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Michelson&Gale WT 1914-1919
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Other interference arrangements are obvious which would give
a displacement of a greater number of fringes, or permit the use of
a shorter pipe; e.g., the fringes | formed between the water surface
and the lower mirror might be used, or the lower mirror might be
dispensed with and use made of the fringes formed by the light
reflected from the water surface and the vertical mirror. But the
;frrangtmcnl actually used was the most satisfactory, since the
long pipes, 502 feet, were already installed.

Courtesy: Michelson & Gale, (1919)
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Courtesy:Michelson& Gale, 1919
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FIG. 2.—N-S tides, March 24 to April 21, 1917. Dotted curves, observed values. Full curves, 0.7 of calculated values
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Courtesy:Michelson&Gale, 1919
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Kukkamaki 1 km landuplift tiltmeter plan in1965
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Fig. 1. Pipe level.
Pipe. 1000 m long
. Fixed reference surface
3. Light source of the interferometer
4. Photographic record of interference fringes

bl -

A pipe about 1000 m long is planned to be placed in a horizontal drift
situated perpendicularly to isobases. The pipe is filled with a suitable liquid,
e.g. with mercury. The elevation of the liquid surface at each end is recorded
with light interference by which an internal precision of one tenth of the
interference fringe interval, i.e. +-0.02 u is to be obtained.

This precision, when compared with the yearly tilting of 15 x per 1000 m
would be satisfactorily high. This precision would be a real accuracy for

Courtesy: Kukkamaki, 1965



Kaariainen NS & EW WT in Lohja 1977-1998

Fig. 2. The principle of the instrument ,

would be satislactorily high. 'I'his precision would be a Treal accuracy” 1or

Courtesy:Kaaridinen, 1979












EWWT recordings analysed with
Eterna 3.3 (Wenzel, 1995)

adjusted tidal parsmeters :

Erom to W ampl. ampl. fac. gstcv. ph. lasd aodr.,
[=pdl [=pd] [ mas= 1 [dag] [Sag]

0.721500 0.8511la82 138 0.057T2 1.37T066 0.54482 10.6357 22.7839
O.852056 0.857262 201 0. 0804 0.56144 0O.18085 T.27T78 18.4642
0.857571 0.870023 SIGL 0. 0539 0.54918 0.15241 T7.0314 15.32174
Q.887327 0.824010 Ol 0. TE0e 0.7TO299 0.02398 1.1341 1. 9557
0.8%5216 0. 206215 RO1 0.1255 0.61070 0.12707 2.6861 11.35281
0.921341 O.532583 Cl 3.9684 0. 70227 0.00455 0. 42411 0. 3717
0.932583 0. 540487 TRITL 0. 0755 1.08348 0O.34659 2.5312 18.3382
0.958086 0.368565 ML 0. 2052 0.68672 0.05212 -=0.286%5 4.4423
0. 268566 0.974188 CHIL 0. 0532 0.62582 0.3104% —33.7T725 28.4286
0.98204%9 0.954755 FI1 0.1272 0.82172 0.19968 3.9360 13.7475
0.995143 0. 9398028 F1 1.8658 0.70999 0.01254 -=1.537% 1.0125
0.995853 1. 000147 51 0. 0573 1.56456 0O.7T61T6—126.5737 27.8548
1.0018925 1.0032651 K1 5.7740 0.7T2655 0.004149 —2.8628 0. 32271
1.005329 1.005623 PSIL 0.0210 0.33704 0.532373 —28.3115 B89.2665

1.007595 1.011099
1.01368% 1.034330
1.024467 1.044800
1.0648491 1.073202
1.07334% 1.080737
l1.080944 1.216397
1.712381 1.827343
1.82779% 1.853520
1.854524 1.862634
1.864091 1.872142
1.888387 1.200523
1.900545 1. 5906462
1.923766 1.342753
1.958232 1.266446
1.96447 1.9T63926
1.991787 1.39238287
1.995706 2. 000756
2.00259]1 2002805
2.002032 Z.031288
2.031435 2. 044652
2.047243 2.182843
2.753244 2.869714
2.892640 2. 935615
2.2490178 3.081254
3.791964 3.337897

0. 0560 0.49472 0.27522 8.2502 32,3242
0. 0472 0.5556% O0.30626 28.3914 321.5835
0. 3013 0.67800 0O.05826 —=3.2356 4.9228
0. 0572 0.7T8526 0.35450 -—1.92257 25.8351
0. 1645 0.67640 0O.05048 0.7T635 T.667T9
0. 0362 0.77640 0.43654 5.3150 32.2846
0. 0152 0.67881 0.314320 =22, 3711 26.5251
0.0412 0.71131 0.14223 1.5487 11.4559&
0. 1401 0.7Tos08 0.04113 —0.0527 3. 3362
0. 1697 0. 70851 0©.03513 -1.5131 2.,8420
1.0417 0.69458 0.00550 —0.3031 0.4534
0.151% 0.67360 0O.025432 1.3145% 2.5020
5.45T1 0.69667 O0.00105 —=0.8168 0. 0862
0. 0406 0.70281 0.14513 -7T.6831 1l.8282
0. 1650 0.74535 0.0306% 0. 4608 2.357T4
0. 1260 0.59099 0.0427T1 3.2979 4.1411
2.547T0 0.65887 O.00260 —=0.2271 0. 2134
0. 0295 0.96518 0.25443 —41.4186 15.1120
0. 6810 0.68728 0.00823 -—2.32251 0. 7441
0. 0272 0.49240 0.133%6 -3.0273 15.5802
0. 060 0.41278 0.36113 —-13.3625 50.1153
0. 0191 0.91138 0.17184 —2.8374 10.80732
0. 0822 0.82238 0.04983 -—1.5685 3.4714
0. 0078 0.78le4 0.35524 2.4722 26.0795
0. 0021 2.07459 3.87T061-162.7T102 T2.1331

LA EELELHU G T TEREERE

Courtesy: Ruotsalainen, 2005 (C)



NSWT-recordings analysed with
Eterna3.3 (Wenzel, 1995)

Adjusted tidal paramsters :

Trom to wENE ampl. ampl.fac. satdw. ph. lead atdr.
[cpd] [cpd] [ mas 1 [deg] [deg]
D.D0Z4ZE O. 003425 SR 2. 7860 21 . S5820 0. TS580 4.FEE9 1.B418
0.004T10 ©.01l0951 SSR 4.5598 5. 60478 0.12162 S1.5398 1.2575
0. 0ZEE12 0. 044652 MM 0. B859 0. 3FTES 0. 10133 B.T152 . 14TT
Q. 080132 O.0E0TST MF 1.1464 0. 85560 D.o4l19% Z. 5095 F. 7034
0. 096423 0.249951 MTM 0. 0922 0. ZTS38 0.21450 —E0.1644 44 . TZST
0. 7TZA500 O.851182 136 0. 0343 1.41036 F.Z5907 24.054F% 132.297T
0. 852096 O.B5TZEZ 201 0. 0851 1.13201 1. 01500 =4 .91 &7 51. 0428
O.&5T5T1 O.FTOOZF SIGL O.0548 0. 54408 0. 54477 13.573=2 BE. 3585
O.&8T3ZT O.EFS40L10D Q1 0.45T7TS 0. T2EEL 0. 13443 =1.89058 10. 61 7TE
0895216 O.20EILS5 ROL o.0B33 O. 55542 o.ToI20T 1.5820 5T . 9633
0.8221%41 O.23258F% OL Z2.5148 0. TEZSS 0.02591 =1.47ES5 1. 8463

0. 9404857 TAUDL 0. 0307 0. TlI9® Z. 52335 S585.11%9%T7 Z0Z.5TES

0. 968565 M1 0.1T&8 0. 68231 O.316800 Z. G929 6. TIS0

O.9T4A1l8S CHIL1 0.0581 1.13219 1.TOSES —42.1682 B6.3857T6

0.9947T55 PI1 o.1312 1.46351 1.1059% —10.4809 43.2952

0. 998028 P1 1.2100 0. TES0E O.06562 -T7.2004 4. TESE
O.999853 1.00014T7 S1 o.02E89 0. TEE0® 4.04260 B4.92EB0 290.22TH
1.001825 1.003651 F1L 3.6823 0. T4T0 0O.02026 -5.T299 1. 4605
1.005329 1.005623% PSI1 0. 0158 0. 43636 2. 682251454647 IS2. I1OT
1.007555 1.011l055% FIL 0. 0959 1.513F10 1.55209 F9_s401 58. T408
1. 013665 1.034320 THEL 0. 0360 O.TESTT 1.731z24 =4 . 0525 129.31l09
1.034467 1.044800 J1 o.1800 0. 553451 0O.3Z8BZ2 =3I.5987 27T . 1162
1. 064641 1.073202 01 o.0391 0. 2lOo02 1. 95690 —25.1447 12F.2810
1. 073349 1.060T7TST OOl 0.1054 0. TIZE9E 0. 45891 Z.ZETH 35. 9021
1. 080944 1.216397 W1 o.o0212 O.TTI0S Z_ Z49386 0.3968 165. 4662
1.T19381 1.8ZT343 3IN2 0.0122 0. 62731 4. 20675 2ZE.4506 3I84.3158
1. 827795 1.853%20 EPFSZ 0. 0356 . TEELD 1. 58617 —35. 8638 137. 1802
1.854524 1.863634 2Nz O.0T4dSE 0. 43242 0. 54204 —-10.9248 7T1l.5064
1.864091 1.8T2142 MIZ O.1369 0. 66T4T 0. 46638 —-Z20.Z2920 d3. 0FES
1. 888367 1.900529% HZ 0. 7334 0.56265 0.07322 —6.91&63 T . d550
1.900545 1.906462 HIZ O.166T 0. 68164 0.389201 —-S5.Z398 3Z. 8550
1.923T6E6 1.942TSF M2 3.9361 0.57T641 O0O.01415 =1.T3ET 1. 4019
1.956233 1.966446 LMBS 0. O35S 0. TilZ42 1.92847 17.T7563 154.927T0
1.966447 1.97T6926 LI o0.1195 0. 62105 0. 44625 —9.047T1 41 . 1837
1.991767 1.99828T7 T2 0.0959 0. S1lE20 0.5313% —E€.0360 58. TS565
1.9997T06 Z.000T6EE 52 1.9665 0. 62117 0. 03120 3.5951 Z2.57TT
2.00Z591 2.00ZEE5 R2 o.03T2 1.40775 JF.02582 40.4057 123F. 17D
2.003032 Z.031268 K2 O.5S167 0. SO0E0 0. 09613 F. 0569 2. 1T1E
2.031435 Z.044652 ETAZ 0.01533 0. 40182 1. 48795 5. BF0E® Z1Z. 1654
2.04T7T243 Z.162643F 2F2 o.00EL 0. 54315 J.E0547 Z26.9722 I3E.TIL9
2. 753244 Z.B65T7T14 453 0.017S5 0. 36146 5. 09948 —48.6560 3I03.53119
2. 89Z640 2. 935615 M3 0. 0540 0. BLISE 1. 45512 —-18.6712 1l0Z. 4963
2.94017T6 I.081l254 S03 o.o0l112 1.29495% 6. 45729 ~56.6564 3IT74.0662
F.T564 JF.93TEST M4 0.01l3T 22 . 63434145 00132-113. 3949 ITI. 5013

Courtesy: Ruotsalainen, 2005, FGI (C)




Core resonance signals in small diurnal waves separated from
tidal tilt recordings of the old EWWT and NSWT in Lohja
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Courtesy: H.Ruotsalainen, FGI
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Courtesy: Hannu Ruotsalainen, FGI



Modernizing water level tilt meter

Project started in year 2000

Critical temperature modelling and tests

New end pots were built at the Helsinki University of Technology

Modular half-filled stainless steel tube and special junctions

End pots installed on the adjustable tripods with special ball&socket type junctions
End pots plated inside by teflon to avoid fluid friction against pot walls

Single mode fibres used between 2 mW HeNe-lasers and collimators to avoid thermal
influence of laser on the level interferometer

Fringe image recordings are carried out using Basler digital firewire cameras

Interference phase interpretation carried out by recording computer on-the-fly 15 hz sampling
rate under Linux operating system

Estimated tilt resolution 0.1 nanoradian with 50.4 m tube




Fizeau-Kukkamaki level interferometer

optical fiher

collimator ﬁL:

HelNe-laser

beam splitter
il

F
pq CCD-camera -
fluid level \

+ PC recording

plain-convex
lens

(C) Courtesy: Hannu Ruotsalainen, FGI




Prototype in FGI lab




Fringeza, avi

(C) Courtesy : Hannu Ruotsalainen, FGI




Recordings of the EW-WT lab.tilt meter after the earthguake in Kyushus, Japan at Z2A:A1:29

— T T T T T T ]
THHEHELL . sum® using 1:2
'EBEBEEL] . sum® using 1:2

in both end=s of the tube Cin micrometers:

lisB6-B6ll~ B6-B611- 060611l -B6-85611-B6-8611 06 B611-06-B611-B6-8511-B6-8611-B&-B86
19145 2 AA Zer 15 Ze:3A 2AI 45 21:8a 21:15 21:3A 21:45 22t an
Date and Time CUTCY

Hater lewel displacements

(C) Courtesy: Hannu Ruotsalainen, FGI



Proto WT (2.75m) in Tytyri mine
Lohja with one end recording test




ne end pot recording of proto-HT in middle of old EN-HT+ilt meter in Tytyri mine Lohja Fi
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Courtesy: Hannu Ruotsalainen, FGI



Northern end pot & firewire camera system

orange cable is a fiber-optic firewire extender cable (260 m) between camera and computer
yellow - single mode fibre from HeNe laser to collimator




Computers in entrance room (200 and 260 m from interferometers) recording fringes and
interpreting on the fly with 15Hz sampling rate. Data is downloaded from computers on
hard disks and transported to FGI for analyse

g



12.5.2008 earthquake in China and N end phase recording of tiltmeter in Lohja

N phase of the new H5-HT in Tytyri nine Lohja Finland

..............

Phase of 8-1 <= B-284nn

B0:08 ©2:080 064;00 0G;B0 6§00 16:88 12;88 1488 16108 13;808 28;80 22;88 00:00
12/85 12785 12785 12785 12785 12785 12/85 12785 12785 12/85 12785 12/85 13785
2868 2008 26608 2008 2008 2008 2008 2008 22008 22008 22008 220888 22008

Date and Tine {UTC}
Courtesy: Hannu Ruotsalainen, FGI




H end pot recording of the new H5=HT in Tytyri mine Loh_ja Finland

L T T T T T NggeSe6_A613, intl” using 1:2

Lo ; ; ’LNS@88506_B613, tid” using 1:2
) NS AN S— S— — —— ]
L

Hater level tilting in one end of 58.4 n HT {nanoradians=inns1inl

188
a
] A S YV A Y U
L I .. L L I L L L I N L L I L N L I L L N I L
8868 Bo;a8 Be:68 8860 8868 Bo;a8
12/85 14/85 16785 18/85 28/85 22/85
2008 2808 2005 2008 2008 2808

Date and Tine {UTC}
Courtesy: Hannu Ruotsalainen, FGI




NS-WT RECORDING IN LOHJA, 16.2. - 05.03. 2008
Green theoretical model tilt - red observed tilt

Crustal tilt recording with HSHT in Lohja2, Finland

—7 1T > 1 1T v T T T Tt 7 T T T T T T 7T
: " *N58808216_8385H, tes! using 1312 ——
| 'NSB88216_8305H.tes! using 1311 ——

g
8a:68 ada:6a e8:e8 ea:68 8a:68 aa8:68 aa8;e8 aa:88 8a:68 e8:e8 aa:88
16702 18/02 28/a2 22/82 24/02 26/02 28/02 a1/03 83/03 85/03 a7/83
2885 2888 2888 20086 2885 2888 2088 2080885 2888 2888 2088

Date and Time {UTC}

ilt recording {red}, nodel tilt with obs. param. {Hartman-Hentzel pot

Courtesy: Hannu Ruotsalainen, FGI



Crustal loading model of the Baltic Sea with 1 m standard load (nanoradian)
calculated by M. Nordman (FGI) using D.C.Agnew’s program NLOADF

Courtesy of map: M. Nordman, FGi



RED - NON-TIDAL RESIDUAL TILT of the NSWT
GREEN- CRUSTAL LOADING MODEL OF BALTIC SEA, Calculated using NLOADF,

Agnew 1997, Nordman M. and Baltic Sea level data from the Finnish Institute of Marine
Research, and BOOS

Loading of the Baltic Sea and crustal tilt residual in Lohja, Finland
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Courtesy: H. Ruotsalainen and M. Nordman FGI



Phase of 5 end {8-1 neans 8 - 284 nnl})

5 end pot phase recording of the new H5-HT in Tytyri mine Lohja Finland

¥ | S B -
7 i I c . S SPE - i e o ° L .

0:00 02:00 04:00 06:00 05:00 10:60 12:00 14:00 16:00 18:00 20:00 22:00 0O:00
ie/81 16/81 418/01 16781 1601 18/61 18/81 187681 16781 16/91 16/81 16581 11761
2889 28689 2869 2869 28689 2669 2669 2669 2669 260689 2669 26689 26069

Date and Tine {UTC}

Courtesy: Hannu Ruotsalainen, FGI



H end pot phase recording of the new H5=HT in Tytyri mine Lohja Finland

L1
i
-
ko
I
o

Phazse of H end {(8-1 neans 8 - 284 nnl}}
=
o

a i . i N il N il . :
86:88 B82:88 B4:88 086:88 83:88

18:6880 12:6080 14:;80 16:600 18:880 28:680 22:00 00:00
18/81 18/81 18781 16781 1681 16781 18/081 18781 16/81 18781 168/81 18/81 11781
2069 26609 2669 2609 2609 26609 26609 2009 20609 2009 2609 2009 220689

Date and Time {UTC}

Courtesy: Hannu Ruotsalainen, FGI




5 end pot phase recording of the new H5=HT in Tytyri mine Lohja Finland

Phazse of S end {(8-1 neans 8 - 284 nnl}}
.-
L]
o

a o S : L 2 ; .. ) ' .. .
86:880 B82:80 0B84:88 B86:88 B83:68 16688 12:88 14;688 16:688 1368 28:68 22:080 060:d48
11/81 11781 11781 11781 1181 11781 11781 11781 11781 11781 11781 11781 12781
2809 2889 280609 28849 2809 2809 2809 2889 2809 20089 2009 2809 2889

Date and Time {UTC}

Courtesy: Hannu Ruotsalainen, FGI




H end pot phase recording of the new H5=HT in Tytyri mine Lohja Finland

Phazse of H end {(8-1 neans 8 - 284 nnl}}
=
o

H " . . X 5o e . - c o o ® s . .

00:6880 B2:08 B04:00 B6:8080 B5:88 18188 12:88 14180 1600 16:680 20:80 22780 60108
11/81 11781 11/81 11781 11781 11781 11/81 11781 11781 11781 11781 11781 12781
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Conclusions

> A new interferometric water level tilt meter with absolute scale

> WT recording contain broad spectrum of geodynamical signals from microseism and
free oscillations to tides

> Loading tilt of Baltic Sea gives information on crustal dynamics under surface load
> Modular instrument can be used for different kind of crustal dynamic research

> In north-south direction M2 tilt amplitude factor deviates — phase not - Why? Similar
effect was observed by Gale in Yerkes observatory, Wisconsin USA 1914.
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