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Measurements of Underground and Underwater Temperatures
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Abstract: Eight-months' observation of underground temperature was made
by specially designed quartz thermometers in a 20m borehole at Syowa Station,
East Antarctica . The underground temperature at 5m depth showed a quasi
sinusoidal change of 5.47° C from -4.89° C to -10.36° C . The above change
became smaller to 1.58° C in the range of -7.73°C.-...,-9.31° C at 10m depth, and
became further smaller to 0.20° c in the range of -8.17° C'"'-'-8.37° C at 20m
depth . In comparison with the seasonal variation of air temperature, there was
a phase delay of about 90 days at 5m depth and about 290 days at 20m depth .
The effect of the seasonal variation of air temperature on that of underground
temperature can be estimated as less than 0.01° C at the depth of 33.8m when
exponential decay against depth is assumed to have resulted from such effect .
Six-months' observation of sea-water temperature was also made at 7m depth
under the ice-cover of the coast of Nisi-no-ura Cove. The observation revealed
a gradual increase of temperature from -l.63° C in June to -l.48° C in Novem
ber at an approximate rate of 0.9x 10-3 °C/day. Superposed on the above long
term trend, there was a sequence of short-term (10-30 days) variations of 0.050.100 C which was characterized by the abrupt increase and the subsequent
gradual decrease of temperature .
!Eft:ffii1!:!.lvf'9i:f9r. National Institute of Polar Research, 9-10, Kaga 1-chorne, ltabashi-ku, Tokyo
173.
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1.

Introduction

Though space and time variations of underground and underwater temperatures
are important factors in the study of physical oceanography, meteorology and
solid earth physics in the antarctic region, there were not many cases of yearlong
observations of such. Since we have limited knowledge on the thermal processes
of geophysical phenomena in the antarctic region, temperature measurements with
a wide dynamic range and wide frequency response are required. The yearlong
measurements with a resolution of 1 x 10-3 °C (hereafter we denote sometimes 1 x
lQ-3 °C as 1 m ° C) and relative accuracy of 10 m ° C may give us information on
the hitherto overlooked phenomena. The thermometer has also to be so designed
that it can be installed and maintained easily. A quartz thermometer which
satisfies the above requirements has been developed by SHIMAMURA (1980) and
applied by the 21st Japanese Antarctic Research Expedition (JARE-21) to the long-

Fig. 1.

The location of quartz thermometers installed by JARE-21 on East Ongul Island.
The borehole site is near the Earth Science Laboratory.
W. T. denotes the
observation site of sea-water temperature.
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Upper part shows the appearance o f the recorder. Frequency
counts are output on a dot printer. Lower part shows the block
diagram of the system, redrawn from SHJMAMURA (1980).

term observations of underground and underwater temperatures at East Ongul Is
land, East Antarctica.
Figure 1 illustrates the location of the installed quartz thermometers on East
Ongul Island. Air drilling was made by two members of JARE-21 during the
austral summer on February 1-March 22, 1980 and a borehole of 20 meters deep
with a diameter of 50 mm was obtained at the site near the Earth Science Labo
ratory (ESL). Though four quartz sensors were suspended in air in the drilled
borehole at intervals of 5 meters from 5 m depth to 20 m depth, the 15 m sensor
was found broken after the installation. The cable length of each sensor-recorder
system was 100-150 m. A quartz sensor was also installed at the depth of 7 m
under sea-ice cover on the coast of Nisi-no-ura Cove, as denoted by the mark
W. T. in Fig. 1. Since the sensing unit is suspended in sea-water without being
anchored to the sea bottom, there may be slight time variations of depth by the
stream. The cable of about 900 m was lined between Nisi-no-ura Cove and the
ESL, and the recorder could be maintained by AC power at the laboratory.
Figure 2 illustrates the appearance of the recorders in the ESL and the block dia-
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gram of the installed sensor-recorder systems which was redrawn from SHIMAMURA
(1980). One of the most significant advantages of the system is that the signals
from the sensing unit can be telemetered by the twisted field wire instead of
coaxial cables of limited length (approximately 30-50 m) for commercial quartz
thermometers.

2. System Calibration
The principle of the installed quartz thermometer is essentially a frequency
counter. Since the detailed circuit design and the performance are described in
SHIMAMURA (1980), only the outline is reviewed here. The sensing quartz crystal
generates almost linear temperature-dependent frequencies in the temperature range
of -50° C-.,+ I00 ° C at the change rate of approximately 985 Hz/ ° C and about
10.56 MHz at 0° C. The generated frequencies are divided into the rectangular
wave of about 50 s period at the sensing unit. The rectangular wave is tele
metered by the twisted field wire to the recorder unit and the reference fre
quencies of TCXO (temperature compensated X'tal oscillator) in the recorder unit
are counted by using the telemetered rectangular wave as the gate (see the block
diagram in Fig. 2). Since the temperature-dependence of the sensing quartz is
positive, the width of the gate becomes smaller as the temperature becomes higher,
which results in smaller frequency counts.
The stability and the accuracy of the system depend mainly on the accuracy and
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Fig. 3. Upper part illustrates the temperature control of the thermostatic bath at -8.4 ° C. Lower
part gives the corresponding change of the frequency counts when the temperature of the
thermostatic bath is raised from -12 ° C to -8.4 ° C. Solid circle ... 5 m system. Open circle
. . . W. T. system. Numerals in parentheses are the co-ordinate values for the W. T. system.
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the stability of TCXO. They also depend on the accuracy and the stability of
the triggered point of the telemetered rectangular wave, since the edge of the pulse
is not ideally sharp. The calibration of the above quartz thermometer is to be
made by the overall system including sensing unit, telemetered cable, TCXO, and
the counting circuits. After 8 months' observation, we recovered the whole sys
tems and made calibration tests by using a HAAKE cryostat. Figure 3 (upper
part) gives an example of the analog monitor record of the temperature variation
in the thermostatic bath when the temperature of methyl alcohol solution was
raised from about -12 ° C to -8.4 ° C at 1816LT and was controlled at the value
for 90 minutes, then was raised further from -8.4 ° C to -4.0° C at 1946LT and
again was controlled at -4.0 ° C. The temperature values were read by a standard
mercury thermometer, which has the absolute accuracy of 0.1 °C, to the resolution
of 0.05 ° C by using a magnifying glass every 5 minutes. Solid circles in Fig. 3
(lower part) show the change of frequency counts of the system used in the meas
urement of underground temperature at 5 m depth (5 m system), which correspond
to the temperature variation from 1830LT to 1916LT during the system calibration.
Likewise, open circles in Fig. 3 {lower part) give the change of frequency counts
for the system used in the temperature observation of sea-water (W.T. system)
and correspond to I900LT-1946LT. The sensing unit of the 5 m system was
contained in a polyvynil container of 35 mm diameter and 55 mm length which
was filled with silicon oil, while that of the W.T. system was contained in a
duralumin pressure case (about 1.5 kg) of much larger volume. As the result,
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the frequency counts decreased with the different time constant of 10-15 minutes
for the 5 m system and 60-70 minutes for the W.T. system as the temperature
of thermostatic bath approached from -12 ° C to -8.4 ° C. As shown in the upper
part of Fig. 3, the thermostatic bath cannot be controlled better than the range
of 0.1° C around -8.4° C, which resulted in the fluctuations of 100 frequency
counts around 24978250 for the 5 m system and around 24980340 for the W.T.
system as shown in the lower part of Fig. 3.
Similar calibration tests for the whole installed quartz thermometer systems
were made at other four selected temperature values within the range -l 0° C.
+ 10 ° C. Figure 4 summarizes the frequency counts versus temperature relation
for each system, where open circle, open box, cross and solid circle denote
W.T. system, 20 m system, 10 m system and 5 m system, respectively. The fre
quency counts are ascertained to have a rather strict linear dependence on tem
perature with the change rate of -2.0+0.05 count/m ° C for the whole installed
systems. The frequency count at 0 ° C, F0 , has some offsets among the systems,
which is considered to have resulted from the overall effects of the slight incon
sistence of the frequency characteristic of the quartz crystal in the sensing unit,
the reference frequency of TCXO in each recorder, the uncertainty of the tempera
ture control of the cryostat, reading resolution of the standard mercury thermom
eter, etc. The value of F0 for each system is also listed in Fig. 4. Though the
uncertainty of 100 counts in F0 results in the uncertainty of +50 m° C in the ab
solute accuracy of the transformed temperature, relative accuracy within 10 m° C at
each system is ascertained by both the resolution of 0.5 m° C/count and the long
term stability of the data shown in the next section.

3. Results and Discussion
The observation of underground temperatures was made from April 17, 1980
to January 2, 1981, while that of underwater temperatures was made from June 9,
1980 to January 2, 1981. Figure 5 illustrates an example of the output print of
the frequency counts from the 20 m system on August l, 1980. The output was
made at intervals of about 50 minutes by summing up each of the frequency
counts in the 64 rectangular gates. The frequency count frame (5th to 14th digits)
in Fig. 5 can be considered as giving an average of the temperature variations in
the interval of about 50 minutes as illustrated in the right-hand side of the figure.
The third digit in the count frame (digit number 7) corresponds to the digit of
1 m ° C in the transformed temperature. It is noted that the temperature resolution
in the above time interval exceeds 0.1 m ° C remarkably following the long-period
and small change of temperature. Output prints in 8 months' observation were
compiled in one volume of magnetic tape and the frequency counts were trans
formed to the temperature after the formula expressed in the appendix.
Figure 6 (upper part) plots every 32 hours' interval data in the observation
of underground temperatures. Symbols X, Y and Z denote temperatures at 5 m
depth, 10 m depth and 20 m depth, respectively. At 5 m depth, the underground
temperature showed a quasi-sinusoidal change in the range from about -4.89 ° C
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An example of the output from a
dot printer. See the text.
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The 32 hours' interval plots of underground temperature in April-December, 1980. X, Y and
Z denote temperatures at 5 m depth, 10 m depth and 20 m depth, respectively. As for 20 m
depth, 16 hours' interval plots in an enlarged scale of the ordinate are given in the lower
part. A- and B-arrows correspond to the minimum at 5 m depth and the maximum at 20 m
depth in the seasonal trends, respectively.
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(the maximum is out of the observation period) to - 10.36° C (the minimum is
around 300 day of year), while that at 1 0 m depth changed from -7.73° C (the
maximum around 150 day of year) to about -9.31 ° C (the minimum probably
around 360 day of year). Though the temperature at 20 m depth looks almost
constant in the upper part of Fig. 6, the enlargement of the scale of the ordinate
and the plot with every 1 6 hours' interval (lower part of Fig. 6) clearly shows
a sinusoidal change of temperature from -8. l 7 ° C (the maximum around 290 day
of year) to -8.37 ° C (the minimum around 1 10 day of year). In order to see the
correlation of underground temperature with the air temperature, 1 0 days' running
means of both daily maximum and daily minimum air temperatures, which are
considered to give enhanced seasonal variations of air temperatures by suppressing
daily variations, in two years (January 1979-December 1 980) are calculated and
plotted in Fig. 7 with symbols U and L, respectively. Considering the trends con
necting U or L in Fig. 7, peaks in such seasonal variation of air temperatures
appear around 0-1 0 day of year with the range of -2 ° C-- +5 ° C, while troughs
appear around 230-240 day of year with the range of -25° C-- -15 ° C. Com
parison of Fig. 6 with Fig. 7 indicates that the phase delay of underground tem
perature variation at 5 m depth against the seasonal trend of air temperature varia
tions is about 90 days as shown by the difference of the day of year marked by
two A-arrows in Figs. 6 and 7. The above delay is not distinct at 1 0 m depth,
partly because of the lack of observations before 120 day of year and 310-330
day of year in Fig. 6. The delay amounts to about 290 days for the underground
temperature at 20 m depth (see · also ·the difference of the day of year marked by
B-arrows). Considering the ranges of the variation of underground temperature,
about 5.47 ° C at 5 m depth, about l . 58 ° C at 10 m depth and 0.20 ° C at 20 m depth,
and assuming exponential decay of such variations which may be the results of
( 1 979}
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running mean of daily maximum air temperature (symbol U) and that of daily
temperature (symbol L). A- and B-arrows correspond to the minimum and the
the seasonal trends of air temperature in 1980, respectively. Total day is
January l, 1979 to December 31, 1980.
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Temperature variation of sea-water at 7 m depth under ice-cover on the coast of Nisi-no-ura
C ove (symbol W). 2 hours' interval plots of the variation during 230-260 day of year (the box
in the upper part) are given in an enlarged scale of the ordinate in the lower part of the figure.

the effect of seasonal change of air temperature, the effect will be less than 1 0
m ° C a t the depth of 3 3 .8 m .
The upper part of Fig. 8 displays underwater temperature vanauon. The
temperature of sea-water became gradually higher from - 1 . 63 ° C (around 1 60 day
of year) to - l . 48 ° C (around 330 day of year) at the approximate rate of 0.9
m ° C/day. There seems to be also fine structures with the change order of 5 0- 1 00
m° C on the above trend, as shown by the sequence of abrupt increase and sub
sequent gradual decrease of temperature which is illustrated in the lower part of
Fig. 8 by more detailed plots of every 2 hours' interval during 230-260 day of
year. The phenomena may be related to the physical processes of sea-water sea
ice interactions or short-period seasonal variation of air temperature in Fig. 7 .
There was a steep increase of temperature from - l . 48° C to - 0.70° C during 40
days of 330-370 day of year, which may result from the inflow of fresh water
from melted snow on the coast of Nisi-no-ura Cove.

4.

Application of Quartz Thermometers for Future Research

Originally, the air drilling was planned to obtain a 5 0-100 m borehole on
East Ongul Island. However, difficulties of logistics and operations in bad weath
er prevented us from accomplishing the object. As shown in the former section
or predicted by the results of the underground temperature observations in lower
latitudes, the effect of seasonal variation of air temperature on the underground
temperature variation will be within the range of 1 0 m ° C at the depth of 3 3 . 8 m.
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If we take tentative value of Q = 0.5 - 2. 0 x 10- 2 x J W/m2 for heat flow in the
antarctic region and k = 2 - 4 x 1 0-l x J W/m ° C for thermal conductivity (e. g. ,
GERARD et al. , 1 962) where J is Jo ule's constant, then the temperature gradient
against depth il T/ilh is given by
- 2 . 0 x 1 0 - 2 x J W/m2
il T/ilh Q 0 . 5
2 - 4 x 10-1 x J W/m ° C
k
= 0. 1 - 1 . 0 x 10-1 ° C/m
= 1 0 - 100 m ° C/m.
Though relative accuracy of quartz thermometers can be improved by using the
same TCXO for two or more sensing units, at least 200 m ° C of il T is required
for precise measurements of heat flow, which results in the necessity for the depth
interval ilh of 2-20 m and consequently total depth of 50 m .
One o f the most adequate and fruitful utilizations o f quartz thermometers i s the
unmanned long-term temperature measurement of sea-water. Figure 9 illustrates
an example of the temperature measurements of sea-water at various points and
depths in Ltitzow-Holm Bay by the portable quartz thermometer of the same

°

69 00'

69"15'

°

69 30'

--.----------1 e9°4s•s

L....;______-,-__,._____

Fig. 9.

Log data of underwater temperatures in Li.itzow-Holm Bay.
The lowest (or the only one) column in each box shows
the temperature at the sea bottom.
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design as that of the W.T. system. As the date of measurements ranges mostly
from August 10 to September 11, and as the depth of the bottom ranges from
150 m to 840 m, an accurate comparison of the obtained temperatures at different
points is impossible. However, Fig. 9 suggests higher temperature fields in the
southern part against the northern part under the ice-cover of Liitzow-Holm Bay
in August or September, and the yearlong installation of many such quartz ther
mometers may reveal seasonally systematic or geographically dependent tempera
ture structures.
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Appendix
The frequency counts Fr of underground sensors are mostly expressed by
Fr = 15 98000000+ F, where F is positive integer of 6 digits. Dividing Fr by 64,
the frequency count Fr' in one rectangular gate is expressed by
(1)
Fr' = 24968750+ F',
where
(2)
F' = F/64.
Following the relation in Fig . 4 of the text, Fr' = F0 - a. T, where a. is the change
rate of counts against temperature and is approximately 2 . 1 x 10 3 counts/ ° C.
Substitution of 24960600 for F0 of the 5 m system finally results in
(3)
T= 0. 47 x {60600- (68750+ F')} m ° C.
Similar expressions are obtained for 10 m and 20 m underground temperatures.
As for the W. T. system, the frequency counts are expressed by Fr, wr = 1597000000
+ F. Similar procedures finally give the underwater temperature which is ex
pressed by
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(3)'
T= 0.47 x { 62400 - (53125 + F')} m ° C,
instead of eq. (3).
In the compiled magnetic tape, total hours from the start (ITIME), fractional
frequency counts F' (IFRE Q ) and transformed temperature in m ° C (ITEMP) are
written sequentially by the specification and the data format which are illustrated
in Fig. A-1 .

0

( l) Magnetic tape with a standard label

(2)

VOL= SER = H EAT21

Multi-file compi lation

liitl

DATA

DATA

DATA
DSN=HFlO

DSN=HF0 5
underground ( 5m)

DSN=WT7M
sea water (7m)

underground ( !Om)

DATA

DATA
DSN=AIRT
air (daily max . and min . }

DSN=HF2 0
underground ( 20m}
( 3)

Data format ( SL=l-4 )
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l block ( RECFM=F , BLKSI ZE=l20 )

!TIME
IFREQ
ITEMP

total hours from the start
fractional frequency counts , eq . (2) in the appendix
temperature in m ° C

( 4 ) Data format (SL=5 )

r

1

"-1.·v

1 block ( RECFM=F, BLKSI ZE=l20)
K • • • day of year
IM • • • month
ID • • • day
TMAX
dai ly maximum air temperature
TMIN • • • dai ly minimum air temperature

Fig. A-1.
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