Observations on the Phosphate~Content and

Hydrogen-lon Concentration of the North Sea,

the Southern Entrance to the Norwegian Sea,
and the Water South of Iceland.

By
H. R. Seiwell.

1. Introduction.

he phosphate and hydrogen-ion analyses on which the principal

part of this paper is based were made by the author on board the
yacht Carnegie while en route from Hamburg, Germany, to Reykjavik,
Iceland, July 1928.

The material has been placed at the disposal of the author by Mr. Joun
A. FLEMING, Acting Director, Department of Terrestrial Magnetism,
Carnegie Institution of Washington.

Appreciation is expressed to Captain J. P. AuLt, Commander of the
Carnegie, and his navigating assistants for determining the positions
of the observing stations, as well as to other members of the scientific
staff of the Carnegie who gave assistance to the author in various
ways.

2. Positions of Observing Stations.
(Plate L)

The North Sea stations (July 8th to 11th, 1928) extended in an almost
straight line from near the mouth of the Elbe River, station 1, to the
vicinity of the Shetland Islands, station 15.

Stations 16 to 22 (July 11th and 12th) were on an almost direct line
stretching between the northeast extremities of the Shetland and Faero
Islands, thus crossing the eastern part of the Faero—Shetland Channel.
Of this latter group of stations No. 17 was over the steep southeast
bank of the Channel; Nos. 18 and 19 were over the deepest part of the
Channel; and No. 20 was over the steep northeast bank.
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Stations 24 to 29 (July 13th and 14th) were located over the Faero—
Iceland Ridge. At station 26 observations extended from surface to
bottom.

Stations 30 to 37 (July 15th to 19th) were located at distances varying
from fifteen to seventy-five miles off the south coast of Iceland, the
average was about forty miles. The depth of water ranged from 150 meters
close inshore to 2,000 meters farthest from the coast. At station 31 a
vertical series of observations was obtained from surface to bottom.

The bathymetric positions of the stations have been determined both
from HerLanp-Hanxsex and NansenN’s bathymetric chart of the Nor-
wegian Sea (1, plate I), and from soundings taken by the Carnegie (2).

k-

Ll

Plate I — Observing stations of the Carnegie between Hamburg, Germany and
Reykjavik, lceland, and other stations mentioned in this paper.
Inset — Surface phosphate-content, pH, and depth at »Carnegie« stations,
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3. Phosphate in the Surface-Water of the North Sea,
July 8th to 11th, 1928.

Al phosphate estimations were made by means of the coeruleo-
molybdate colorimetric method of DENiGES (3), using Nessler color com-
parison tubes more than 100 centimeters long, the bottoms of which
had been replaced by colorless polished glass dises.

Stations 1 to 11, inclusive, have been considered as being in the
main part of the North Sea. Reference to plate I will indicate that the
surface-waters of this area were almost exhausted of phosphate, and
with the exception of station 1, which may have a higher surface-content
because of proximity to the mouth of the Elbe River, the P,0; content
ranged from 0.6 to 3.1 milligrams per cubic meter. Near the north center
of the North Sea (stations 7, 8, and 9) the surface-water had practically
reached a state of complete phosphate exhaustion.

This low phosphate-content of the surface-water is in accordance
with the results obtained two to three weeks earlier in the season by the
author while working in the southern part of the North Sea. The average
P,0; content of the surface-water for a mean latitude of 52°34’ North
was then found to be 3.44 milligrams .per cubic meter (4).

ATkINs, from the results of investigations in the North Sea has
concluded that the seasonal changes in the phosphate of the water were
very similar to those taking place in the English Channel, the minimum
values occurring in July and early August. The almost complete utilization
of phosphate from surface to bottom is indicated by analyses on July 8th,
1922, near the center of the North Sea, when ATKINS recqrded 3 milli-
grams per cubic meter of P,0; for the surface water and 5 milligrams
per cubic meter for the bottom water at a depth of fifty meters (3).

In the deep water off Norway, however, ATKINS has pointed out
that an analysis of the water on August 30th, 1924, latitude 57°51’ North
longitude 6°39" East (station Al on chart, plate I) indicates that the
deeper layers have not been denuded of phosphate as those of the same
depth have at station E1 in the English Channel. This he assumes to
be due to the fact that there is less mixing of the epithalassa with the
hypothalassa (3).

In summarizing the temperature-observations of the North Sea,
Kn~upsen and GEHRKE (5) have shown that in summer the region north
of Dogger Bank (about latitude 54° North), depth considerably less
than one hundred meters, there is an average temperature-difference
surface to bottom of 7° to 8°. To the south of Dogger Bank the water
column has at all times of the year nearly the same temperature surface
to bottom.
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As most of our observations were north of Dogger Bank, the surface
values obtained do not necessarily give any indication of the amount
of phosphate present in the deeper layers for photosynthetic activity,
as surface observations would in the water to the south of Dogger Bank.
However, as the depth of water in the North Sea is generally less than
one hundred meters, we should expect in summer to find the phosphate
to be more or less utilized throughout the whole column. In the deeper
water of Norway, where the depth may extend below the limits of plant
activity, and where the surface-layers are warmer than they are in the
center of the sea, there is considerably more resistance to vertical mixing
and phosphate may then accumulate in the deeper layers.

The phosphate-content of the surface-water lying between stations 11
and 15, near the Shetland Islands, increased to 5—6 milligrams P,0;
per cubic meter. This enrichment may be the result of an influx of richer
Atlantic water flowing to the south of the Shetlands.

4. Phosphate in the Surface-Water lying between the Faero
and Shetland Islands, July 11th and 12th, 1928.

Perhaps the most striking thing about the surface phosphate-values
(plate I) obtained for this series of stations is the enormous quantities
recorded at stations 19 and 20 (32.8 and 33.8 mg/m3 P,0;). The surface
phosphate-content increased continuously from station 15 (5.8 mg/m?)
south of the Shetland Islands, to reach its maximum at station 20, and
then to drop sharply again at stations 21 (6.5 mg/m?) and 22 (4.9 mg/m?3)
on the Faero Bank.

Thus, the phosphate-content of the surface-water between the Shet-
land and Faero Islands was greatest at the east central and northeast
part of the Faero-Shetland Channel.

The hydrographical observations of HELLAND-HansEN and NaNSEN (1)
in this region have shown that the main part of the Norwegian Atlantic
Current enters the southern part of the Faero-Shetland Channel, and
running toward the northeast or to some extent east, it generally keeps
close to the Shetland Bank. A smaller volume of water enters the northern
part of the Channel and running towards the south or southeast it joins
the main body of the current.

Between the Shetland and Faero Islands it has been shown (6) that
the surface-water is largely Atlantic water while the bottom-water is
Norwegian Sea water. Between the Atlantic water and bottom-water
there exists an intermediate layer formed by the mixing of Atlantic
water with bottom-water and water introduced from the East Icelandic
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Arctic Current. The characteristic mixings of the layers are met with
especially in the shallower parts of the area in question, out to a depth
of 200 meters, but also out in the middle of the channel there is a zone
where mixing is very pronounced owing to eddy formation in connection
with the strong currents. '

HeLLanp-HANSEN and NANseN (1) have pointed out that the Arctic
water is brought by the East Iceland Arctic Current along the northern
slope of the Faero-Iceland Ridge into contact with the Atlantic Current
already in the northern mouth of the Faero-Shetland Channel. By
numerous great and small horizontal vortices (with vertical axes) formed
during the northward course of the Atlantic Current, its waters are
continually more and more intermixed with those of the Arctic Current.
A study of temperature- and salinity-sections across the Channel shows
the occurrence of numerous vertical vortex movements (with horizontal
axes) which cause a considerable intermixture with underlying bottom-
water, and a similar intermixture with underlying bottom-water is also
produced by horizontal vortex movements.

It thus appears as if the very high phosphate-content of the surface-
water in the Faero-Shetland Channel might be due principally to the
mixing of surface with deeper rich phosphate water resulting from the
vertical and horizontal vortex movements of the water. For purposes
of illustration HELLAND-HANSEN and NanseN’s chart of circulation of
the Norwegian Sea (1, fig. 2, page 9) is helpful.

In this same season, July 6th, 1925, ATkiNs (7) recorded values of
30 and 23 milligrams P,0; per cubic meter for the surface-water at
two stations in the Faero-Shetland Channel (stations A2 and A3, plate I).
Also on August 5th, 1924, this same author (3) recorded a value of 74
milligrams P,0; per cubic meter for the surface-water to the north of
Scotland (station A4, plate I). The accuracy of these analyses of ATKINS
may be somewhat impaired due to storage of the samples for several
weeks before analyses, but the magnitude of the results lend evidence
that high surface phosphate-content as well as perhaps other nutrient
materials may prevail in the surface~-waters of the Faero-Shetland Chan-
nel throughout the summer months.

5. Phosphate in the Surface-Water over the Faero-Iceland Ridge,
July 13th and 14th, 1928.

Stations 24 to 29 were over the Faero-Iceland Ridge stretching be-

tween the Faero Islands and Iceland, and forming a fairly level plateau

at depths ranging between 400 and 500 meters. Some parts of the ridge
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rise above 400 meters and near the Faero Islands the depths are fre-
quently greater than 500 meters.

The opening between the Faero Islands and Iceland, like the Faero-
Shetland Channel, forms one of the gateways through which the Atlantic
Current streams into the Norwegian Sea. The conditions existing on
each side of the ridge are sharply contrasted, to the south the salinities
and temperatures being very high as compared with conditions north
of the ridge. A sharp boundary between warm salt Atlantic water and
colder more diluted waters moving southwards along the eastern coast
of Iceland is always found near Vestre Horn.

Vertical mixing, no doubt, occurs on the ridge owing to eddy formation
resulting from the currents and enriches the surface-layers with nutrient
materials brought up from the deeper water. The phosphate-content of
the water over the ridge (stations 24 to 29) ranged from 3.8 to 25 milli-
grams per cubic meter, higher values were recorded over the central
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Plate II — A, vertical distribution of phosphate, pH, and temperature at station
26 (Carnegie station 7); and B, vertical distribution of phosphate, pH,
and temperature at station 31 (Carnegie station 8).

and northern part of the ridge. The average phosphate-content of the
surface-water over the ridge (12.3 mg/m® P,0;) was about one half of
that recorded for the surface-water of the Faero-Shetland Channel.
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The vertical distribution of the temperature!) and phosphate at
station 26 (Carnegie station 7) near the centre of the ridge is illustrated
in plate I1. The temperature of the upper two hundred meters was almost
uniform, range 8°.92 to 7°.81, below the two hundred meter level the
gradient increased, the temperature decreasing to 0°.31 at 483 meters.
The phosphate in the water mass varied from 25 mg/m?® at the surface
to 48 mg/m?® at 400 meters. In the lower portion of the water column,
between 200 and 400 meters, the phosphate-content was practically
uniform.

At the time of the year our observations were taken, photosynthetic

activity in this locality should be close to its maximum and consequently
the phosphate-content of the layers available for plant activity should
be at a minimum, unless phosphate as well as other manurial substances,
are continually being brought up from the deeper water through cir-
culation of the water mass. The relatively large amount of phosphate
present in the upper 200 meters at station 26 would seem to indicate
that vertical circulation plays an important part in keeping the upper
layers supplied with phosphate.

As an index of the resistance of the water mass to vertical mixing
near the central part of the Faero-Iceland Ridge, we have from the
specific volume calculations of AuLt?) computed the state of the vertical
stability. The stability of the water mass has been computed after the
method suggested by Sanpstrem (8) by determining the number of
isosteric surfaces per ten meters depth, and is graphically illustrated
by a vertical line the thickness of which has been drawn proportionate
to the stability. The state of the vertical at station 26 (Carnegie station 7)
is represented in plate I1I. The water mass tends toward a more or less
uniform stability and nowhere in the vertical column is there a stable
layer developed which would offer a great resistance to vertical stirring.

6. Phosphate in the Surface-Water South of Iceland,
July 15th to 19th, 1928.

The phosphate-content of the surface-water fifteen to seventy five
miles off the south coast of Iceland (stations 30 to 37) ranged 6 to 20
milligrams P,04 per cubic meter; in general the phosphate-content of
the surface-water was highest where the water is deep and farthest
from shore.

1) Temperature observations and calculations by J. P. Aurt, Commander of
yacht Carnegie.
2) Specific volume calculations at Carnegie stations 7, 8, and 9 by J. P. AuLr.

15
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The vertical distribution of phosphate and temperature at station 31
(Carnegie station 8) is graphically represented in plate II. Similar to
station 26 the phosphate-gradient is greatest in the upper 100-meter
layer, the values recorded for the 100-meter level were the same at both
stations. Below 100 meters the phosphate increased to more than 60
milligrams per cubic meter at 550 meters depth and then decreased to
40 milligrams per cubic meter at 1066 meters depth. An apparent dif-
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Plate 111 — Stability of water around Iceland. For positions of indicated
stations see plate I.

ference exists between- stations 26 and 31 in the phosphate-content
below 200 meters. In the former case we have seen it was practically
uniform and in the latter it increased with depth showing the deeper
water to be richer in phosphate.

The vertical temperature-gradient at station 31 is more uniform

20z Idy 60 uo 1senb Aq 821009/ 1 2/2/9/oI0Ne/SWIS801/Wo0" dNo"0lWepEDE//:SdRY WOy PSPEOJUMOQ



221

than at station 26; there is no influx of cold water above 500 meters
as in the latter case where the temperature at 483 meters was almost 0°.

The vertical state of stability at station 31 has been determined by
the same method used for station 26, and is graphically illustrated in
plate III. The most stable part of the vertical ocecurs in the upper 100-
meter layer, in lower levels the stability decreased in linear proportion
to depth. The upper 100-meter layer of station 31 was somewhat more
stable than that layer at station 26, and this difference in stability may
partially account for the difference in the phosphate-content of the
surface-water between station 26 (25 mg/m?3) and station 31 (10 mg/m?3).
The phosphate-content at 100 meters is almost the same at both stations
(40 mg/m?).

As a provisional test of the stability of the water mass to the south
of Iceland, in relation to distance from shore, we have calculated the
specific volume and hence the stability from the temperature- and
salinity-data obtained by the Danish investigators in this region in May
1896 (9). The Danish stations selected for stability computation lay on
a straight line about 100 miles east of stations 32 and 34, extending
from 15 to 110 miles off shore (D stations, plate I). The results are gra-
phically illustrated in plate 111, and indicate that the most stable verticals
at this season of the year exist in the shallower water close to the coast
(station D 56). In the deeper off-shore water (stations D49, D50 and
D53) the water mass was of constant stability.

7. General Conclusions of the Distribution of Phosphate
in the Area Investigated.

It would appear from plate II, as well as the foregoing discussion,
that observations on the phosphate-content of the surface-water do not
always give a true indication of the amount of this material available
for photosynthetic processes. We have seen that at stations 26 and 31,
where the surface phosphate-content was 25 and 10 milligrams per cubic
meter, respectively, that at one hundred meters approximately 40 milli-
grams per cubic meter was recorded for each station. This was also the
case at Carnegie station 9 in the open Atlantic (plate I, station C9)
where 15 milligrams per cubic meter P,0; were recorded for the surface-
water and 41 milligrams per cubic meter for the 100-meter level (10).
Similar results have been obtained by the author in tropical waters of
the North Atlantic, where surface-waters were almost exhausted of
phosphate (3.5 to 5 mg/m® P,0;), yet at one hundred meters there were
quantities ranging from 41 to 90 milligrams P,0; per cubic meter (10).

15%
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Quite obviously, inorganic phosphate, as well as other nutrient
materials, in the off-shore surface-layers depend to a great extent on the
amount of mixing with the rich subjacent layers and the intensity of
this vertical mixing is indicated by the stability of the water. In the
area investigated the factors affecting vertical stability are principally
changes in the density of the water column resulting from temperature
and salinity alterations (principally the former) and eddy formation
resulting from strong currents. Evidence seems to point to vertical
mixing in the Faero-Shetland Channel and on the Faero-Iceland Ridge
as principally the result of smaller vortex movements of the water, while
that in the sea south of Iceland may be principally the result of con-
vection currents resulting from changes in the density of the water.

In the sea south of Iceland it has been shown by Nansewn (11) that
between Rockall Bank and Iceland the density increases in a northerly
direction due to slowly decreased temperature of the surface-water in
the same direction. Cooling of the ocean’s surface results in producing
convection currents in the sea south of Iceland which may extend to
a depth of nearly 800 meters, there being a great uniformity of tem-
perature and salinity in this region between 100 and 800 meters resulting
from this circulation. The effect of vertical circulation in the upper one
hundred meters is less marked in July on account of solar warming.

Solar warming of a surface-layer of variable thickness increases
resistance to vertical circulation and may produce a marked effect on
the phosphate-content of the surface-water. In regions where there is
a sufficiently strong cyclonic vortex motion, the deeper water may be
brought close to the surface and the warm layer may be quite thin,
but in the absence of this vortex motion, the warm stable layer may
extend to various depths, and in the shallow water over the banks the
warm layer may reach from surface to bottom.

The uniform condition of the column of water over the northeast
part of the Faero Bank and the northern part of the Shetland bank
as compared with the deeper water farther off-shore has been illustrated
by Nansen (11, tafel XVI). The water over these banks is of almost
uniform salinity and temperature, while farther off-shore cyclonic vortex
movements bring up colder deeper water closer to the surface. As the
bank-water is shallower than the surrounding water, during summer it
is heated to a higher temperature and becomes lighter than surrounding
water at the same levels. Thus, an interchange of water between it and
the deeper layers is inhibited. As the phosphate is utilized in the water
over the banks in summer and additional material is not forthcoming
from the richer deeper waters to replenish the supply, we should expect
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that it would eventually become greatly reduced or even exhausted
(stations 15, 21, 22, etc.).

On the other hand in the surface-layers of the deeper water, eddy
movements resulting from the velocity of currents produce a mixing of
the surface and subjacent layers which will tend to enrich the surface-
layers with phosphate and other nutrient materials (stations 18, 19,
20, ete.).

In contrast to thé summer conditions of water over the banks, it
has been shown by Nansen (11) that since the layer of bank-water is
thinner than in the deep sea, cooling during the winter must make the
water colder and consequently heavier than in the surrounding deeper
regions. This bank-water, now instead of being warmer than the sur-
rounding water is colder and heavier and it will sink down along the
sides of the bank to a position of equilibrium and be gradually replaced
by water from the sides. The importance of this winter circulation in
restoring the bank-water with phosphate and other nutrient materials
from the deeper layers is evident.

The greater part of the North Sea covered by our investigations was
in practically all cases sufficiently shallow (100 meters or less) so that
photosynthetic activity could extend throughout the whole column of
water. As a result of this it is quite probable that over the greater part
of the shallow North Sea, phosphate is more or less utilized from surface
to bottom during the summer months in spite of the existence of an
appreciable thermocline during this season. This condition is corroborated
by results of ATKINS in the North Sea; exceptions as in the deeper water
off the coast of Norway have been noted.

8. The Method Employed in the Estimation of the
Hydrogen-Ion Concentration.

The hydrogen-ion concentration, reported in terms of the Serensen
unit, pH, was determined colorimetrically by means of a double wedge
comparator such as described by BARNETT and BarnerT (12) and Mo-
BERG (13). The apparatus used in this investigation was carefully checked
at a temperature of 26° against La Motte standardized buffer mixtures
at the beginning of the investigation in Hamburg, Germany, and at
the end in Reykjavik, Iceland. The indicator used was cresol red, and
the results have been corrected for salt-error after RamacE and Mir-
LER (14), these authors give a correction of —0.27 unit of pH to be
applied for salinities lying between 32 and 35 %/,

The pH determinations on surface-samples were always made im-
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mediately after collection of the sample, the temperature of the indicator-
selutions in the wedge being the same temperature as the sample at the
time of collection. For the measurement of pH on samples obtained in
a depth series, as at stations 26 and 31, the temperature of the indicator-
solutions in the wedge as well as that of the samples were all adjusted
to the temperature of the surface-water. The pH-values used in the
discussion have only been corrected for salt-error, other possible correc-
tions are discussed elsewhere.

9. Hydrogen-Ion Concentration of the Region Investigated.

The hydrogen-ion concentration, corrected for salt-error, increased
from pH 7.94 at station 1 in the southern part of the North Sea, near
the mouth of the Elbe River, to pH 8.15 at station 11 in the north central
part of the North Sea. In the vicinity of the Shetland Islands (stations 15,
16 and 17), the pH dropped to 8.06, while in the Faero-Shetland Channel,
the pH was still lower, 8.03, rising to 8.09 in the shallow water over the
Faero bank (station 22).

Over the southern half of the Faero-Iceland Ridge the pH was con-
sistently 8.07, but considerably lower values were encountered over the
northern part of the ridge and in the water to the south east of Iceland
{(pH 7.89 to 7.97). The pH of the water to the southwest of Iceland
ranged 8.09 to 8.13.

In a general way the variation of the surface hydrogen-ion concen-
tration is coincident with the differences in circulation existing in the
region. The most alkaline water was found in the northern parts of the
North Sea, while the most acid was over the northern part of the Faero-
Iceland Ridge and the adjoining water southeast of Iceland. In this
latter area the low pH may be partially due to the mixing of the colder
water brought down by the East Icelandic Arctic current with the warmer
water of the Atlantic. Similarly, the pH was lower in the surface of the
strongly mixed Faero-Shetland Channel than in the surrounding surface
bankwater.

Photosynthesis at this time of the year, no doubt, tends to increase
the pH, but in areas of strong vertical circulation where the surface-
layers are mixed with the water from the lower levels as in the Faero-
Shetland Channel or on the Faero Iceland Ridge this effect would tend
to be offset by the replacement of surface-water by the more acid water
from the lower levels.

The vertical distribution of hydrogen-ion concentration, corrected
for salt-error, at station 26 (Carnegie station 7) is illustrated in plate II.
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The maximum variation from surface to bottom at 483 meters, pH 8.08
to 7.84, is greater than the surface variation on the Faero-Iceland Ridge,
pH 7.95 to 8.07.

Similarly we have in plate II the vertical distribution of pH, cor-
rected for salt-error, for station 31 (Carnegie station 8). With the ex~
ception of the surface-layers, the gradient is more uniform than at
station 26. The measurements recorded for surface and bottom are
identical, being almost the minimum value found for the whole vertical
column. The maximum variation of pH, corrected for salt-error, (7.91
to 8.02) is less than was recorded for the shallower column of water
at station 26 on the Faero-Iceland Ridge and also less than the variation
of surface pH south of Iceland (7.89 to 8.13).

Because of different methods and standards used by many investi-
gators for the determination of pH in sea-water, as well as the various
salt-error corrections applied to these determinations, it is not always
possible to compare results obtained in pH investigations of the sea. It
appears, however, from an examination of the results of other investi-
gations that the surface pH of cold northern waters is lower than that
of the warmer surface waters of more southern latitudes. Thus, the
author on board the Carnegie, using the same method as in the in-
vestigation under discussion, found that during the months of July to
September the pH of surface-water was generally higher in the southern
parts of the North Atlantic than in the more northern parts?). Pavitzscu
(15), during the Thor expedition (1911—1912) made pH determinations
on fresh samples of sea-water and found for the surface-waters of the
western end of the Baltic, the Skagerak and south of the North Sea
the pH was between 8.00 and 8.05, and farther south off the coast of
Portugal it had risen to 8.25. This same investigator also found that
off the Scotland and Faero Islands the pH varied 8.08 to 8.22, while
in the Mediterranean it was usually above 8.22

Measurements given by Nansen for Spitsbergen waters (15) obtamed
July and August 1912, during the cruise of the Veslemoy, were mostly
low. Using Pavirzscu’s mixtures this investigator found that in the cold
salt-water, 4°.8 to 0°.55, the values generally lay between pH 7.94 to
8.08, but some remarkably high values, pH 8.19 to 8.25, are also given.
With the higher values the gradient of change with depth is steeper than
in the warmer seas.

The hydrogen-ion results obtained by Tuompson and his coworkers

1) Unpublished data on hydrogen-ion concentration of North Atlantic obtained
during cruise of Carnegie.
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at the Puget Sound Biological Station, and by MoBErG at Scripps
Institution of Oceanography are more comparable to those obtained
by the author. These investigators have both used the Barnett type
of wedge-comparator, and a comparison of their results seems to
indicate that the pH was in general lower in the colder water of
higher latitudes. JounsoN and THompsoN (16) report that during July
and August 1928 at the Puget Sound Biological Station, the hydrogen-
ion concentration of the surface-water, uncorrected for salt-error, ranged
7.9 to 8.5 units of pH. The average temperature of the surface-water
during this period was 10.9°. MoBERrG (17) working in the La Jolla region,
records an average surface pH, corrected for salt-error (—0.27 unit of
pH added to results), for the summer of 1926 of about 8.20 for a station
ten miles off shore. The average surface-temperature during this period
at the ten-mile station was about 20°.

As the observations under discussion were obtained close to mid-
summer, we should expect, because of conditions of phytoplankton
production, and temperature of the surface-water, that the pH readings
obtained were close to the maximum for the year, although not necessarily
the maximum. Arkins (18) working in the English Channel found that
in a general way the pH maximum could be correlated with the diatom
maximum in early summer and autumn.

In the Puget Sound region, Jounson and THompson (16) found that
the pH throughout the year (September 1927 to September 1928) re-
mained practically constant, pH 7.8 to 7.9, uncorrected for salt-error,
except during the latter part of July and the month of August when
there was considerable fluctuation, pH 7.9 to 8.5. MoBEra (13) also
found that in the La Jolla region over a period of four years the pH
was higher in summer than in winter. This latter investigator calls
attention to the fact that weekly means at the Scripps Institution pier
for the period 1922 to '1925, inclusive, indicate that there may be a
considerable difference between different years; the pH and temperature
maxima and minima not always being synchronous.

10. The Possible Effect of Temperature on Colorimetric Measure-
ments of Hydrogen-Ion Concentration of Sea-Water.

In the discussion of the method of observing pH, we have seen that
the double wedge comparator was calibrated at a temperature of 26°,
while the temperature at which it was used for pH determinations in
the field was, in this investigation, considerably lower — namely, the
temperature of the surface-water. In general, the temperature at which
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the observations were made ranged from 8°.9 to 14° or 17° to 12° lower
than the temperature at which the wedge comparator was colorimetrically
calibrated.

K. Bucs (19, 20), from the result of a study of the influence of tem-
perature on the dissociation constants of various indicators when ad-
mixed with borax buffer solutions and with sea-water, has concluded
that temperature plays a complex role in the accurate colorimetric
estimation of pH, and is something which should not be neglected.
This investigator, by making spectrophotometric investigations of the
absorption of light by various indicators in both buffer solutions and
sea water at varying temperatures, experimentally determined two
constants, a indicating the amount by which the dissociation exponent
of the indicator varies for a temperature change of one degree in the
borax bufler solutions, and g, for the color-change of the indicator taking
place in sea-water (salinity 34.5 /) with changing temperatures.

In the case of cresol red, a, or the alteration of pK per degree in borax
buffer mixtures, was calculated by Buch to have a mean value of 0.0053
(negative as pK declines with rising temperature), and 8, or the average
amount by which the pH value declines per degree with rising temperature
as indicated by the color-change of cresol red, was calculated to have
a mean value of 0.006 unit of pH.

On the theoretical assumption that the indicators studied were weak
acids which become ionized on the addition of a base, the ion differing
in colour from the undissociated acid, Bucn applied the mass action
Jaw and deduced a simple formula for the calculation of pH at the time
of collection from the colorimetric estimation, provided certain other
measurements were taken. The pH and temperature of the water in situ
has been designated by pH,,, and t,; the pH and temperature of the
comparison standard as pHy, and t,. The pH of the water in situ can
then be calculated by means of the equation:

thw = Pch +a (tb—tw)'

‘When the temperature of the sample is several degrees higher at the time
of measurement —' (t’,) than at the time of collection (t,), the cor-
rection f§ (t',—t,) shouid be added to the above equation.

In accordance with the theory put forward by Bucu (20), and on
the basis of the assumption that the pK-value of the cresol-red indicator
coloring the solutions in the wedge was altered because of the lower
temperature at which the measurements were made in the field, we have
in column 9, table 1, tabulated the pH of the surface-water when cor-
rected for this temperature-effect. Similarly in column 6, table 2, are
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Table 1.

5 | vLatitude ) Date |G.M.T.| T |P,0, Sali-
= Longitude pH* (pH**| nity
P North 1928 |h m | °C [mg/m® »

@ foo
1 [54°21°.9| 7°19°4E [July 8|16 06| 13.6 [ 9.3 | 7.94 | 8.00 l33.12
2 154326 654 6E | — 8|20 44,14.0| 1.1 8.07 (813 ..
3 |5451.1| 602.0E | — 9| 221} .. 2.5 | 8.05 812 ..
4 15517.7, 5178E | — 9 8 311122 2.5)8.05]|8.12 }34.38
5 |5556.7| 428.0E | — 9118 2512.0! 2.5|8.05]8.12
6 15619.5| 406.2E | — 9|21 40|12.0] 2.5 |8.10 | 8.17
7 }5648.5| 337.7E | — 10| 1 45 0.6 |8.11 818 | ..
8 15718.3| 307.1E | —10] 5 45| .. 0.6 | 8.11 | 8.18 | 34.87
9 |5749.3] 236.5E | — 10(10 30| 11.8 | 0.6 | 8.13 | 8.20

10 |5821.3) 2081 E | —10(14 55}11.6 | 1.7 |8.14 |8.21 ..

11 |5850.4] 148.2E | —10(19 15[11.0 | 3.1 | 8.15 | 8.23 35.03

12 |5921.3) 1281 E | — 11 140|110 57 |8.12 1820 ..

13 |5948.1| 106 9E | — 11| 6 03| .. 4.8 | 8.10 | 8.18

14 16017.8] 039.4E | — 11{10 00|10.8| 6.5 8.10 818 | ..

15 |6043.1| 005 4 W | — 11|14 40| 10.9 | 5.8 | 8.06 | 8.14 |35.35

16 |6104.6| 056 .5W | — 11|19 30|10.6 | 82 |8.06|8.14 | ..

17 }j6120.3| 143.0W | — 11|22 51|10.2 |12.3 | 8.06 | 8.14

18 j6134.9] 233.3W | — 12| 200| .. | 164 |8.03 | 8.11

19 {6151.2 317.2W| — 12| 6 00| 9.5|32.8{8.03 811 ..

20 |6204.7| 4084 W | — 12 9 23| 9.6 |33.8 {8.03|8.11 | 35.26

21 |[6220.3| 521.0W | — 1213 28| 9.6 | 6.5 |8.03(811| ..

22 16235.8| 625.3W | — 12 17 18| 9.2 | 4.9 | 8.09 | 8.18

23 |6251.7| 716 .5 W | — 12(22 48| 9.1 | 5.4 |8.07 | 8.16

24 [6300.0| 750.2W! — 13| 2 231 .. 3.7 | 8.07 | 8.16

25 [6308.3| 834.0W, — 13| 718, 9.5 9.3 |8.07 816 | ..

26 [6320.5| 925.4W | — 13|14 44| 8.9 [25.0 | 8.07 | 8.16 | 35.20

27 163 42.711026 .4 W | — 13122 42| 9.1 ;15.1 |8.07 |8.16 | ..

28 |6355.6|11 08.9W | — 14| 4 34| .. 9.5 | 7.97 | 8.06

29 }6355.111238.7W | — 14| 6 51| 9.6 11,5 7.95 | 8.03

30 [6339.7({1353.8W| — 15| 351 .. |11.8|7.978.05| ..

31 |6330.1){1440.7W | — 15|10 06 |10.3 | 10.1 | 7.93 | 8.01 | 35.23

32 |6315.0(16 23.3W| — 16| 233|104 |16.2 {7.80|7.97 | ..

33 16320.7|1714 6 W — 16 13 02| 11.8 | 6.7 | 7.97 | 8.04

34 |6230.3(1650.7W{ — 17} 1 15|10.6 |20.0 | 8.13 | 8.21

35 |6255.5(1815.6 W| — 17|12 33 |12.0 | 9.6 | 8.13 | 8.20

36 |6252.2|2014.1 W — 18| 6 13| 11.7| 9.4 |8.09 | 8.16

37 |63 42.32207.8W | — 19|14 42|12.3 | 10.0 | 8.10 | 8.17

38 |6359.2(2302.9W| — 20| 103;10.9| 6.0 |8.12|8.20
1 2 3 4 5 6 7 8 9 10

)

PH corrected for »salt-error« (-0.27 unit pH added to observed value), see section VIIT.
pH corrected for temperature-effect after Buch, and »salt-errors, see section X.
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Table 2.

Station Data Eilz:s 3(; nrx);?r:u pH* pH#**
Station 26 0 892 | 25 8.07 8.16
Carnegie St. 7 16 8.92 25 8.07 8.16

43 8.90 25 8.07 8.16

Lat. 63°20'N 66 8.16 35.7 8.03 8.12
Long. 9°25'W 89 8.12 39.6 8.04 8.13
111 8.12 42.3 8.04 8.13

July 13, 1928 202 7.79 47 8.04 8.14
290 5.95 47 7.99 8.11

G.M.T.: 13 : 57 385 2.72 48 7.93 8.09
to 15 : 02 483 0.31 .. 7.84 8.02
Station 31 0 10.32 10.1 7.93 8.01
Carnegie St. 8 5 10.22 11.7 8.01 8.09
27 9.72 15.6 8.02 8.10

Lat. 63°30'N 54 9.08 20.3 7.95 8.04
Long. 14°41" W 80 8.60 37.8 7.95 8.05
107 8.44 40.7 7.95 8.05

July 15, 1928 214 8.12 44.5 7.94 8.04
324 8.06 54.3 7.93 8.03

G.M.T.: 9:04 432 7.98 52.1 7.94 8.04
to 10 : 11 538 7.95 61.7 7.93 8.03

749 7.57 55.5 7.9 8.02

1066 4.24 40.0 7.93 8.07

Column 1 2 3 4 5 6

given the pH-values in situ of the vertical series of samples, computed
as before. In this latter case, however, it was necessary in addition to
correcting as above, to correct for the alteration of pH-value due to
warming of the subsurface samples.

The effect of this tentative computation of surface pH-values has
been to increase the pH 0.06 to 0.09 unit. The effect on the depth series
of samples at stations 26 and 31 has been to decrease the vertical pH-
gradients, the greatest increases in pH were found for the data from the
colder bottom-water which had gone through a greater amount of warm-
ing before determination than the less cold samples. This indicates
that the bottom-water is more alkaline than supposed.

It should be noted that in this warming of subsurface samples suitable

*} pH corrected for »salt-errors, see section VIII.
**) pH corrected for temperature-effect after Buch, see section X, and »salt-errora.
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precautions were taken to insure no change in the CO; equilibrium of
the sample. The magnitude of the difference between the two series of
results is certainly far greater than the experimental error of the instru-
ment used for determination.
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