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                             Abstract 

  A small hygrometer with a sensing element made of magnetite colloid was tested in the 
 laboratory and the field to decide the range of the free energy of the soil moisture within 

 which it can be used with advantage. The results of the tests and the comparison of the 
different methods for the in situ measurement led to the conclusion that the hygrometer 

 (called  'humisensor') is the best method within the range from  pF 4 to pF 6. 

1. Introduction 

 It is obvious that the in situ measurement of both the soil moisture  0 and 
the total potential  0 is necessary for the investigation of the physical aspect 
of the unsaturated flow of the soil moisture. In situ measurement of the soil 
moisture has been much improved by the use of neutron probes. As for the 
in situ measurement of the total potential, no decisive methods have been 
found as yet. The tensiometer is available only when the pF value is lower 
than 2.8. The electric resistance block, gypsum block, and dielectric block are 
of poor reliability because of the ambiguity in their principles of measurement". 
At the present time the hygrometer and the psychrometer seem the most  pro-
mising", though they are at present incomplete methods. 

 Recent development of hygrometers  for industrial use have made it possible 
to use small, reliable, and durable  hygrometers2). Some of them are applicable 
to the in situ measurement of the humidity of the soil air under the ground. 
In this paper the performance of a magnetite hygrometer as a sensor of the 
total potential of the soil moisture will be tested. 

2. Principles of measurement 

 The principles of the hygrometer and psychrometer methods have been devel-
oped on the basis of the free energy concept of soil moisture". In this chapter 
a brief review of the principles is given with some comments. Usually the 
system composed of the soil air and the soil water can be approximately re-
garded as isothermal and isobaric. The increment of Gibbs' free energy  G of 
the system by the small incrementof water is written

(t as",      _I &G&U&V              f—ca                 ,I Tilt'\ &Inr,p( 6M )r,p.10n2)    kurnT,p 
 --41 —Ts+Pv (1) 

where m is the quantity of water in the system, T the temperature, and P
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the pressure. The quantities U, S, and V are the total internal energy, the 
entropy, and the volume, respectively, of the system. It must be noted that  P 
is not the pressure in the soil water but the pressure around the system (i. e. 
the atmospheric pressure). The quantity f is often called the  'potential's' or 
the 'free energy'" of soil moisture. 

 When the infinitesimal quantity of water  Sin moves from a part of the soil 
where  G—G, to another part where  G=G2, the increase of G as a whole must 
be zero or negative according to the principle of thermodynamics. 

          ( 8G,SG'  SG—(2)                 6m / 7,POm +(an; )Tim= - (fi—f2)am 
Therefore the movement is possible when f,>f2. When fl=f2 the two parts 
of the soil are in equilibrium. 

 If the free pure water (situation A) at the temperature T and under the 
atmospheric pressure P receives the reversible change of  df by the reversible 
changes of AP, AT, and the receipt of the mechanical work  tlw,e (situation B), 
and becomes in equilibrium with the soil moisture (situation C) at the tempera-
ture T and under the atmospheric pressure  P, the following relations hold". 

 IR—fo (3) 

 A./rein—ft—fa—  fA—v4P—s4T+  dw„ (4) 

In this case  AP coincides with the change of the pressure in the water. The 

quantity  df is equal to the free energy of the soil moisture relative to the free 
pure water. It will be simply called the 'free energy' of soil moisture in the 
following. Assuming that the flow rate of the soil moisture is proportional to 
the gradient of df, the fundamental equation of the flow of the unsaturated 
soil moisture under the isothermal condition is derived in the  forma), 

                      DO             ---V.CKF(AD) (5) 

where 6 is the concentration of soil moisture in the soil. The quantity  if is 
equivalent to the total potential  S) of the soil  moisture". It is composed of the 
three components (matrix potential, osmotic potential, and gravitational poten-
tial) as, 

               d f— hal+ dfosm+tlf92.2 (6) 

All the principles of measurement of the free energy or the total potential can 
be derived from eq. (4)." 

 When the water vapor in the soil air is in equilibrium with the soil water, 
the free energy of soil moisture can be gotten by putting  AT  —4w„,=0 in eq. (4) 
and integrating with respect to P. 

           df=5PovdP 1PPRI, dP= RT loge( P1,,), )—RT logeH (7)     Oo 

where p is the water vapor pressure of the soil air in equilibrium with the soil 

water,  pa the saturation vapor pressure of free pure water at temperature T,
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R the gas constant, and H the relative humidity. If the relative humidity and 
the temperature of the soil air are measured, one can get the value of  df from 
eq.  (7)  . In deriving eq. (7) the mechanical work done by the gravitational 
force is ignored, so it must be said that the free erergy given in eq. (7) is the 
sum of  df,,, and  df,m. The quantity dfar. can easily be calculated with the 
relation, 

 f  ray=  pgz (8) 

where p is the density of water, g the acceleration of gravity, and  z  the height 
of the point of interest relative to the datum level. Differentiating eq. (7) we 

get, 

 6(4  f  )  RT H(9) 
3. The humisensor 

 The measurement of the humidity of the soil air can be carried out by the 

psychrometer or hygrometer method. Since it is a property of the psychrometer 
that the deficit of vapor pressure from saturation is measured, it seems very 
suitable to our purpose (see eq. (7) and (9)). The psychrometers for field 
measurement are the thermocouple  psychrometer', or the thermister  psychro-
meters' at the present time. It has been shown that the thermister psychro-
meter can measure the free energy of the soil moisture within an accuracy 
of 3 % in the range from pF 2 to pF 5, if the difference in the soil temperature 
between the positions of the dry bulb and the wet bulb is less than  0.001°C5'. 
At the present time the psychrometric methods can not be used for in situ 
measure ment because of the difficulty in the maintenance of the wet bulb and 
in the temperature regulation. 

 The hygrometers have, in general, shown good performance at the lower 
humidity ranges, but can not measure the free energy at low suction ranges 

precisely. The gypsum block may be regarded as the only kind of hygrometer 
that has been used for the measurement of the free energy of the soil moisture 
since some time ago. Though it has been widely used, it is of poor reliability 
because of the ambiguity in its principles of measurement. The gray hydrocal 

 hygrometers' recently developed is excellent with regard to accuracy and 
durability, but it must be dried before measurement to avoid the hysteresis 
error. Its large size also make it unsuitable for use in making in situ measure-
ments. 
 Recent developments in industrial instrumentation have produced small, pre-

cise, and durable hygrometer sensors, among which the  magnetite hygrometer 
called the  'humisensof*  seems the most fitted to our purpose. The humisensor 
consists of the magnetite colloid attached to a steatite disc. The  magnetite 
colloid changes its electric resistance according to the relative humidity of the 
surrounding air, and the electric resistance is detected through the comb-shaped 
electrodes buried in the magnetite colloid. The usual cover of the humisensor is 

* A product of Tamura Chemical Laboratories produced under patent No. 500464 held by 
  the  Japanese Government.
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                             ,.. "K not suited for underground use, so it  
,   '  .  -Le-4. 7 must be replaced by a suitable one  
.  ,  ,  „„-...,,,,,,r,  i  ric, in order to protect the magnetite  

,  err  2.:777 colloid from soil particles sticking to 
 0IA*'lI--.9-40-)44ti.Ii           2..;:-,cN7,,,..•-,2.,,-.-,,,,v-it and to minimize the space between 

                     ,,y'4.,,,-cthe surface of the magnetite and the 
                                 cover (see Fig. 1). The results of the 
 fundamental test of the humisensor 

 ,„''carried out by Kanou and Kawasaki7' 
                  Icm., suggests that the humisensor has          '.  1 ' many merits for underground use. 

        iIts resistance has a high  sensibility 
                                 to change in the relative humidity 
  Fig. 1. A humisensor with plastic cover. (5  %/1  % R. H.) and a low sensibility 

to temperature change (0.2 %/1°C). It has a small  size  ;  20  mm diameter and 
1 mm thickness. It absorbs little moisture and so gives practically no distur-
bances to the surrounding soil moisture. It shows a rapid response to humidity 
change. Its chemical stability make long term use possible. On the other 
hand, one of the defects of the  humisensor is that it reduces its performance 
at high humidity ranges. Though the characteristics of the humisensor at high 
humidity ranges are not well established as yet, it may be a fatal defect for 
the measurement of the free energy of the soil moisture. Therefore some 
further tests are needed to see whether the humisensor is useful for the in 
situ measurement of the free energy of the soil moisture. 

4. The laboratory  testa 

 In order to see the limit of the range of humidity in which the humisensor 
can be used with advantage, the time response and the hysteresis characteris-
tics were examined at higher humidity ranges. Standard  NaCI solution was 
put into the lower part of a separable flask, and a humisensor was set in the 
upper part of it with a thermometer and a stirrer (see Fig. 2). The flask was 
set in a constant temperature bath which can control the temperature varia-
tion to within  ±0.1°C, so that the temperature variation in the flask might be 
regulated to within  +  0.5°C. The humidity of the air in the flask was changed 
by exchanging the standard NaC1 solution. 

 The electric circuit for the measurement of the resistance of the humisensor 
is shown in Fig. 3. The output voltage from the oscillator is divided by the 
humisensor and the base resistance (selected from 3  K12 and 5  MI2), rectified 
by the bridge of the diodes, and recorded with a strip chart recorder. The 
circuit is available not only for laboratory tests but also for general use. An 
example of the time response of the humisensor is shown in Fig. 4. The 
depressions in the reading of the humisensor at the moistening stage were due 
to the exposure of the humisensor to the open air while the  NaC1 solution was 
being exchanged. It is seen from the figure that the time response of the 
humisensor is slower at the higher humidity ranges than at the lower humidity 
ranges, and slower at the desiccating stage than at the moistening stage. The 
calibration curves of the resistance of the humisensor versus the relative
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                        8 6 

Fig. 2. The equipment for the laboratory 
  test. 

   1-humisensor, 
  2-lead of the  humisensor. 

  3-NaCI solution,2 
   4-thermometer, 

   5-air stirrer, 
  6-flexiblejoint, 

   7-gearedmotor, 
   8-seals, 
   9-sealing water, 

  10-ground glass sealing,  11-the water of constant temperaturei\ •  •  •  RA  11
tit.                                             II bath. a* 

                  4.1 

 Lolle; 10 
 H  40  K.a 

 20  KR 

    OS C. s a VOLTMETER 

  400 c/sor  RECORDER 

                               TO HUMISENSOR 

   Fig. 3. The electric circuit for the measurement or recording of the electric resistance 

     of the humisensor.
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Fig.  4. An example of the time response of humisensor (at  15°C). The dotted lines show 
  the ultimate readings. 
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Fig. 5. The calibration curves of the  humisensor at different temperature. The numbers 

  given to each points show the sequence of the operation. 

humidity at different temperatures are shown in Fig. 5. From the figure it 
seems as if the hysteresis error is larger at the lower humidity ranges. It is 
contradictory to the results of the tests carried out by Kanou and  Kawasaki', 
that the hysteresis error of the humisensor may be less than 1 % at humidity 
lower than 95 %  it H. though a much greater hysteresis error may take place 
at humidity over  95  %  R. H. The major cause of the contradiction can be 
ascribed to the difference in the time taken for the resistance of the humisensor 
to attain an ultimate  value, because Table 1 shows that a shorter time was 
taken for the measurement at the lower humidity range. Therefore it may be 
concluded that the difference in the resistance of the humisensor between the 

                                TABLE 1. 
      An example of the time taken  for the measurement of the elecric resistance 

        of the humisensor at different stages (at  25°C). 

       Relative humidity 85.0 89.5 96.7 98.0 100.0 

           moistening 3 2  2.5 17 21    The time taken for stage 

  the measuremen Desiccating  2  20  7  200 

  — 

                         stage
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desiccating and moistening stages is  8- 
mainly caused by the insufficient time  H-range 
taken for the measurement, and that 
an accuracy as good as  1  %  R.  H. is 

possible at all ranges of humidity 
when sufficient time is taken for the 
measurement. If the time taken for  a  5- 
the measurement is five hours, the  L-range 
accuracy may be about  2  %  R.  H. at /6 

                                                  e. 

humidity below 95 % R. H. and about 
 5  % R. H. at humidity near saturation. 

 Fig.  5  also  shows  that  the  reading  of  4 
 the  humisensor  has  a  positive  tempera- 

ture coefficient. A calibration curve66  100 
of the humisensor as a sensor of the HUMISENSOR READINGS 
free energy of the soil moisture atFig. 6. The relationship between the free 
25°C is given in Fig. 6. The calibra-                                              energy and the reading of the humisensor                                                   at  25°C. 
tion curve at the humidity range  30-
80 % R. H. made by the maker was also used for the synthesis of the calibra-
tion curves. 

5. The field test 

 In order to ascertain the applicability of the humisensor to in situ measure-
ment in the field, it was buried in sandy soil in the field at a depth of  8  cm. 
Continuous measurement was carried out with the electric circuit described 
above from April  4th to May  13th  1968. The result of the measurement was 
characterized by a large daily variation in the free energy of the soil moisture. 
In the daytime the free energy dropped by about  4X10' cm. water if it was 
fine weather. A typical example of the daily variation is shown in Fig. 7. It 

               24 
          O 

 22-
          a 

          X               EU  20-
          f  
I 
         N - 

 is 

          O 
Nz  o 
 W  z 
 E  O  4 

 7  LEI  EC  a 

           0h  eh  eh  en  12h  151i  fee 21h  240 

                         APR. 27 68 

   Fig. 7.  An example of the daily variation in the reading of humisensor and the soil 

    temperature both at the depth of  8cm.
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  Fig. 8. The daily maximums and minimums in the reading of the humisensor and of 
    the soil temperature  both at the depth of 8cm. * uncertain measurement of rainfall. 

is seen that the variation in the reading of the humisensor is well correlated 
with the soil temperature at the same depth (8 cm). Fig. 8 shows the daily 

maximums and minimums in the reading of the humisensor and the soil tem-

perature at the depth of 8 cm. with the daily rainfall. It is seen that the daily 
minimum of the reading of the humisensor and the daily maximum of the soil 

temperature which occurred almost at the same time are closely correlated. 
These phenomena can not be explained by the temperature dependence of the 

humisensor, because the direction of the daily variation in the reading of the 
humisensor is the opposite of the temperature dependence shown in Fig. 5. 

Fig. 7 shows that the phases of the variations in the reading of the humisensor 
and in the soil temperature differ a little. Kikkawa and  Kawanishi81 found 
that the moisture can be extracted from the water table at the depth of 50cm. 

through evapotranspiration by weeds. Therefore it is reasonable to suppose that 
the daily variation in the reading of the humisensor was caused by evapotrans-
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  Fig. 9. The effect of the sprikling of water on the soil temperature at the depth of 
 1 cm. (the solid line) and  8  cm. (the dotted line), and on the reading of the humi-

    sensor at the depth of  8  cm. 

piration. It has been shown that transpiration by plants has a fast response 
to variation in the solar  radiation'', and it is certain that the daily variation in 
the soil temperature was also caused by the solar radiation. The fact of the 
extraction of the soil moisture could not be ascertained by the measurement of 
the soil moisture by the weighing method because of a large sampling error. 

 The effect of rainfall on the daily maximum of the reading of the humisensor 
is obvious in Fig. 8, though the effect of it on the daily minimum is not obvious. 
The effect of the sprinkling of water on the reading of the humisensor is shown 
in Fig. 9. The effect of the sprinkling appeared in the soil temperature at a 
depth of  1  cm. as soon as the water was sprinkled, and in the reading of the 
humisensor about six minutes later. The soil temperature at the same depth 

 (8  cm.) with the humisensor received almost no influence. 
 A steady trend of decrease in the reading of the humisensor is recognized in 

Fig. 8. The period of the field test was in the growing season, and weeds 
were growing over the ground under which the humisensor and the thermisters 
were buried. After the field test, the humisensor was tested again in the 
laboratory, and no change in the calibration curve was found. Therefore the 
increasing rate of transpiration of the weeds is thought to have been the cause 
of the decreasing trend. 

 The minimum value of the free energy of the soil moisture measured in this 
experiment was as low  as  —10'  cm. water, which far exceeded the permanent 
wilting point of  sunflowers'''. It is difficult to explain why the weeds did not 
wilt, though the weeds might be able to endure the dry conditions somewhat 
more than sunflowers. On the other hand, the maximum reading of the humi-
sensor during this experiment exceeded the value which is equivalent to 100 % 

 It  H., possibly owing to dewing.
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6. Discussion and conclusions 

 The results of the tests described above make it possible to decide the range 
of the free energy in which the humisensor can be used  with advantage. The 
practical accuracy of the humisensor was about 1 % R. H. in the static state. 
From eq. (9) we see that an error of 1 % R.  H. in the relative humidity causes 
an error of 1.4 x  104 cm. water in the free energy near  100  % R.  H.  (ilft  0), and 
that of  2.8x104 cm. water at  50  %  R.  II.  (4  f  —106 cm. water) at  25°C. It  is 
seen that the higher the humidity, the lower is the accuracy of the measurement 
of the free energy, and that the humisensor can not be used when the free energy 
is higher than  —1.4  x  104 cm. water (pF 4.15). The difficulty in maintaining 
good electrical insulation in field conditions may limit the measurable humidity 
to above  50%  R.  H.  (pF  =  6). 

 Table 2 compares the different field methods  of measuring the free energy of 
the soil moisture. Though we can not measure all the components of the free 
energy by any single method, the measurement of the components  dj,a, and 
4fon. is sufficient because dfsra, can be easily calculated by eq. (8). Since no 
methods can cover the whole range of free energy encountered under natural 
conditions, it is necessary to combine the different methods, such as tensio-
meter, gypsum block, and humisensor. It is concluded from Table 2 that the 
humisensor can be used with advantage in the range of the free energy from 
about pF 4 to pF 6. If the improvement of the humisensor or the development 
of new typers of hygrometer are realized to measure the relative humidity to 
an accuracy of 0.05 % R.  H. or less, it will become possible to extend the upper 
limit of the range of measurement of the free energy to —7 x  102 cm. water and 
to do without the use of the gypsum block. 

 Concerning the durability of the humisensor during continuous measurements 
in field conditions, it was ascertained that continuous use under the ground at 

                                  TABLE 2. 
      A comparison of the different methods of measuring the components of the free 

        energy of the unsaturated soil moisture in the field (composed with reference 
        to the  literatures',5,6)) 

        Range Fitness                                 Measurable     Methods  (absolute componentsvalue)compfor in situ Accuracy ' Response 
 \ in cm. watermeasurement 

                                                                     A,  Tensiometer 0 — 7>,<102ahnat  +4/9„,, yes good fast 

 Gypsum block 4  x  102-4;Th:10° df.at yes not good slow 
  Electric resist-(indirectly)          102-105yes not good fast 

ance block dfmai 

block*}S  Dielectric(indirectly)          102-10'yes not good fast                                                             mut 

  Thermister           102-102 htfmat+ no good fast 
 psychrometer 

  hygro   Graymetercal                0-3):106Edf,That+tlfos,Thno good average 

 Humisensor  10°-106  4fmat+LIfogm yes average fast 

   * Properly the methods for the measurement of the soil moisture
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least during fourty days brings no change on the calibration curve of the 
humisensor when the field condition is not very severe. The stability of the 
calibration curve during a period of a year has been ascertained in a laboratory 

 test,' Though the humisensor is stable both physically and chemically, the 
filling of the space between the element and the cover of the humisensor with 

saline ground water or corrosive gas may ruin it. 
 The question remaining unsolved in chapter 5 may be solved when the tran-

sient response of the humisensor under fast change in the soil temperature is 

clarified. The validity of the assumption that the vapor in the soil air is in 
equilibrium with the soil water may be the key to the problem. This problem 
will be fully discussed in the next part of this paper. 

 The author is indebted to the members of the Section of Applied Geomorpho-

logy for helpful discussions. 
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