302 337| 340 267 149 263
October...! 301| 334 372 455 41| 356 361 255] 554| 360| 454 317| 340 385
November| 383 285! 416[ 655 385 487 432 341 289 380 637 405 S04 429
December.| 133 118 57| 173 119| 455 176‘ 131] 114] 54 135 182 156 170
Year....|2, 913[2, 5872, 7343, 064|2, 7672, 025 2, 8342, 51612, 82412, 720(2, 870/2, 56412, 877 2,729

|
Bazin above Alhajuela. Basin Alhajuela—-Gamboa.

January ..l..... 151 100 19| 254 15 36‘ 70 180p 11 77
February 104 5 13| 12 6 3 4 7 3 24
March ... 33 15 44| 35 18 2| 25 60 o 26
April .. .. .. 24/ 62 51 128 27 93 42] 192] 12 73
May ...... ...-o| 2850 285 280 284) 287 215( 340 27Q| 240 270
June...... L. 193] 374 203] 204) 273 3811 250) 195 275 259
July ..... 500 464 227 376 462 421; 218 242 421 314
August . ..|. 317 35t 3% 193 381 247 403 227} 363 302
September | 313 337] 353 275 254 337|309 248) 224 278
QOctober. ..|. 343 376| 443 32 325 322 463| 307| 374 44
November . o821 427| 639) 34y 567 305 615 420| 358 369
December.|..... 138 67 131] 152 463 25| 147) 86 439 151
Year....l..... 2, 721|2, 563|2, 929|2, 634[3, 078 2,387(2, 7232, 4142, 731| 2, 487

Basin Gamboa-Bohio,

January ..| 1927 182| 102} 25| 453} 52 168
779 )

February .| 17 o4 14 5 2%
March ... 39 &9 15 33 67 19 39
April..... 1520 33 77 33| 188 48 85
May ...... 253 240 180| 353 2G8| 265 258
June...... 310 209] 389| 251 151 244 274
July...... 687| 346/ 396 367 1521 3812 377
August ...| 743 304 201 434 212 304 390
September | 221 284 314 412 271 316 303
October...| 469| 346| 8s8| 447 276 352 380
November| 462) 243 45631 677) 849 417 434
December.| 112 113| 61| 233] 95| 415 171

Year....|3,6572,527|2, 674|3,330(2, 4642, 749| 2,904

OUTFLOW FROM THE BASIN ABOVE BOHIO.

Although measurements to determine the discharge of the
Chagres at Gamboa and at Bohio were by no means neglected
by the engineers of the old company, they have been made
with much more system since the work devolved upon the
receiver, and later upon the new company. The chief sta-
tions have been Gamboa and Bohio and finally Alhajuela. As
a result, a definite knowledge has been secured of the monthly
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discharges at the two first-named stations since January, 1890,
and at Alhajuela since January, 1895, except for a few months
when the work was suspended.

These measurements have been made carefully by the method
of floats, supplemented by self-registering water gages record-
ing continuously the water level of the river. The discharge
measurements have been made sometimes daily and sometimes
on every third day, with frequent additions during freshets.
Nevertheless, in a stream so subject to frequent oscillations in-
volving excessive variations in the volume transported, the
only satisfactory mode of estimating the continuous discharge
is to study the relation between the height of the water sur-
face and the corresponding volumes, and thus deduce rating
tables from which the discharge at short intervals, every two
hours, can be determined. This has been done with great
care at each of the three stations, and at each the result has
been to show that two rating secales should be framed, one ap-
plicable to the river when the surface is sensibly unchanging
in level, and the other applicable to sudden freshets when a
huge wave sweeps down the channel. All rivers under such
conditions carry at any fixed level a much larger volume when
rising than when falling, and this difference must be taken
into account by adjusting the rating tables to indicate the
average volume at each level. The great number of actual
gagings has rendered this adjustment a simple matter, and
rating tables wholly independent of each other have thus been
derived for the three stations. They are shown by the follow-
ing formulse, that for Alhajuela based on 1599 gagings; that
for Gamboa on 2147 gagings; and that for Bohio on 1854
gagings. They have been framed either by the method of
least squares or by an algebraic study of the platted curves
representing the observations. The latter method has gener-
ally proved to be the most satisfactory, since it recognizes the
general law of continuity while the former tends to follow the
accidental departures from it of the observations themselves,
often giving a slightly wavy curve. No arbitrary drawing of
any part of the scale has been employed. In these formulwe
@ denotes the discharge in cubic meters per second, and C the
height of water surface above mean sea level.

(3) Alhajuela, Q= — 6 + 52 (¢ — 27.5)* — 1.6 (€ — 27.5)%
level sensibly unchanging.

(4) Alhajuela, Q= — 74 110 (C —28) + 40 (C — 28)* — 1.8
(' — 28)% rapid changes of level.

(5) Gamboa, Q= —24424(C—13) 4+ 18(C—13)' — 0.5
(' — 13)%; sensibly unchanging.

(6) Gamboa, Q= — 26 + 40 (' —13) +18(C —13)* — 0.5

(C —13)°; rapid changes of level.
(7) Bohio, Q=470+ 5C* + ('*;level sensibly unchanging.
(8) Bohio, )= 62 + 5% 4 (?; rapid changes of level.

A comparison of the volumes thus computed from day to
day at the three stations leaves no doubt as to the precision
of this method of determining the relative and hence, prob-
ably, the absolute discharge. Based on wholly independent
data these volumes are found to be in perfect accord with each
other, showing during quiet stages discharges slightly increas-
ing from station to station as the intermediate tributaries enter,
and during freshets indicating the passage of the wave in a
clear and natural manner. Of late years this method by rating
tables and automatically recorded river stages has been uni-
formly followed in estimating the average monthly volumes;
but for some of the months prior to 1898, when hourly water
height records are lacking, the estimated volumes represent
the means of the actual gagings, or in a few rare instances
discharges measured at the adjacent station and transferred
by well established ratios, for determining which the data are
ample. The Engineering Magazine for December, 1902, gives
the volumes since 1890. The following table exhibits in cubic
meters per second the average monthly discharges for which
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corresponding rain records are available. The outflowing vol-
umes from the three subbasins are estimated from those meas-
ured at the three gaging stations, or rather from the differ-
ences between them.

TABLE 2.— Outflow, in cubic meters per second, from the basin of the Chagres.

Basin above Bohio. Basin above Gamboa.
Month. —
1898. (1899, |1900. |1901. |1902. |1903. |Means.|1898. [1899. {1900. [1901. (1902, |1903. |Means.
January..| 160] 109 60| 42y 318/ 46 122.5 122| 99 48/ 29| 148 46| 82.0
February . 48| 490 30| 28/ 59 29 40.5 42| 27| 23| 19 45 26| 30.0
Mn.rph P 31 28 21) 20 36 18 257 29 27 15 13| 29/ 20| 22.2
April ..... 57| 31 20, 16| 61 16| 33.5| 52 30| 16 13| 55 20/ 1.0
May 76| 68 46 65| 58 43| 57.6] 70| b54f 88 50| Bl 43 510
June. 95| 89 81 79 90 721 843 &1 70 55 58| 82 61 67.8
July ......| 186 112| 159 90| 86 114 124.5 120 80| 95 62] 85 94 89.3
August ...] 150 162/ 149 122 96| 155 13%.0| 117 120, 101 51 79 123 103.5
September 91 120] 135 164 111 161 130.3} 72 90 R7 103] &3] 133 4.7
October...| 143 140 198/ 179] 168 158 164.3 98 96/ 128 103 125 112 110.7
November | 222/ 150 187 375/ 189 236| 226.5/ 147) 108| 115 191 134 162 142.5
December. 81| 102 106/ 130 85 297/ 133.5 65| 75 76| 89 62 199 943
Means .| 112 96| 99 109 113| 112| 106.8] 83| 73] 66 6% 81 87 76.6
Basin above Albajuela, Basin Alhajuela-Gamboa,
January..|..... #90| 45| 2% 120/ 32( 63.0|.. 9 3 1 28| 14 1.3
Febrnary . =24 23| 190 36 24 25.2..... 3 0 0 9 1 2.6
March .... *24/ 15 13 23 14| 17.8[..... 3 0 0 6 6 2.8
April . 25 16/ 13| 48| 16/ 23.6/.. 9 0 0 7 4 3.2
May .. 45| 38 44| 40| 37 40.1].. 9| 0 6 b 5 5.0
June. .. 61 44| 491 62! 55 54.2..... 9| 11 9| 20 7 11.2
July...... .....| 68 62 56/ 60 83 65.8..... 17} 33 6 25 5 17.2
August ...|..... 93| 80f 695 66| 90| 79.6/..... 271 21 12 13] 33 21,2
September 63| 61 83 67 7 71.6..... 22 26| 30| 16| 54 27.6
Qctober...;..... 75 91 78| 91 78 8L6..... 21 37| 27 34/ 34 30.6
November|..... 83} 84| 135 8% 139 106.0..... 23 31 56/ 45 23| -35.6
December. 64 65| 86 520 155 84.4|..... 11 11 3 10p 4] 15.9
Means .|..... 60 52| 56| 63 67 59.5..... 13 14 12 18] 19 15.3
Basin Gambhoa-Bohio.
January .. 38 10| 12| 13 170[ 0 40.5
February . 6 22 7 9 14 3 10.2
March .... 2 1 6 7 700 3.8
April ..... 5 1 4 3] 6 0 3.2
May . 6 4 8] 15 7 0 6.6
June. 14 19| 26 21 g 1 16.5
July . 66 32 64 28 1 20, 35.2
August ...| 33| 42 48 41 17 32 355
September| 19( 30| 4% 61 28] 27 35.5
Qctober... 45 44| 700 T4 43 46) 53.7
November 75| 44| 72) 184 55 74| 84.0
December.| 16| 27/ 30| 41/ 28/ 98 40.0
Means . 270 23| 33 41| 82 26 30.4

*Outflow for January, February, and March, 1899, estimated from that measured at
Gamboa, the ratio being well known, Black figures for May, 1902, indicate interpolations,

A comparison of these figures with those for the preceding
years will make it apparent that the river has recently been
passing through a phase of minimum discharge, and it becomes
a matter of interest to push the inquiry further in order to
fully understand the regimen. Fortunately, this can be done
from the fluviograph record of water heights at Gamboa.

The instrument was established there in 1882, and a nearly
complete record has been kept since that date. It is lacking
for the year 1889, when the old canal company ceased opera-
tions, and for some months in 1896 and 1897, for which the
sheets were, unfortunately, lost. This leaves available three
6-year epochs (1883-1888,1890-1895, and 1898-1903), for which
have been accurately noted for each month the number of
freshets and the total number of hours when the river rose
above a level about 10 feet above the low-water stage (17
meters above mean tide). This level is the standard from
which freshets are estimated. Below it the Chagres at Gam-
boa is a quiet stream, with a volume ranging from about 500
to about 11,500 cubic feet per second; above it the discharge
often attains 30,000 or 35,000 cubic feet, and in great floods a
maximum of nearly 80,000 cubic feet. A knowledge of the
number and duration of the freshets gives, therefore, a good
general idea of the relative discharge in different months and
years.

The following table presents this information consolidated

9 2
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in 6-year groups, together with the corresponding local rain-
fall at Gamboa. These 6-year epochs are all complete, except
for the river data in October, 1887, and May, 1902, and the
local rainfall for the year 1895; for January and February,
1883; for January, 1884, and for May, 1902. The sign 4 fol-
lowing a figure in the table indicates that one month is miss-
ing, and, hence, that approximately one-fifth part should be
added when comparing it with other months. This correction
has been made in the averages.

TABLE 3.— Number and duration of freshets at Gamboa, with corresponding
local rainfall.

=

Do

Totals in 1883-18838. | Totals in 1390-1895, | Totals in 1898-1903. E—:

&

Month, — [ l g2

o

Fresh- | Rain- | Fresh- . | Rain- | Fresh- | Rain-| E&

ets Hours. fall. ets. Hours. Tall, ets. Hours. fall. | € ,—é

s
January.. 0 0 3.0+ 3 27 8.0+ 7 108 | 23.3 45
February. .. 0 0 2.7+ 0 [ 2.3+ 0 0 2.5 0
March........... 1 9 1.74 0 0 6.1+ 0 0 6.3 3
April... ... 3 19 | 21.4 3 28 [ 18.5+ 3 21 16.7 23
May....c.ooooo... 10 201 74.2 17 136 | 60. 44 3+ 234 42,64 122
June............ 27 206 | 76.8 7 54 | 49.0+4 3 2 | 50.8 88

July ... 22 179 [ 54.2 20 161 56, 54+ 6 35 | 70.3 12
August ......... 33 299 | 93.7 16 101 54 6+ 11 67 | 75.1 156
September....... 81 322 | 63°6 6 47 58,5+ 2 10 | 53.5 126
October ......... 264 217+4] 79.8 13 108 | 80.04 7 52 | 70.0 126
November....... 25 423 82,8 12 158 | 55.44 18 183 70. 4 255
December....... 20 810 | 53.1 21 465 | 46.54 8 51 | 28.7 442
Totals......... 203 (2,728 |608.5 118 (1,285 |595.0 65 560 1527.7 | 1,511
Annual ....... 34 455 |101.6 20 314 | 99.2 11 93 | 88.0 252

It should not be forgotten in comparing these three groups
that the first includes two flood years (1885 and 1888) and the
second two flood years (1890 and 1893), while the third has
none, but as these floods atfect only the months of November
and December, the evidence is still conclusive that the present
is a period of exceptionally low water, caused by a rainfall
below the general average. Theinvestigations of the Isthmian
Canal Commission have demonstrated that similar variations
covering several years have occurred in Nicaragua, hut there
seems to be no annual correlation between the two districts.
The fact, however, that the present is a low-water epoch for
the Chagres should be borne in mind in considering the fol-
lowing analysis.

EVAPORATION, PLANT ABSORPTION, AND PERCOLATION.

There being no natural lakes in the basin of the Chagres, no
attempt has been made to measure evaporation from exposed
water surfaces. A study of all available records where the
conditions are approximately similar led the Comité Technique
of the New Panama Canal Company to adopt, as the probable
evaporation from the projected artificial lakes and the water
surface of the canal, 6 millimeters (0.24 inches) per twenty-four
hours, adding for possible infiltration an equal amount.

In Nicaragua, where evaporation is an important element in
the problem of water supply for a canal, careful measurements
were made by the Isthmian Canal Commission, both by the
methods of pans floating in the lake and by comparative studies
of lake level as affected by rainfall, inflow, and outflow through
the channel of the San Juan River. The conclusions are thus
summed up by Mr. A. P. Davis, the hydrographer of the com-
mission:

Observations by the pan method were made in 1898, 1899,
and 1900, some of them covering an entire year. The results
ranged from a maximum of 8.13 inches in April, 1898, to a
minimum of 2.02 inches in September, 1899, the grand average
for ninety-four months being 4.28 inches per month, or about
0.18 inch in twenty-four hours. He notes that the results
were rather discordant, and, moreover, that the conditions
affecting the pans did not duplicate those atfecting the lake,
where: “Except along the eastern shore the surface of the
lake is thrown into billows, the waves often attaining a con-
siderable height and being crowned with whitecaps, and the
total water surface in contact with the wind is much greater
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than the level surface of the lake. Most of the lake surface
must, therefore, lose by evaporation a greater depth of water
than the pan.” Recourse was therefore had to the second
method, based during the dry seasons of 1900 and 1901 on the
observed lake level, the rain records at eight stations, the esti-
mated inflow, and the measured outflow by the San Juan River.
The results in inches per twenty-four hours were as follows:
For February, 1900, 0.21; for March, 0.22; for April, 0.18; for
first half of May, 0.21. For the second year (1901) the fig-
ures were, in February, 0.12; in Mareh, 0.13; m April, 0.26.
The grand mean was thus found to be 0.19 inch in twenty-
four hours, which, it will be noted, is slightly less than that
assumed by the Comité Technique for the basin of the Chagres,
but is in good accordance therewith.

‘What is specially involved in the present problem is not
evaporation from exposed water surfaces, but that from the
general surface of the basin. Existing data in tropical regions
are insufficient to permit a numerical estimate of the lqttel
but it is well known that the essential elements upon which it
depends are the relative volume of aqueous vapor already held
in suspension in the atmosphere, the capacity for which is
largely increased as the temperature rises, the greater or less
agitation due to winds, the absolute atmospheric pressure act-
ing inversely, and the nature of the surfaces presented to the
air. The known conditions existing in the hasin of the Chagres
render it fair to assume that evaporation there must be ex-
tremely uniform throughout the rainy months of the year, and
that it can not be excessive in amount. Thus, the hygrometric
observations at Colon made by the old canal company in 1881,
and those by the United States Weather Bureau in 1898, con-
cur in indicating a relative humidity ranging within narrow
limits from 0.80 in the dry months to 0.87 in the rainy season.
The winds of the Isthmus are gentle, rarely attaining a velocity
of 10 miles an hour. The surface of nearly the entire region
is covered by a dense tropical growth impenetrable to the
rays of the sun or to rapid movements of the atmosphere.
The barometric pressure is so nearly uniform that continuous
observations covering the last four and a half years at Alha-
juela show an extleme variation of only 0.43 inch, of which
about 0.1 of an inch is represented by the normal (11111113,1 oseil-
lation. Finally, the temperature of the air hardly varies from
month to month, or from place to place, throughout the entire
Isthmus, as is shown by the following 5-year records at Alha-
juela and La Boca, confirmed by the aggregate records of about
twenty-six years at Colon, Gamboa, Alhajuela, Panama, La Boca,
and Naos, ending December, 1902:

TABLE 4.— Observed air temperatures on the Isthmus.

Month. Alhajuela, 51 months, La Boca, 53 months, (ngagl;i:]lozvtﬁ?ge,
Minths.,| © F. © (. |Months.| ©F. © C. | Months.| ©F. e
January.... ... 4 78.01 | 25,56 4 79.34 | 26.30 25 78.2% 1 2571
February ...... 3 79.74 | 26.52 4 80.37 | 26,87 24 78,51
March. . 3 80.10 | 26.72 1 80.94 1 27.19 25 79,21
April .. 4 81.25 | 27.36 4 81.77 | 27,65 26 80. 31
May... .. 3 79.00 | 26,11 3 80.19 | 26.77 24 §0.33 | 26,85
June........... 4 79.67 | 26,48 4 80.74 | 27.08 24 §1.01 | 27.23
July «.....ooaes 5 79.18 | 26,21 5 79.92 | 26.63 26 80.44 | 26,91
August......... 5 79.65 | 26,47 5 78.89 | 26.05 26 79.93 | 28,63
September...... 5 79.51 | 26,39 5 79.34 | 26.30 26 80.28 | 26,82
October ........ 5 78.7% | 25.99 5 78.53 | 25,84 27 79.38 1 26,32
November ..... 5 78.62 | 25.90 5 77.97 | 25.54 27 79.12 | 26,18
December...... 5 78.93 | 26,07 5 T0.11 | 26,17 28 7011 | 26.17
Year.......[..oeeenn 79.37 | 26.32|........ 79.76 | 26.53 |........ TGE | 26,48

These facts, confirmed by the above measurements of evap-
oration from water surfaces in Nicaragua, which do not ma-
terially differ from similar series under like rainfall in temperate
regions, support the assumption that whatever influence may
be exerted by evaporation in the catchment basin of the
Chagres, it must be sensibly constant throughout the rainy
months of the year and, therefore, will not exert any consider-
able disturbing influence upon the ratio between downfall and
drainage in those months. The same may be affirmed respect-
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ing the influence of plant life as it exists on the Isthmus. As
already stated, these advantages, together with the absence of
ice and snow, greatly facilitate the study of ground water as
a function of this ratio, which became one of the special ob-
jects of these investigations from its bearing upon possible
percolation from the artificial lakes.

GROUND-WATER FLOW.

The study of the flow of water in natural channels involves
no slight difficulties, as is well known to hydraulic engineers,
but the problems offered by the passage through the soil of
that part of the rainfall that ultimately finds its way to the
sea by that route is rendered far more complex by the variety
of the materials to be traversed, and by the addition of two
new motive forces to the action of grav 1ty when the laws gov-
erning transmission are to be considered. These two forces are
capillarity and thermal pressure as affecting both the fluid itself
and the more or less compressible materials through which it
finds its devious route. Mnuch progress has 1ecentlv been
made by experimental researches on the rate of flow through
different materials, but the difficulty of certainly asceltamln(f
the nature of these materials, and the possible existence of
fissures impossible to take into account, render too hazardous
any attempt to makea practical application of these researches
in any particular case. The general fact that water penetrates

to depths of perhaps two miles and is in constant movement
through the earth’s crusthas been established beyond question
by different lines of investigation, and notably by the fact that
some streams increase very sensibly their volume in traversing
districts where they receive no visible contributions; but the
application of any theory of motion to particular cases has
hardly yet been reached in engineering practise.

In the case of the Panama Canal the question of ground
water was raised by the claim of the opponents of thisroute that
the creation of artificial lakes by damming the stream might
be rendered futile by reason of excessive percolation through
the soil to besubmerged. The same objection might be raised
a priori against any proposed reservoir; and the geological
formation of the Valley of the Chagres offers every reason
for believing that no such result is to be apprehended. Never-
theless, since stream flow is a function of rainfall, evaporation,
plant absorption, and ground water, and since two of these
variables must have nearly constant values in the Valley of
the Chagres, it seemed possible that a prolonged study of the
ratio between the rainfall and the volume flowing in the valley
of the stream might throw further light upon the problem. If
the result indicated that little or no ground water found its
way to theriver the possible existence of an underground flow
dangerous to an artificial lake would be suggested. If, on the
contrary, the volume received through the earth should prove
to be considerable, there would remain little or no danger of
serious escape from the lakes. The sharp division of the year
into rainy and dry seasons would render the study of the ratio
decisive on this question. Careful investigations have been in
progress since January, 1898, and the preliminary results ap-
peared in the MonteLY WEATHER REvIEW for June, 1900. Since
that date the measurements have been continuous, and have
now reached a point where it is believed that the evidence is
conelusive that no important loss of water from the lakes is to
be feared. Ground water has been demonstrated to be a very
important element of the volume carried by the river.

RATIO BETWEEN DOWNFALL AND DRAINAGE.

The available data, contained in Tables 1 and 2, have allowed
the ratio between downfall and drainage to be studied during
a period of six years for the entire basin, for the two subbasins
above Gamboa jointly, and for the lower subbagin, and sepa-
rately during five years for the two upper subbasins. The
general formula for the entire basin, taking into account the
areas of the three subbasins, is the following, in which the
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letters 4, C, @, and B denote, in meters, the rainfall at the
four observing stations of which they are the initials, Q de-
notes the outflow in cubic meters per second at Bohio, D de-
notes the number of days for which rainfall and outflow are
considered, and R denotes the desired ratio.! The numerical
constant correlates the mile and meter units. The computa-
tions have been made for calendar months, periods sufficiently
long to usually eliminate discrepancies resulting from the
time elapsed between precipitation and direct outflow, which
observation has shown to vary from twenty-four to forty-eight
hours according to the locus of the rainfall. The formulse for
the separate subbasins are easily derived from the general ex-
pression which is the following:

© R ) x 3600 x 24 x D
1%(G+Ahﬁ%MA+CB

350 (B + 0)
g~ T 3 2

For making the computations this general expression may
be placed under the following more convenient form, in which
the unit for 4, ¢, G, and B remains the meter, and n rep-
resents unity for a month of thirty days, 1.034 for one of
thirty-one days, and 0.934 for one of twenty-eight days.

(10) B n Q
T125(B+ G)+ 65 (G4 4) + 160 (4 + )

Similar reductions may be made for computing the ratio for
the separate subbasins. The following table represents the
results of these several computations applied to the foregoing
data. It should be stated that the columns of “means’ are
not the numerical averages of the ratios for the different years,
but are the quotients found by dividing the sums of the cor-
responding values of the numerator of formula (10) by the
sums of the corresponding values of its denominator. The
« general average” in like manner is computed from the
“means " of the five basins, upon the same principle.

Figs. 1-5 have been designed to present clearly to the eye the
relative values of the more important data of Tables 1, 2, 4,
and 5 as exhibited in each of the five basins under considera-
tion. Their general conformity is manifest throughout the
entire catchment area.

CONCLUSIONS RESULTING FROM THE ANALYRIS.

To facilitate a study of these data it has seemed to be de-
sirable to consolidate them, and to present the outflow and
rainfall in English units, giving the former in the double form
both of cubic feet per second and of the height in inches to
which 1 square mile would be flooded by the flow. Under the
latter form a direct comparison between the figures for outlow
and rainfall, and between the different divisions of the basin
can be made, since varying areas are eliminated. This ar-
rangement is carried out in Table 6, to which is added for
comparison the outtlow for as many months as have been well
determined, together with the ratios as given in Table 5.

Table 6 reveals numerous important facts as to the regimnen
of the Chagres. Thus, a comparison between the outflow, ex-
pressed in inch-miles, during the period for which correspond-
ing rainfall records are available and during the longer periods
for which the outflow only is known, shows a well-marked cor-
respondence throughout the entire year, the only discrepancy
being for the month of May, and this variation is explained by
exceptional freshets which oceurred in 1890, 1891, 1892, and
1896. Furthermore, it confirms the inference suggested by
Table 3 that this region is now passing through an epoch of
minimum rainfall and outfiow, since the longer periods indicate
a larger outflow.

Again, on comparing month by month the known rainfall and
outflow in inch-miles, all five basins are in accord in showing a
normal variation. To present this more clearly to the eye, it is
illustrated by two curves in fig. 6. The rainfall is at its mini-

1610’(

1i. e. the ratAio of the volume of rainfall to that of outflow.
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TABLE 5.—Ratio between downfall and drainage in the basin of the Chagres.
Above Bohio, six years. Above Gamboa, six years.
Month,

1898, 1899, (1900. |1901, |1902. [1903. [Means.|1898, 1899, (1900. 11901, [1902. [1903. |Means.

January ..| 1.79] 0.99/ 1.00| 3.28] 1.10} 4.38] 1.26| 2.83| 1.50| 1.35| 4.29{ 0.82| 7.46| 1.91
February | 6.33| 0.67| 7.13| 2.50| 6.89| 7.94| 2.33(14. 52| 5.36|11.12| 3.98( 8.96(10.66| 2.69
March ....| 1.72| 0.97| 3.50 0.81} 1.04| 1.62| 1.24] 3.83| 1.88| 3.06] 0.77| 1.59{ 3.04| 1.90
April .....| 0.75) 1.26] 0.39| 0.53| 0.54| 0.75 0.65| 1.48| 2.83| 0.50( 0.60 0.83] 1.93| 1.06
May ...... 0.47) 0.32{ 0.29] 0.30|..... 0.24| 0.32] 0.70 0.29| 0.33| 0.39,..... 0.36) 0.43
June...... 0.48( 0.55| 0.30( 0.42| 0.70| 0,39] 0.44| 0.12] 0. 96| (.33} 0.43] 0.90| 0.50| 0,57
July...... 0.48 0.41) 0.54( 0.47| 0.47] 0.42)  0.46| 0.49| 0. 42| 0. 48/ 0.64| 0.58| 0.48| 0, 51
August ...| 0.44 0.81) 0.71] 0.43] 0.59] 0.65] 0.58] 0.68] 0.95) 0.72] 0.48) 0.89] 0.75| 0,72
September.| 0.66| 0.58( 0.59) 0. 64 0.59 0.85] 0.65 0.88( 0.66} 0.57} 0.67| 0.69) 1.21| 0.80
October...! 0.65 0.63] 0.79( 0.59 0.73| 0.68) 0.68| 0.88 0.70| 0.82| 0.54; 0.90| 0.76| 0.66
November.| 0.84] 0.77) 0.65( 0.83] 0,70/ 0.71| 0.75| 0.96] 0.79] 0.65[ 0,67 0.74] 0.71| 0,74
December.| 0,96 1.32| 2.74] 1.18) 1.06| 0.99] 1.14] 1.14] 1.50} 3. 18, 1.51| 1.07| 1.00{ 1.16

Above Alhajuela, five years, Alhajuela-Gamboa, five years,
January . . 1,90 1.45) 4.76] 0.94] 6.80] 1.89|..... 0. 53} 0.46) 1. 14 0. 54{10. 20| 1.14
February .. 0.67)13.42] 4. 43| 8.75{14. 24|  2.63[..... 0.21] * * [ 9.94 1,87, 0.79
March....|..... 2,35 3.23) 0.95] 2. 15| 2.686] 2.06..... 0.72| * * [0.79 4. 97‘ 0. 86
April . .| 8.32| 0.81] 0.80] 1,17 1.80 1.27 ..., 1.64) * * | 0.13 2.61 0.33
May .. L 0.51) 0.43) 0.51]..... 0.4 0.46..... 0.25 * |0.14 ....[.0.16 0.15
June 10,991 0,371 6,521 0.95 0.631  0.631. ... 0.361 0.23| 0.28! 0.79/ 0,190 0.33
July .. .| 0.41] 0.43| 0.79] 0.52) 0.82] 0.52.,... 0.50} 0.62 0.22] 0.81 0,10| 0.44
August L00.95) 0.74) 0.58) 1,104 0.76]  0.79|..... 0.80| 0.67| 0.22 (.47, 0.72] 0,56
September .| 0.68 0.57| 0.74 0.76] 0.9%  0.73|..... 0.62| 0,60/ 0.50| 0.50| 1.85 0.76
Qctober. .. L 0.71) 0.78) 0.57| 0.91| 0.76] 0.74..... 0.59| 0.91| 0.46| 0.88] 0.72] 0.71
November. 081 0.62) 081 0.70] 0.77) 0.69. ... 0.72) 0.78 0.84] 0.92( 0.49( 0.74
December.l... .. 1.49) 3.13] 2.13| 1.00] 1.08] 1.44f. ... 1.51| 3.57| 0.16| 0.93 0.79( 0.83
‘ _ 1
Gamboa-Bohio, six years. General average of the five basins.

January .. 2,26| 0. 48] 2,15 1,55 * 1. 1.38
February .| 1. 1.04] 3.27| 1.40| 3,96 2,49 1,5 1,94
March....| 2 0.07| 1 0.8 0. 44 * 0. 1.20
April 0.02) 0 0.36) 0.28 * 0.15 0.51
May 0 0.070 018 0,181, .. * 0. 0.30
June ... 0.18] 0.25] 0. 0.34| 0.21| 0,17 0.: 0. 44
July o] 0040 0.38) 0. 0.31] 0.03) 0.27] 0. 3¢ 0.47
August .. .| 0.18 0.57| 0 0.35) 0.23 0. 44 0. 0. 59
September | 0.34) 0.42] 0. 0.59] 0.41] 0.35] 0. 0. 69
October...| 0.40] 0.52 0 0.68 0,47 0.55 0. 0. 67
November.| 0.65 0.73( 0. 1.11§ 0.63| 0.71 0. 78 0.74
December.! 0. 59 0. 99/ 2, n:'.l 0. 7:':\ 1,00/ 0. 95 0.6 1.14

*No outHow from hz;iu, reduuiugitar;itrio i(l zero.ﬁ
mum in February; begins to increase rapidly in April, when the
sun is passing the zenith, moving northward; experiences a
slight reduction in June, when at the summer solstice the north-
ern limit is reached; passes a first maximum in July or August,
about the time of the second zenith passage; and, finally, after
a slight reduction in September, when the ascending current
of air moves southward from the Isthmus, attains the maximum
for the year in November, when the sun is lingering near the
winter solstice and the moisture-laden winds from the Gulf of
Mexico are sweeping over the Isthmus. The outflow curve on
fig. 6 demonstrates that this annual sequence is by no means
reproduced in the outflow from the basin of the Chagres. The
minimum for the year occurs in February or March, and the
volume steadily increases until November, with only a slight
augmentation to mark the July-August epoch. The explana-
tion of this clearly-defined difference between the two curves
must be sought in the ground-water flow revealed by a study
of the monthly ratios between downfall and drainage, as will
appear below.

Before leaving this important Table 6, it is well to note that
the annual average rainfall in the three subbasins shows a
maximum of 114.54 inches in the lower, a next larger figure
of 111.91 inches in the upper, and a minimum of 98.08 inches
in the middle or Alhajuela-GGamboa division. Such differences
are naturally to be expected from their geographical positions
relative to the Atlantic coast and the well-known reduction in
rainfall as the Pacific is approached; but on comparing the
corresponding outflow, another variation is apparent. The
three values of the outflow corresponding to the above rainfall
are, respectively, 4.88 inch-miles, 7.46 inch-miles, and 4.73 inch-
miles. This matter will also be considered below.

The ratio between downfall and drainage will now be studied
in detail. Except during the dry season, when ground water
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F1g. 5.—Basin between Gamboa and Bohio, six years.

Fias. 1-5.—~Hydrology of the basin of the Chagres at Alhajuela,
Gamboa, and Bohio. Annual variation in average tempera-
ture, rainfall, outflow, and ratio between the two latter. The
radius of the circle indicates 30° C. of temperature; 500 milli-
meters of rainfall; 250 cubie meters per second of outflow and
a ratio of unity hetween the rainfall and outflow, both expressed
in cubic meters. The figures here plotted are as follows: Tem-
peratures, from Table 4, column 4; rainfall, from Table 1,
column of means; outflow, from Table 2, column of means;
ratio, from Table 5, column of means.
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TABLE 6.— Average rainfall and outflow in the Valley of the Chagres.
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month, affords the best basis for a general discussion of this

) element. A curve representing the final mean has been added
Basin ahove Bohio, 700 square miles. to fig. 6, with dots to show the corresponding values for the
L ) Rainfall s entire basin above Bohio, as given in Table 5. This curve,
Month.  Outflow in foot-seconds.| Outflow in inch-miles. inches. £  which is well worthy of study, demonstrates that the same
14 |5 6 14 vrs. | 5vears.| 6 years g  conclusions result whether one or all five divisions of the
. [ Years. ars, . . ars. .
Syears|Gyears,| 14 yrs. | fyears. 6ye YRy ¥ Z  valley are considered.
January ........ 4061 | g7 4060 | 660 TI3| 60| S8 B78| 1206 BB
S e 50| 1,5 : 2.00 | 2.3 . . . 3; §
11\:11};2%3.?.. l’gég 1’933 936 | 143 1.50| 1.63| 1.37| 1.34| 124 & Eaim. Feb. Mar. Apr May June July Aug. Sept. Oct. Nov: Dec. Jan.
April .. 1,020 | 1,183 | 1,301 | 1.63| 1.89| a22| 267 9295 0.6 i
May . 1,906 | 2,034 | 3,98 | 314 .835| 6.66| 1069 | 10.47 | 0.32 :
Jude, 2,003 | 2977 | 4,001 | 463 | 474| 63| 1051 | 1063 0.4 sl !
July ... 3,070 | 4307 | 5484 | 655 724, 904! 1403] 1551 0.46 oL :
August ... 4,331 4909 | 6160 | 795 #08| 10,15 | 1287 | 14.21| 0.5 - » STt
September . 4877 | 4,602 | 5,860 | 7.77 | 7.33| w34| (218| 11.45| 0.65 ole 7 2 !
October.... .. 5961 | 5802 | 7,028 | 9.82 | 9.56| 11.58 | I14.63 | 14.21 | 0.68 y AN, st =
November .... | 8032 | 8000 | 892 | 1279 | 12.76 | 1870 | 17.57 | 17.01 | 0.75 ol F N 1
December.. .. .. 508 | 4,717 | 7,445 | 8.38| 7.77| 12.26| 726 6.92| L14 e 7- S8 i
Year.. . ’ 3,742 8,774 | 4,712 TLE&3| TR.44| 0180 ‘ 110,97 | 111,54 ‘ ...... 2|n / A
i — 2.010 \f\'pﬁ ﬁ‘\;
I Basin ahove Gamhoa, 450 square miles. 8l // AN /,(;’ 1
N 7T\, 3
I FAK-d 7 AY i - 4 /) < S
January ........ 2,657 670 | 7.48| 6.80| 3.80| 3.90| 191 P \\ / <f: -
February . ... Lms| o238 23| 26 Lot| 0.81) 269 i 1 B L
8421 1.8 201 | 2016| 1.09 . ¢ ; 1 7 I - T
ﬁf;\l-‘iclh 1,215 234 2.1 3.0l 2,46 [ 2.56 | 1.06 sol & 3‘-7 AN Lt off Normal atm;._‘fo‘.,{“ —
May ... ... D013 | 428 L6101 746 | 10004 ] 1063 | 0,43 x - Z —Z
June. .. 1110 2007 | 581 5.93| 7.21| 1042 10.43 | 0.57 ol e A/ > —
Tuly 308 | 7.52| &08| 9.76| 1490 1579 | 051 SN AV Z Yt
August 3,971 9,75 | 9.86| 10.17 | 12.54| 18.07 [ 0.72 _— —X = Z
September . 3757 | .69 82| 033| .08 10.35| 0.80 o e N =
October. ... 4304 | 9.85| 10.02 | 1104 | 1618 1516 | 0.66 o
November ...... 5082 | 12.40 | 1248 | 1262 | 17.60| 16.8% | 0.7 2z >
December....... 4,873 | 9.06| 858, 1240| Tor| ced| 116 oo 3
Year........ 3,130 | $0.66 | 8190 9430 | 109.05 | 107.44 |...... . .
i i i i w Fic. 6.—Hydrology of the basin of the Chagres River above Bohio.
o ) S o mil The three curves of mean monthly rainfall, outflow, and ground water
Lower subhasin {(iambaa-Bohio), 250 square miles, are drawn to the scale of inches on the left-hand side, and accord with
- T ’ ’ ‘ ‘ the data given in Tabhle 7. .The heavy curve, showing the ratio he-
January ........ 1,450 | 1,430 | 1,408 6. 69 6.60 1 8,49 6.401 6.61 ) 1.00 tween the general average rainfall and drainage for the five basins for
February |30l s als) 162 ‘1)- R -8 I A B the six years is plotted according to the scale of ratios on the left-hand
Xﬁ;ﬁh_"j'_ 1?? }:f; 76| 35| o8| o078 298| 335 0.15 side, and accords with the general average given in Table 5.
May .. 236 283 | 1,073 1008 | 1.07| 4'en| 10.20| 1015 o011 . . . ]
June. .. PO3 T R Duad 247 200 4800 10.50 10.841 0.4 Bearing in mind that the maximum normal value of the
1 243 | 1,67 82| AT 7.7 2, .82 | 0.3 o . ) . . X
ﬂlgyust o 11835 124 2| 473| 5 79 | 10, 10 12,56 | 15.35 | 0.3 ratio is unity, corresponding to the hypothetical case that the
oo VO Tha| 33| Gl a0l 23| 3| LS| 03 entire rainfall of each month flows off during that month in
Novembe 031 | 267 | 5,510 | 151 | 1223 ] 15.63| 1684 | 17.09| 0.7 the channel of the river, it is at once apparent that ground
Y 5 2,572 . . 52 R ) . 92 L 9 . R h
Decomber.. Lo i - water plays a most important part in the regimen of the
Year........ 1,072 1,074’ 1,582 | 58,40 | 58.53 | 86.42 | J0R.41 | 11454 |...... Chagres. The soil of the valley must act like & vast sponge
~ and radically modify the rate of flow: In May, just after the
. . y s . o N 3 . . .. ¢
Middle subbasin (Gamboa-Alhajuela), 130 square miles, end of the dl‘y season, the ratio has its minimum value, about
— R i 0.3, the soil then being probably nearly or quite drained of
Syears|Tyears| I4yrs. Syears Tyears | Iyre. Syears fyears|Ratio  i4o pegerves. From this date the ratio continues gradually
N aasl asl | s and steadily to increase, indicating a larger and larger volume
%’Z‘ﬁlrls?r'y'ﬁ """ 5 0.74 | 1.07| o 94 of ground water escaping to the stream until, in November,
March ... B o8 L) re when the outflow reaches its maximum, exceeding 12 inch-
Tl .. AR . . . B
May ... 177 Lor) 67 10.63 miles per month, the ratio becomes about 0.75. Then follows
Ty 607 2300 61 12.36 the dry season, when the rainfall soon becomes only about 1
August . 148 Sol sl 1.8 inch-mile per month, but the ratio continues to rapidly in-
embper i o] LD | . . N : y 1
Ougober ... 1,081 9.59 ggi }:g;i crease to a maximum, in February, of about two units, indi-
Devambearrol b3 Wl Al 5,04 cating that the flow is then maintained almost wholly by
¥ a1 | 6i 56,73 | 67,21 98,03 ground water. From this maximum the ratio rapidly falls to
ear........| o4l | b2l |........ . P-s B PR LTS Y R . . . A
| the minimum, in May, by reason of the gradual failure of the
Upper subbasin (above Alhajuela), 320 square miles, ground—water sul_)].)l.Y‘ Inc‘ld_entally, it ma‘y be remarked that
nature thus provides an efficient and precious reserve to meet,
January 2 225 ) in part, the needs of the canal. This matter is so important
February 'gg)g . that it merits an analysis in figures.
i 833 X The first step is to form an estimate as to what is the normal
Moy - Las > ratio between downfall and drainage when there is no flow of
July ... §3ﬁ B ground water. Table 5 presents 23 independent determina-
g;;)%:::b.er 529 : tions of this ratio for the minimum month (May), giving an
Qetober . 2,917 1001 average value of 0.30, with a probable error of 0.03. Ag this
December.. .. | 2981 10, value is not inconsistent with what investigations upon other
Year........ 2,101 } 59, 51 streams of similar size and character of catchment basin would

gives fictitious values exceeding‘unity, the monthly curves in
the five basins are so nearly parallel that the grand mean given
in Table 5, exhibiting the average variations from month to

suggest, it will be adopted for the Chagres. While nothing
is better established than that this ratio is subject to consid-
erable variations, even in the same district, dependent upon
whether the rainfall is gradual or comes in violent downpours
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and upon other causes, it may be hoped that in this case
observations have been continued for a period long enough
to effect mutual cancelation among the variable elements to
an extent sufficient to justify general conclusions from the
following computations. Nothing more is claimed for them.
Uporn the assumption then that in the Valley of the Chagres
the normal value of the ratio between downfall and drainage,
when there is no flow of ground water, is 0.30, the portion of
each monthly outflow attributable to direct rainfall may be
computed, since it is the product of the measured monthly
outflow by the quotient obtained by dividing 0.30 by the ob-
served value of the ratio for the corresponding month. The
difference between such outfow and that directly measured
will represent the volume attributable to ground water. The
following table exhibits the results of such a computation
applied to the mean outflow past Bohio during the six years
recorded in Table 6. If 0.3 should be considered too small a
value for the normal ratio when no ground water is flowing,
it should be borne in mind that the only effect of an increase
would be to reduce the estimated volume of the latter without
effecting the essential fact that it constitutes a real and very
important element in the regimen of the Chagres. For ex-
ample, if the normal ratio be assumed as 0.5, which is probably
excessive for this heavily wooded region, the computed volume
of ground water in November, the maximum month, will only
fall from 4800 cubic feet per second to 2666 cubic feet, and
the corresponding volume of direct tflow will only increase
from 3200 cubic feet to 5334 cubic feet. Such a change has
no important bearing upon the fundamental fact of the real
flow.
TABLE 7.—Means for six years in the basin above Bohio, 700 square miles,

Outflow due direct | Outfow due gronnd

Measured outtlow. rainfall. water.
Month. Rainfall. |— -—F—- — — -
I‘0ut— Tnch- Foot- Inch- Foot- Inch-
\ecuuds miles. | seconds. miles, | seconds. miles.
Inches,
January 5.78 713 170 3,207 5.43
February. 1.06 2,04 .27 1, 246 1,82
March.......... 134 1.50 0. 36 386 1.14
April ... 2.95 1. 89 0.37 952 1.52
May ... .. 10. 47 3.35 3.14 127 0.21
June. 10.63 4. 74 3,24 945 1. 50
July . 15. 51 7.4 4.72 1,524 2,52
August 14. 21 8,08 | 4. 18 [ 2369 3,490
September i 11,45 7.33 2.38 | 2,478 3.95
Getober.......... 14.21 9. 66 3.16 3,301 6. 40
November ....... 17.01 12. 76 510 4, 800 7. 86
Trecember........ 6.92 7.7 2. 05 3,476 5.72
Year........... 111. 54 3,774 ‘ 73. 44 ‘ 31.67 2,117 4177
!

On fig. 6 will be found a curve showing from month to month
the volume attributed to ground flow as contained in Table 7
It is reasonable to suppose that the gradual and progressive
filling and emptying of the subterranean reservoir, as rainy
and dry seasons succeed each other, should cause a gradual
progressive flow of ground water of like character, and this
the curve certainly indicates. It may, therefore, be fairly
claimed that it offers intrinsic evidence of its appronmate
aceuracy. A comparison of dates shows that the rainfall dur-
ing these six years attained its maximum in November and its
minimum in Februaly, and that the corresponding values of
the ratio between downfall and drainage (Table 5) occurred
respectively in February and May, or three months later in
each case. Furthermore, the rate of increase of this ratio from
month to month is less rapid at first than later, as would nat-
urally be expected to result from the prolonged dry season
during which the accumulated supply is slowly finding its way
to the river bed. These facts perhaps snggest that the aver-
age rate of flow through the earth may be such as to require
about three months to attain the river.

Finally the results of the analysis certainly demonstrate
how groundless are the apprehensions that serious leakages
may occur in the artificial lakes which form a part of the
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project. Manifestly, if important drains other than the bed
of the river existed no such normal flow of ground water
throughout the entire region is conceivable. The opinions
of the geologists of the company are amply confirmed.

That a moderate percolation exists through the lower part
of the tertiary deposit that fills the ancient gorge at and
above Bohio is well known, and it is not without interest to con-
sider what light this analysis throws upon its importance.
Table 6 supplies the data. By regarding ounly the annual
means, all complications resultmcr from ground water are
eliminated, and as outflow per ineh-mile and rainfall in inches
are directly comparable conclusions may be formed from a
simple inspection of the figures, which are here repeated for
convenience of reference.

Annual outflow, inch-miles. | Annual rainfall,

Locality. I —
5 years. | years. |14 years.| 5 years. ‘ 6 years.
I
| .
Above Bohio ... .o ool 2.83 ! 73,44 91. 86 110. 97 111, 54
Abave Gamboa. ... ko \ g 109.05 | 107,44
Lower subbasiu . 58, 40 108. 41 114. 54
Middle subhasin 56.73 ... 98.08 |..........
Upper subbasin ............. 89.51 ... 1191 .ol
i

‘While it is to be regretted that the observations at Alha-
juela were not begun gooner, this evidence is sufficient to jus-
tify the belief that the largest rainfall and the largest outflow
per square mile occur in the upper subbasin which nearly
approaches the Atlantic coast. In the middle subbasin they
appear to be the least, as might be expected since itis the one
most remote from this rainy coast. But the lower subbasin,
although receiving about the same rainfall as the genelal
average th1oufrhout the entire basin, and more than that above
(Tamboa hag a less outflow per square mile than either. The
latter district is the better standard of comparison, since the
deficiency of outflow in the lower subbasin affects the average
for the entire basin, while the average above Gamboa is not
thus reduced, and the slight excess there, in recorded rainfall,
indicates that the normal outtlow of the lower subbasin should
be at least equal. But the 5-year column of the table indi-
cates an annual deficiency in outflow of about 22 inch-miles;
the 6-year column, one of about 23 inch-miles, and the 14-year
column (for which there are no corresponding rainfall data)
one of about 8 inch-miles. The area of the lower subbasin
being 250 square miles, these figures respectively correspond
to discharges per second of 413 cubic feet, 432 cubic feet, and
195 cubic feet, which appear to be attributable to percolation
through the bed of gravel underlying the present bed of the
river ‘Lt Bohio. While admittedly of questionable numerical
accuracy, these figures are not ‘tl{umlng’ They correspond to
pe1cola,t10uf-; of 0.06 and 0.02 inch in twenty-four hours, and
the International Commission of Engineers advisory to the
New Panama Canal Company estimated 0.24 inch as the prob-
able percolation from the artiticial lakes. Still it must not be
forgotten that the flow will be increased under the increased
head due to the artificial lake, and in my judgment this new
data confirms the belief that the level of Lake Bohio should
not be raised to the height demanded by the single lake
project, and that reserves for the low-water needs of the canal
should be stored in an upper lake above Alhajuela, where they
will certainly be secured against leakage.

It remains to consider the general problem of what becomes
of the rain that falls on the catchment basin of the Chagres,
or, in other words, to estimate the volume of the residue after
allowance has been made for direct and ground-water flow.
This residue is usually classed as evaporation, although it
really represents not only evaporation, properly so called, but
also water absorbed by plants, much of which is ultimately
returned as vapor to the atmosphere, and that part of infil-
trated water which penetrates deeply into the earth and is
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there consumed in the chemical changes in progress. The
data available are insufficient to render it possible to differen-
tiate between these three kinds of loss.

Table 7 is in a form to facilitate this study, and from it are
extracted most of the items in the following table, which rep-
resents the entire catchment basin above Bohio during the six
years for which complete data are available. The residue
found by subtracting direct flow and ground water from rain-
fall is denominated evaporation, which is classed as negative
when the rainfall becomes less than the outflow, by reason of
ground water.

TABLE 8.—Disposition of rainfall in the Valley of the Chagres.
Outflow, in inch-miles. Evaporation.
Month., Rainfall. ‘
. oy oo
Direct. (’;::1"[';;_(1 Inich-miles, | lfii‘ﬁﬁtuf'r
Inches.

January........o.ooiiiiioen. 5.78 1.7 5.43 Negative, |............

February ..........coeeenuns 1.08 0.27 1.82 | Negative,

1.34 0. 36 1.14 | Negative.
2,95 0.37 1.52 1 06 a6
10. 47 3.4 0.21 7.12 6%
10. 63 5.4 1.50 5. 89 i)
y 15. 51 4.72 2,52 827 53
August......cooiiiiennniaas 14.21 4,18 3. 90 6.13 43
September ............... .. 11. 45 3.38 3.05 412 56

October «...coooovviiiiiiins, 14.21 3. 16 4. 40 4. 65 3

November................... 17.01 5.10 7. 66 1.25 25
December ................... 6,92 2.05 5.72 Negative. |............
Year ..o.ooviiiuiaiatn J 111. 54 ‘ 31.67 | 41.77 | 38.10 34

It is to be noted that the monthlv estuna,tes fo1 eV‘tpOI“ttlon
in Table 8 are subject to the criticism that the ground-water
flow due to rain falling in previous months is included in the
computations for each month, and must vitiate the results.
If the rate of flow through the ground were definitely known
this error could be corrected, but this is a refinement too un-
certain to be attempted. The steady decrease in the percent-
age column from month to month in the rainy season is doubt-
less due to this cause, and the value for June and July, when
there is little ground water, is, say, about 55 per cent, which is
probably quite closely the average for the entire rainy season.
The average value for the year, 34 per cent of the rainfall, is
not vitiated by ground water, as it represents a complete cycle,
and its small figure is due to the absence of surface water to
be evaporated in the dry season. The reduced humidity then
observed confirms this view.

It would appear, therefore, from this study of the rainfall
above Bohio, that the annual loss by evaporation (as above de-
fined) averages 3.18 inch-miles per month, corresponding to a
flow from the entire 700 square miles of 1995 cubic feet per
gecond, to compare with 1657 cubic feet of direct flow and
2117 cubic feet of ground-water low. In other words, of the
entire rainfall about one-third disappears, another third flows
off directly by the channel of the Chagres, and the remainring
third, after a retardation of perhaps three months by its pas-
sage through the soil, ultimately reaches the bed of the river
as ground water.

Furthermore, the 3.18 inches lost monthly by evaporation
correspond to a daily loss of 0.11 inch; and as this applies
to the general surface of the country, not to water surfaces
directly exposed to the atmosphere, it iy in good accord with
the measurements above quoted made by the Isthmian Canal
Commission in Nicaragua where the climatic conditions are
quite similar. Such figures certainly show that the high hu-
midity observed on the Isthmus is easily explained, notwith-
standing the large capacity for moisture in air of such high
temperature.

To enable a comparison to he made between these results
and those noted in more temperate regions, advantage is taken
of the summary for 12 American streams given in the able
paper on the “Relation of rainfall to run-off,” by George W.
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Rafter, which forms «“ Water supply and irrigation paper,” No.
80, of the United States Geological Survey, 1903. The avail-
able data respecting these streams were not sufficient to per-
mit a quantitative estimate of the ground-water flow, but Mr.
Rafter in his general summary of the subject states the fol-
lowing conclusions, which are amply confirmed by the Chagres
records: “When rainfall is below the mean for several months
ground water may be expected to become continuously lower,
with the result that the flow of streams will be less.” And,
“The ground water must be taken into account in order to
understand all the peculiarities of flow. A very important
effect of forests is in increasing the ground-water flow.” The
following table is abstracted from that on page 99 of Mr.
Rafter's paper, the unit being inches per square mile of the
basin. The figures for the Chagres are repeated for conve-
nience of comparison.

TABLE 9.—Average annual rainfall, outflow, and evaporation in the catch-
ment basin.

o < Yearsob-| Catchment " Evapora-
Streams, | serverl. areq. Ruinfall. } Outflow, ti(I))n,
Sg. miles, Tnckes. Inckes, | Inches,

Muskigum River 8 3,825, 0 39.7 13.1 26.6
Genessee River..... . 9 40.3 14.2 26.1
Croton River....... . 23 49,4 22.8 26.6
Lake Cochituate.. ... oo oinn a8 47.1 20.3 26.8
Sudbury River............ ....... 26 48,1 22.6 28.5
Mystic Lake........ . 18 441 20,0 241
Neshaminy Creek 16 47.6 23.1 245
Perkiomen Creek 16 43,0 23.6 24,4
Tohickon Creek .. 15 50.1 28,4 21.7
Hudson River...... . 11 44.2 23.3 20.9
Pequannock River...... ... ..., 9 46, 8 26.8 20.0
Connecticut River ... 11 43.0 22,0 210
Chagres above Bohio L oooooooaoil [ 111.5 73.4 33.1

In 1ound numbels the1efo1e 1t appears that the valley of
this tropieal river has about 2.5 times the rainfall, about 3.3
times the outflow, and about 1.5 times the evaporation char-
acteristic of the northeastern portion of the United States, and
that ground water probably plays a much more important
part in the regimen of the stream.

Now that the Panama Canal is about to pass under the con-
trol of the United States it is proper to state that to the wise
forethought of Monsieur Maurice Hutin, the Director General,
and of Monsieur Louis Choron, the Director of Investigations
and of Construction, is due the credit for the exceptionally
complete system of observations which renders possible a close
study of every element involved in the preparation of the final
plans for the completion of the canal. Such data is of vital
importance, and could only have been secured by long years
of labor.
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