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Introduction 

Hydrology as an empirical science was not well established in Sweden during the 
18th century, the performed studies were too scattered and two modest for this. 
However, considerable interest was devoted to hydrological problems by the scien- 
tific societies (Collegium Curiosorum, Societas Literaria) and by individual scho- 
lars and progress was made in the field. 

Also before the change from speculative approaches to empirism, hydrological 
subjects had played a significant role. The problem of the origin of springs and 
rivers was perhaps one of the most frequent topics in Swedish university disserta- 
tions during the 17th century. In accordance with Richter (1959), the first work 
originates from 1618 and was followed by at least another ten on about the same 
topic from the universities of Upsala, Lund and Abo. Frangsmyr (1969) charac- 
terizes these works as "Spiritless retelling of foreign authors, names like Varenius 
and Kircher mentioned ad nauseam". 

The scientific development in Sweden was of course closely connected to the 
events in the rest of Europe. Most of the scientists, mentioned here, spent many 
years on studies and work in other European countries, especially France, Ger- 
many, the Netherlands and England. Several of them were members of foreign 
scientific societies. Foreign scientific works are frequently quoted in the Swedish 
scientific discussions. The works of Athanasius Kircher and Bernhardus Varenius 
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have already been mentioned. Others who are to be named here are Pierre 
Perrault, Edme Mariotte and Sedileau from France, Peter van Musschenbroek 
from the Netherlands, Edmond Halley and Robert Plot from England and 
Domenico Gugliemini from Italy. (Their hydrological contributions can be found, 
for example, in Biswas (1970) and Brutsaert (1982)). 

Wallen (1911) has described in detail the history of Swedish hydrology mainly 
from a hydrographic point of view. Some aspects of the development of hydrology 
during the 18th century in Scandinavia have also been treated by Otnes (1980, 
1981a, b). Hydrological problems are also considered in the works by Hogbom 
(1932) and Richter (1959) from a geographical perspective and in the one by 
Frangsmyr (1969), who treats scientific development of the geological concepts. 

Here an attempt is made to present the main works on quantitative hydrology 
from the 18th century, leaving out those of a speculative character. The presenta- 
tion follows the topics of stagnation of river flow and lake level fluctuations in the 
lakes, which allows to take up measurements of discharges and estimation of water 
balances. Further, experimentalists are discussed, as well as concepts about the 
hydrological cycle, formulated by outstanding scientists of the time like Urban 
Hiarne, Carl von LinnC, Pehr Elvius, Johan Gottschalk Wallerius and Torben 
Bergman. Although most facts taken up here have been treated by other authors, 
however, from different perspectives than the hydrological one, it is found valuable 
to bring together these first research activities in quantitative hydrology. 

Introduction of Empirism in Swedish Natural Sciences 

Urban Hiarne, an outstanding scientist of the end of the 17th and beginning of the 
18th century, introduced the empirical method in Swedish natural science. His 
spectrum of knowledge was very wide with a main interest in the fields of medicine 
and chemistry. He favoured at the same time the ideas of Descartes and Paracelsus 
and like the latter supported neptunism, considering water to be the original basic 
element in nature. Hiarne was the first to focus on the three main problems that 
should come to be central in the 18th century and initiate hydrological observations 
and experiments. 

In a questionnaire (Hiarne 1694) and when reporting and commenting the ans- 
wers (Hiarne 1702, 1706), he presents a first handbook in geophysics and geogra- 
phy. Three puzzling hydrological phenomena are mentioned: a sudden stagnation 
of river flow, fluctuation of the water levels in lakes (mainly the two largest Swed- 
ish lakes Vanern and Vattern, (see Fig. 1) and "water disappearancecc (today we 
would call it land elevation). 

In 1710 the first scientific society - Collegium Curiosorum was founded in Swe- 
den by the initiative of the university librarian in Upsala Eric Benzelius. The 
activity declined rather quickly, however, but in 1719 the society was reorganized 
by Benzelius, this time under the name "Societas Literaria". Its mouthpiece was 

Downloaded from http://iwa.silverchair.com/hr/article-pdf/19/3/165/2819/165.pdf
by guest
on 22 May 2023



Quantitative Hydrology in Sweden 

Fig. 1. Excerpt from the map of Erik Dahlberg in Suecia antiqua et hodierna (1924). The 
map shows the lakes Vanern and Vattern as well as the rivers Gota AIV and Motala 
Strom, where hydrological investigations were frequently performed in the 18th 
century. 

"Acta Literaria Sueciae". During the very first years the most frequent topics for 
discussions and correspondence, as witnessed by the proceedings of the sessions of 
the society (Schiick 1918), are related to the questions of rivers with stagnation of 
flow and the level fluctuations in lakes. 

"Water disappearance" was, after it had been mentioned by Urban Hiarne, also 
treated in a paper by Emanuel Swedenborg (1718). Twenty-four years later, the 
subject was taken up again by Anders Celsius (1743) and the same year also by Carl 
von LinnC, who discussed this problem in a promovation speech (LinnC 1906). It 
was, however, not until the historian Olof Dalin (1747) used the theories in the 
work on the history of Sweden "from outset to our times", that the controversy 
really started. The theory was, according to many, opposing the Holy Bible. The 
controversies engaged many scientists and clergymen. In a bibliography from these 
days (Warenholtz 1783) 33 books and papers are named that directly treat this 
subject. The problem is not directly related to hydrology, but different theories to 
explain the phenomena influenced conceptions about the hydrological cycle. Many 
works on "natural history", including hydrology, were written and the views of the 

Downloaded from http://iwa.silverchair.com/hr/article-pdf/19/3/165/2819/165.pdf
by guest
on 22 May 2023



Lars Gottschalk 

controversy on the disappearing water can be traced in all. 
Speculations, as an important part in the scientific work, did not end with the 

17th century. The discussion around the disappearing water was to a large extent 
based on direct observations of the nature, but the theories to explain these obser- 
vations were rather speculative. There were, however, some real experimentalists 
active at the middle of the 18th century in Upsala. Two of them took up hydrologi- 
cal problems. Nils Wallerius carried out studies on evaporation and Johan Carl 
Wilcke performed investigations on the snowmelt. It is also during this time that 
regular meteorological observations have been started. 

Stagnation of River Flow 

The stagnation of water flow in rivers was in those days seen by common people as 
a bad sign connected with crop failure, war or other misfortune. No natural expla- 
nation was known to the phenomenon. 

The questionnaire, sent out by Urban Hiarne in 1694 to cooperative observers in 
different parts of the country, contained among other things a group of questions 
concerning water. There are 15 questions in all in this group. In the fifth question 
Hiarne asked "if somewhere springs can be found, which means dry or wet years, 
hunger, dearth, war or other misfortunes". Hiarne planned a series of works where 
the different groups of questions were "answered and explained", but only two 
publications on the matter exist. The original questionnaire contained 13 such 
groups. Luckily, water was taken up in the first group, and the findings of Hiarne 
on this subject were published in 1702. 

The problem of the occurrence of stagnation of water flow in the Motala River, 
which drains the lake Vattern, was already mentioned in the questionnaire itself. In 
answering this question, the discussion is mainly concentrated on events in the 
Motala River, although some other occasions are mentioned as well. 

Hiarne himself never had a possibility to witness the phenomenon, but gives a 
proper explanation. He refuses the idea that the water was "sucked up and dragged 
in" by the river bottom, as eye-witnesses have described. This latter idea was even 
supported by the Englishman Robert Plot in his book on Staffordshire, where he 
claims that subsurface channels were blocked (Frangsmyr 1969). Hiarne expresses 
his admiration for Plot and his work. Plot also sent out a similar questionnaire, 
which must have inspired Hiarne. However, Hiarne had his own opinion about this 
matter and blamed the ice-jams for the stagnation of flow. His main motive for this 
explanation was that all occasions that had been reported happened during winter. 
He  was supported in this opinion by the professor of mathematics at Upsala Uni- 
versity Harald Vallerius, who sent a contribution to Hiarne, where three occasions 
of stagnating flow along the Motala River due to the development of ice-jams were 
described. In an article by Hiarne "Memorabilia Lacus Vetteri", published in the 
"Philosophical Transactions of the Royal Society" in London (Hiarne 1704-05), the 
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stagnating flow was mentioned and explained among other peculiarities of the lake 
Vattern. 

The most thorough investigation of the phenomenon was, however, performed 
by the county doctor of the county of  ste ergot land (on the eastern shore of the 
lake Vattern) Magnus Gabriel von Block, who also happened to be the director for 
the Spa at Medevi. Mineral water was a subject for which Urban Hiarne had a 
special interest. He wrote, for instance, a small instruction about the analyses and 
estimation of mineral waters (Hiarne 1683). As he mentions in his memoires 
(Hiarne 1916), he tested the water in Medevi for the first time in 1678 and found it 
to be "subtle and perfect". 

In a very short time the Medevi Spa became a very popular place for resort. In 
1702 the energetic doctor von Block became the director there. Surprisingly many 
of those involved in hydrologic investigations at this time spent shorter or longer 
time at this place. Many hydrological topics have surely been discussed there 
inspired by the neighbourhood of the lake Vattern, wrapped in a shroud of 
legends. 

Von Block himself witnessed the stagnation of flow in December 1706 and 
performed a very thorough inventory, more or less on the initiative of Hiarne. He 
checked water levels and made an attempt to estimate river discharge. By compar- 
ing with measurements performed by Domenico Gugliemini in the Danube, he 
finds a discharge of 2 millions cubic feet per minute (875cub.m/s), which is very 
high. It is difficult to understand from the text how he derived this figure. Von 
Block refers to the "principles of Gugliemini" and it seems that he has not only 
assumed that the velocity of flow is equal in the Danube and the Motala River, but 
related it to the differencies in hydraulic radii between the two rivers. 

The findings of von Block's investigations which fully supported Hiarne's expla- 
nation, were published in 1708 under the title "Remarks about the stagnation of 
the Motala River" (Von Block 1708). This work, however, was not so much de- 
voted to the phenomenon itself but was directed against superstitions, which he 
fought by giving the stagnation of river flow a natural explanation. This rationalis- 
tic attitude of von Block later led him into controversy with his favourer Hiarne, 
who was a true admirer of Paracelsus (Lindroth 1941). 

It seems that von Block continued his hydrological studies. According to a 
record from the session of "Societas Literaria" from the 8th of January 1720, a 
manuscript, censored and ready to print, had been submitted by doctor von Block, 
which contained "remarks about the stagnation of the Motala River and about the 
causes of the cold and frost in general, including the origin of springs and rivers" 
(Schiick 1918). A second part of this work is mentioned in the record from the 
session on the 16th of September the same year. No parts of the manuscript have 
been found. 

Collegium Curiosorum noted several more occasions of stagnation of river flow 
in 1720 and 1721. The probable cause was bottom ice and ice-jams on all occasions, 
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except for the river Tyan ( Tidan), a tributary to the lake Vanern. Here, instead, 
the "natural and extraordinary rising and falling of the lake is seen as a plausible 
explanation". The President of the Society, Eric Benzelius, promised to come back 
to the problem. 

The Rise and Fall of Lakes 

The rise and fall of lakes are also among the phenomena mentioned by Urban 
Hiarne. According to superstitions this would mean war or some other great event. 
While answering the fifth question from the questionnaire, he names as an exam- 
ple, the very high levels of the lake Vanern in connection with the spring flood 
1700. On this occasion local peasants foretold a great war, a warning which turned 
out to be right. Hiarne was, of course, very doubtful about the conclusions and 
pointed out the necessity of letting some reasonable people investigate whether 
some natural causes could be found, or the phenomenon was a sign from almighty 
God. 

Hiarne returns to the fluctuation of lakes in the twelfth question from the ques- 
tionnaire: "If water is to be found, that disappears certain times of the year and 
returns at some other times". He reports first about the systematic fluctuations in 
the lake Vanern that rises continuously for seven years and falls during the next 
seven years. It is also noticed that the lake rises every year around the end of June. 
Hiarne immediately finds a plausible explanation for this phenomenon by consider- 
ing the snowmelt in the distant Norwegian mountains and the long time of travel 
for the meltwater. 

He finds the periodic fluctuations to be of greater importance. The same seven 
years regularity is also reported to characterize the fluctuations of lake Vattern, 
some 100 km south-east from Vanern. Hiarne now mentions the possibility of some 
underground connection between the two lakes and finds it necessary to investigate 
thoroughly if the fluctuations of the two lakes are in phase, if one of them falls, 
while the other rises or if there is no relation at all. 

The theory of a subsurface channel between the two lakes is of old origin. It is 
mentioned already by Olaus Magnus in his geographical works on the Nordic 
countries. In his famous work "Mundus subterraneus" Athanasius Kircher in- 
cluded this connection in his system of subsurface channels (Frangsmyr 1969). 
Hiarne treats this theory in the article about the lake Vattern in "Philosophical 
Transactions" 1704-5, referred to above, but also gives a second possible explana- 
tion. The Vattern was known to have subsurface vortices and currents as well as to 
scream and roar when the water level was to rise or fall. The cause for this 
phenomenon, as well as for the fluctuations, was said to be subsurface weather. 

Some 15-20 years later at least three persons took up systematic studies of the 
lake fluctuations: Emanuel Swedenborg and Birger Vassenius in the Vanern and 
Daniel Tiselius in the Vattern. 
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Emanuel Swedenborg is the most fascinating personality of all mentioned here. 
Before becoming a visionary and prophet, he actively carried out scientific work in 
a broad field of natural history. These scientific studies of Swedenborg had a 
fundamental importance for his later visionary ideas (Lamm 1915). His hydrologic 
study is, of course, only a small paranthesis in his attempt to find the grand world 
explaining hypotheses. 

Swedenborg was in Lund 1716, where also King Karl XI1 resided at that time. It 
is said that on one occasion Swedenborg submitted to the King's attention a two 
hundred years old letter from Bishop Brask about a channel to the west, passing 
through the lake Vanern and the Gota river (Styffe 1846). The old project was 
taken up again and the inventive engineer Christoffer Polhem was sent to Vaners- 
borg with Swedenborg as his assistant. The works started in spring 1718. It is 
probable that Swedenborg on this occasion performed hydrological studies of the 
lake Vanern. The results are described in a manuscript "About the fall and rise of 
the lake Vanern and whether this could be related to waters recharge and discharge 
through streams" (Swedenborg 1907). A dissertation, probably written by Sweden- 
borg, has been published on the subject of lake fluctuations in "Acta Literaria 
Sueciae" 1721-24, where the existing theories on the matter are mentioned as 
earlier reported by Hiarne. 

Swedenborg has noted the irregular fluctuations of the lake level. It can rise as 
much as 3 feet (around 90 cm) within one month, then keep the level for another 
four months, to fall again later on. He tries to check whether this can be explained 
by the recharge to and discharge from the lake. Doing this he makes an assumption 
that the inflow to the lake through all tributaries is equal to the outflow through the 
Gota river, thus neglecting evaporation and dynamics of the lake. He decides that 
it is only necessary to measure the outflow. 

Swedenborg performs his discharge measurements at the bridge of Rinnum over 
the Gota river, not far from Vanersborg. This bridge is reproduced in the magnifi- 
cent pictorial work of Sweden: "Sueciae Antiqua et Hodierna" published in 1716 
(Dahlberg 1924). A new bridge was constructed and built by Polhem this very year. 
The new bridge existed for more than 200 years before it was destroyed in 1931 
when the river reach was broadened for the regulation of the lake. 

In the manuscript, the width of the river is noted to be 14 fathoms (25 m), the 
depth vary between 4 and 16 feet with an average of 12 feet (3.6 m). Fig. 2 shows a 
map over the bridge at Rinnum from the 17th century, which basically coincides 
with the measures given. Swedenborg measures the flow velocity with a chip, 
noting the time with his pulse, and finds it to be 6 feet per second. The total 
discharge is thus 28 cubic fathoms (158 cub. mlsec). This is an unbelievably low 
value from our present knowledge. 

When estimating the size of the lake, it seems probable that he uses old sources, 
originating from Olaus Magnus (16th century), stating that the length is 20 miles 
(210 km, an old Swedish mile = 36,000 feet) and the width is 16 miles (170 km). He 
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Fig. 2. Map from the 17th century of the Gota AIV and the bridge, where Emanuel 
Swedenborg evidently made his discharge measurements (original at Krigsarkivet). 

thus finds the total area to be 320 "kvadratmil" (36,560 sq.km). The pictorial work 
by Dahlberg, quoted above, contained a new map of Sweden. Also other maps 
have been published by that time since Olaus Magnus. Swedenborg presumably did 
not have access to these, otherwise he would have come closer to the real figure - 
5,600 sq.km. 

Swedenborg finds that if he closes the outlet, the Gota river, with a dam, it takes 
the lake 13.5 years to rise 2 feet. From this he makes a conclusion that the streams 
flowing into the lake cannot be the main cause for the fluctuations. He then turns 
to speculations about other causes. A characteristic of the scientist Swedenborg, 
given by Lamm (1915), is pertinent here. Lamm writes: "despite the respect for the 
experiment, that he emphasizes, he has in reality never patience to stop at that. 
From the very first moment he is thrilled by grand world explaining hypotheses". 

Anyhow, the manuscript by Swedenborg was later well accepted by the "Societas 
Literaria", with which he had very good contacts. Swedenborg was a member of 
Collegium Curiosorum and an editor of its journal "Daedalus hyperboreus". He 
became a member of the new Society in February 1720. In July, the same year, his 
manuscript was discussed at a meeting. The problem of the lake Vanern's fluctua- 
tions had been, however, discussed earlier in the Society in connection to a letter 
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Fig. 3. Device for measuring the level of a lake as suggested by Samuel Klingenstierna at a 
meeting in Societas Literaria 1720 (original a t  Linkopings Lands- och Stiftsbibliotek, 
N14a). 

from Johan Unge, dated 1715. Unge had family relations to Swedenborg, and Hag 
(1983) suggests that Swedenborg got the ideas to his study from this young relative 
of his. None of them continued hydrological studies, as far as we know. 

At the Society meeting in July 1720 Eric Benzelius reports that the lake Vattern 
began to rise. Daniel Tiselius, who was the pastor at Hammar, situated near the 
Vattern, assumed the responsibility for daily observations of the lake levels. A 
discussion breaks out about the way to perform these measurements. Among other 
things Kircher's "Mundus Subterranenus" is referred to, which is said to describe 
the way the ancient Egyptians observed fluctuations in the Nile. The professor 
Samuel Klingenstierna promised to bring a description, which he also did (Fig. 3). 
Tiselius finally used a staff gauge divided into 24 inches, mounted on a vertical cliff 
at the lake shore. He performed his observations between 1720 and 1722. Accord- 
ing to Wallen (1908), these are the oldest preserved lake level observations in 
Sweden. 
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Tiselius works intensively to clarify the fluctuations of the Vattern, which is 
witnessed in the records of the Society. Hag (1982) gives a detailed description of 
these studies. In March 1723 the manuscript of his report "A complete description 
over the large Swea and Giotha lake Watter to its position, size and remarkable 
properties" is ready. His conclusions were seriously criticized by the Society, not in 
respect to his observations but in the more speculative parts. In 1730 a second 
report was published "Further attempts and lake tests in Watter, on occasion of 
learned men's remarks and remembrances". 

The reports contain a very thorough description of the lake's geometry, rejecting 
thus the rumours about the Vattern being bottomless. Further, they contain an 
attempt to calculate a water balance, inspired by Swedenborg's work. The flow 
velocity is measured by letting a boat float a distance of 600 feet along the river. 
Tiselius is aware that the method is not the very best and suggests the use of red or 
black tracers instead. He finds the discharge to be 59 cub. mls, which is in good 
accordance with today's observations. Tiselius uses this one observation to calcu- 
late the discharge when the lake level is lowered 1 and 2 feet, respectively, and thus 
derives a stage-discharge relation. He uses this information to estimate the time it 
takes for the lake to be emptied by 2 feet: 2 years and 9 days, in case of no inflows. 
From this Tiselius concludes that so much water can by no means come into the 
lake from 40 minor streams, that he has noticed as tributaries. This makes him 
suggest that there exist subsurface channels that contribute to the main part of the 
inflow. Similar to Swedenborg, Tiselius is lead away from the proper answer and he 
has to turn to speculations about the cause of the lake fluctuations. In this he 
follows mainly Hiarne and Swedenborg. From his observations he finds, however, 
that there cannot be any connection between the Vattern and the Vanern because 
the fluctuations are in phase. He notices also the daily fluctuations of the lake level 
(caused by wind and seiches). 

In November 1722 Birger Vassenius attends his first meeting as a member of the 
Society. On that occasion his meteorological observations are mentioned. To- 
gether with his brother he performed meteorological and water level observations 
of the lake Vanern since 1714. Having included older information, he produces a 
record of observations from 1698. These observations are published for the first 
time in a dissertation "Cagitationes de increment0 et decrement0 lacus Vener" 
(Vassenius 1730-34). The record published describes only qualitatively wetness 
conditions during different years. 

The conclusions drawn from these observations were translated into Swedish by 
Wallen (1911). The local conditions around the Vanern, for instance, dry summers 
or springs with intensive snowmelt do not influence the fluctuations. He neither 
finds that the flow through the Gijta river can explain the variation. All his conclu- 
sions are correct but when he turns to explanations he keeps to the traditional 
theories supported by his learned colleagues. 

Vassenius continued, however, his observations and in 1758 published a second 
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article about the Vanern "Remarks on the lake Vanern" (Vassenius 1758). He has 
not totally left his earlier beliefs and explanations. He cannot deny subsurface 
channels (hydrophylacies) as they are witnessed, according to him, in the Holy 
Bible. However, he comes to the conclusion that they cannot come into question in 
the case of the Vanern. He claims therefore that the variations of the lake level is 
explained purely by meteorological conditions, thus providing a description that 
totally agrees with our present concepts. 

Vassenius comments on the influence of rain and snowmelt and specially men- 
tions that it is not only the local weather conditions around the Vanern that are of 
importance, but also those in the Norwegian mountains, more than 500 km to the 
north. He also treats thoroughly evaporation. Based on their own meteorological 
observations, the Vassenius brothers could relate the evaporation losses to weather 
conditions. Birger Vassenius claims that on a nice summer day the evaporation can 
be as much as 112 inch (1.2 cm). 

Experimental investigation 

Vassenius changed his views about the causes of the irregular fluctuations of the 
lake Vanern after he added another 28 years of observations. An important issue 
was to understand the influence of evaporation from the lake. During the 28 years 
time span the university scholar in Upsala Nils Wallerius published the results of a 
series of experiments on evaporation in "Proceedings of the Royal Academy of 
Sciences". We can assume that Vassenius read those and perhaps got impulses to 
his own new ideas. A short biography and description of the scientific work of Nils 
Wallerius has been written by Beckman (1967168). 

Nils Wallerius studied the evaporation processes during five years (according to 
himself). His first report from 1739 on his findings is about evaporation under 
vacuum "Experiments, about vapour ascending to the air domain, made and sent 
to the Academy" (Wallerius 1739). The main purpose of these first experiments 
was to test the hypothesis that water vapour consists of small bubbles filled by a 
lighter substance, which lifts them up, as claimed also by Halley and Leibniz 
(Beckman 1967168). He concluded from his experiments that this hypothesis 
cannot be correct as water and wine evaporate in vacuum, which cannot be recon- 
ciled with the fact that vapour is lighter than the surrounding media. 

In the next series of experiments described in the dissertation "Findings from 
which several of the laws of nature concerning the evaporation of water and other 
fluid matters are brought together" (Wallerius 1746) he studies evaporation in 
nature. He starts to stress the necessity of weighing the evaporation losses to 
achieve full accuracy and the necessity to abandon the geometric scale, which was 
used by other "widely famous men". He must probably refer to the Dutchman 
Musschenbroek's evaporation studies. Musschenbroek is quoted several times by 
Wallerius. Halley, whom he also quotes, as well as Mariotte, both used the same 
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weighing method as Wallerius. 
After that Wallerius turns to the description of his experiments. He began with 

two very small (about 7 x 7 sq.cm) parallelepipeds, but very soon turned to a set of 
five copper cylinders with different cross section areas (43.85 and 171 sq. cm) and 
different heights. Musschenbroek had reported before that the height of the cylin- 
der influences the evaporation losses when placed outdoors, but not inside. 
Wallerius repeats these experiments and comes to the same results. His conclusion 
is that it must depend on the different heating of the cylinders, the highest of them 
having the highest temperature and thus the highest evaporation. 

In his next experiment he isolates the cylinders first with paper and then with a 
layer of clay. He now finds that the evaporation losses are only proportional to the 
exposed surface. This is a very timely topic even today, when constructing 
evaporimeters, whether they should be isolated or not. Wallerius found it very wise 
to use isolation and in his future studies kept himself to isolated instruments. 

Wallerius does not show any continuous record of daily evaporation except for 
episodes of up to 8 days for different months. A page from his table with observa- 
tions is shown in Fig. 4. At  the same time he observes temperature, air pressure 
and wind. From this he deduces that the air pressure does not influence evapora- 
tion, while the other two variables have a significant influence. He does not, 
however, quantify this dependence. He finishes with stressing the importance of 
evaporation due to which a considerable amount of water is lost from lakes, rivers, 
creeks, bogs and sea to the air to return later on. He also gives a concrete calcula- 
tion of water losses from a 4,000 sq.ft pond. 

The third dissertation by Wallerius was published in 1747 and considered evapo- 
ration from ice and snow "Findings about the evaporation from ice" (Wallerius 
1747). He uses the same cylinders as before and finds that water evaporates most of 
all, followed by ice and last - snow and that evaporation from snow increases with 
air temperature, being bigger for melting snow. Wallerius also mentions that he has 
started to study evaporation from soil, but abandons this for another subject, 
namely evaporation from an egg. 

The second experimentator to be mentioned here is the professor of physics at 
Upsala University Johan Carl Wilcke. His field was not hydrology, but mainly 
electricity, magnetism and thermodynamics. His studies of melting snow did not 
have any immediate influence on applied hydrology, but were a milestone for a 
future development. In the studies of the development of ice crystals in compressed 
water (which he performed 1760) Wilcke noticed that the temperature could rise 
after the ice had appeared. Later on he took up an experiment where he mixed a 
certain amount of water with a specified volume of ice-cold water and ice with zero 
temperature, respectively and observed the temperature for the two situations. 
The temperature difference was a measure of the heat amount necessary to melt 
the ice, i.e. the latent heat of melting. He found that the melting snow needed as 
much heat as is needed to rise the temperature of the same water amount to 72 "C. 
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He has been criticized for being inaccurate. The Englishman Joseph Black, who 
studied the same phenomena from the beginning of the 1760's got 79 "C. The 
accepted correct value is 79.7 "C. Wilcke published his results in 1772 in "On the 
cold of snow while melting" (Wilcke 1772), the same year as Black. It has been 
thoroughly checked that these two studies were performed independently of each 
other (Oseen 1932). 
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General Concepts of the Hydrological Cycle 
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An interesting question is to what extent this switch from being dependent on the 
fruit of reading only to the observations and experiments, influenced the generally 
accepted ideas about the hydrological cycle among Swedish scientists. Several of 
them (not only those occupied with hydrological observations and experiments) 
had reason to touch upon this subject. 
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Urban Hiarne did not make any direct hydrological observations or experiments, 
but was keen on natural phenomena during his many travels and experimentated 
eagerly, especially in chemistry. He relied also on the information obtained from 
his questionnaire and took personal initiatives to, for instance, von Block's studies 
of stagnant water. With this background he formed his own opinion about the 
physics of the earth, and his influence on the thoughts of the new generation of 
scholars was significant. Concerning the hydrological cycle, he on one hand, mainly 
repeated arguments from Kircher to Varenius, as reflected by the Swedish disserta- 
tions on this matter from the 17th century. On the other hand, there were the new 
ideas by Perrault, Mariotte and Halley. 

Hiarne (1702) quoted Kircher and Mariotte, discussing what to believe. He 
agrees that to find out what is the real cause to the origin of springs is a very 
delicate matter. He finds the existence of the underground hydrophylacia, sug- 
gested by Kircher, to be fascinating and in accordance with his own and others 
observations of the lake Vattern. He finds an important support to this also in the 
Holy Bible. He finally rejects Mariotte, based on the following arguments: 

- Over a larger area the rainfall cannot be as even as only one rain gauge reveals, 
but has significant variability. 

- If the river flow has its origin in the rainfall, it should not be varying as slowly as 
it does in nature. 

- It is unbelievable that the evaporation can be as much as one third of the 
precipitation. 

- There are very large fluctuations in rainfall and river flow between different 
years, making Mariotte's findings non-representative. 

Hiarne's arguments reveal a thorough understanding of hydrological processes, 
except for evaporation, but they mislead him to keep the traditional opinions of 
that time, although with a personal touch. 

Pehr Elvius (1748), in a dissertation "Water evaporation" gives a very complete 
review of modern works on the subject, quoting Perrault, Mariotte, Halley, 
Sedileau, Musschenbroek and others. One gets an impression that the experiments 
by Nils Wallerius in the Nordic conditions influenced him greatly when he admitted 
the importance and magnitude of evaporation in the hydrological cycle. 

Carl von LinnC has also turned to the problem of water balance in his numerous 
scientific works. In his "Oeconomia Naturae" (LinnC 1906b), published in Swedish 
in 1750, he gives his view on the origin of the components of the water balance, 
though without reference to hydrological findings. He excludes at once specula- 
tions on subsurface processes by saying "One who wants to amuse himself with 
guessing games can find them with Cartesium, Kircherum, Helmontium". Rainfall 
gets its contribution from evaporating vapors that are carried around in clouds until 
they unite into drops and are brought to the earth. The origin of springs is rainwa- 
ter that percolates through the soil. Rivers in their turn start from springs. They 
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bring the water back to the sea, from where it initially rose, so that it will not be 
emptied but continuously, as in a ring, follows the same way. Both Pehr Elvius and 
Carl von LinnC thus revealed very modern concepts of the hydrological cycle, but 
their opinion does not seem to be generally accepted. 

A general subdivision of the "Natural History" of that time contained Mineralo- 
gy (Regnum minerale), Botany (Regnum vegetabile) and Zoology (Regnum 
animale) as, for instance, can be found in the "Oeconomia Naturae" by von LinnC, 
quoted above. In a booklet "Hydrologia" published in 1748 by Johan Gottschalk 
Wallerius, a new topic is proposed, namely - water (Regnum aqeum). This small 
book is suggested to be the first textbook in hydrology in Scandinavian countries 
(Otnes 1980). Besides the title, it does not, however, contain much about hydrolo- 
gy. Especially if, for instance, compared to the book by Urban Hiarne (1702), 
answering a group of questions about water. "Hydrologia" is a confusing classifica- 
tion of what was known about fluids. The influence of the systematization intro- 
duced by von LinnC in botany is obvious. 

When defining "Regnum aqeum", Johan Gottschalk Wallerius characterizes 
water as non-organic and constantly diminishing. He divides this latter property 
into two: a relative diminishing due to evaporation and an absolute diminishing, 
when water is turned into soil. For a modern reader the idea of water turning into 
soil seems strange, but it was generally accepted among the leading European 
scientists of that time. It was especially obvious for the Neptunists, who claimed 
water to be a basic element. In Sweden it played an important role in the explana- 
tion of the water disappearance phenomena as was briefly mentioned in the intro- 
duction. Nobody could believe that the land surface actually was elevating. The 
evidences that large parts of Sweden had been covered with water were obvious for 
most scientists, however. It remained to suggest that water was disappearing in 
some way. 

Anders Celsius in the dissertation "Remarks on the diminishing of water" 1743 
gives two causes: water remains in vegetation and turns into soil when decaying and 
that, in accordance with Urban Hiarne, there are holes in the bottom of the sea and 
water fills up the interior of the earth through them. Emanuel Swedenborg (1718), 
Carl von LinnC (1906) and others were all convinced about water disappearance, 
but they gave no explanation and mainly collected and described the evidences for 
disappearing water. It was Johan Gottschalk Wallerius who at the end of his life 
gave the most thorough treatment of the problem in the book " Thoughts about the 
Worlds and in special the Earth creation and change", published 1776. But at this 
time his ideas were obsolete. He totally neglects all newer hydrological works, 
Swedish as well as international, and his main goal is to combine the biblical 
creation with his scientific ideas about water. He describes 5 different experiments 
to get soil from water, but as a true neptunist also claims that water can be turned 
into air, salt, oil and sulphur. 

The contemporary antipode to Johan Gottschalk Wallerius is Torben Bergman, 
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a very openminded, realistic and modern scientist. In his "Physical description over 
the globe of the Earth" (the second edition was published in 1774) water is treated 
most thoroughly as well as water disappearance. When discussing the origin of 
springs, he incorporates all the different opinions and comes into trouble himself. 
He  is in great doubt which ideas to support and chooses a middle road of com- 
promises, sometime accepting subsurface channels, the other time - precipitation 
and evaporation as the causes for water circulation. It is surprising that he did not 
take up the investigations of evaporation, reviewed more seriously by Pehr Elvius 
(1748). The attitude is the same towards the problem of disappearing water. He 
finds the evidences of the land surface being covered with water convincing, but 
when seeking for the causes, he leaves the question open for the future to solve. 

Conclusions 

During the 18th century several observations and experiments were performed to 
quantify hydrological processes. Due to unfortunate circumstances mistakes were 
made in attempts for water balance calculations. The most severe one was neglect- 
ing the importance of evaporation, although very serious studies on this matter had 
been performed. These mistakes are important in order to understand why the 
modern concepts of the hydrological cycle were not generally accepted by scien- 
tists. The theories to explain the "water disappearance" also had importance for 
conserving the traditional 17th century concepts on the origin of springs. It should 
take a long time before these ideas vanished. Agardh and Dahlman (1850), for 
instance, are still open for the old explanations of subsurface channels and strange 
stories about bottomless lakes can still be heard today. 

In perspective, the 18th century development also has relevance today. The 
tendency of forcing a once and for all settled model explanation to hydrological 
data, in the manner of Johan Gottschalk Wallerius, is also a reality today. The 
open-minded attitude of Torben Bergman, seeking among different approaches, is 
more difficult and may not always be leading quickly to an acceptable result. The 
true experimentalists are also rare. It is not the lack of theories and hypotheses that 
hampers the development, but as expressed in Gottschalk and Askew (1987) 
"Among the barriers to future development of theoretical hydrology, one of the 
most critical is the lack of data necessary for identifying and verifying theories". 
Quantification of hydrological phenomena is still central. 
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