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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
[Qﬂggg:g—frgxxl the water surface and the vertical mirror. But the
zi‘rrangemenl actually used was the most satisfactory, since the
long pipes, 502 feet, were already installed.

Courtesy: Michelson & Gale, (1919)



Courtesy:Michelson& Gale, 1919
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A 1 km long tiltmeter for land uplift research — A
plan by Kukkamaki, FGI in 1965

©) ®

Fig. 1. Pipe level.
Pipe. 1000 m long
Fixed reference surface
Light source of the interferometer
Photographic record of interference fringes

#s-03.20. I

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



NS (62m long) & EW(177m long ) water tube tilt meters in Lohja mine
1977-1996 by Kaariainen, FGI

Fig. 2. The principle of the instrument .

would be satistactorily high. 1hiS precision wouid b€ a real accuracy 1or

Courtesy:Kaariainen, 1979
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adjusted tidal

Frcm
[=ed]

0.721500
0.8520596
0.8575T1L
0.887327
0.895216
0. 521241
0.9325832
0. 958086
0. 268566
0. 989049
0.9951432
0. 999852
1.001825
1.005325
1.007595
1.012682
1.024467
1.064841
1.073349
1.0809494
1.712381
1.827T799
1.854524
1.864031
1.888387
1. 500545
1.923766
1.9582332
1. 966447
1.991787
1.999706
2.002591
2.003032
2.021435
2.0472432
2.753244
2.852640
2.940178
2. 7919454

EWWT recordings analysed with

Eterna 3.3 (Wenzel, 1995)

paramatars :

to Wanre . ampl. fac.

[opd] [ mas 1
0.851l82 138 0. 0572 1.237066
0. 857262 201 0. 0804 0.56144
0. 870023 SIGL 0. 0943 0.54918
0. 894010 ¢l 0. TE06 0.70299
0. 506315 ROL 0. 1255 0. 61070
0.532583 Ol 3. 9684 0. TO2ZT
0. 340487 TRUL 0. 0799 1.08348
0. 968565 ML 0. 2052 0.686T2
0.9574188 CHIL 0. 0532 0.62583
0.994755 FI1 0.1279 0.83172
0.998028 F1 1. 8668 0. 70993
1.000147 51 0. 0973 1.56456
1.003651 K1 5. 7740 0.72655
1.005623 PSI1 0. 0210 0.33704
1.00109% FI1 0. 0560 0.49472
1.034320 THEL 0. 0472 0.55569
1.044800 JL 0. 3013 0. 67800
1.073202 S01 0. 0579 0. 78526
1.080797 OOL 0. 1645 0. 67640
1.216397 V1 0. 0362 0. 77640
1.827343 3Nz 0. 0152 0. 67881
1.853%20 EPS2 0. 0412 0.71131
1.863634 ZN2 0.1401 0. TO60=
1.872142 MIZ 0. 1697 0. 70851
1.500525% N2 1.0817 0.69458
1.506462 HIZ 0.151% 0. &67360
1.5942T53 M2 5.4571 0. 69667
1.966446 1MB2 0. 0406 0. 7028l
1.576526 L2 0. 1650 0.74535
1.998287 Tz 0. 1260 0.55099
Z.0007T66 52 2.5470 0.69887
2.002885 R2 0. 0295 0. 518
Z2.031288 K2 0. 6810 0. 68728
Z.044652 ETA2 0. 0273 0.45240
2.182843 ZK2 0. 0060 0.41278
Z.869714 493 0. 0191 0.51138
Z.935615 M3 0. 0629 0.82238
3.081254 8503 0. 0078 0.78l84
3.5937897 M4 0. 0021 2.0745%

stdv. ph. laad atdr.

[deg]
0.54489 10.6357
0.18085 7.2778
0.15241 7.0314
0.02398  1.1341
0.12707  2.6861
0.00455  0.4411
0.34699 2.5312
0.05319 -0.2869
0.31049 —33. 7735
0.19968  3.9360
0.0l254 -1.9379
0.761T6-126. 5737
0.00414 -2.8628
0.52373 —286.3115
0.27922 8.2502
0.30626 28.3514
0.05826 -—3.2356
0.35450 -1.9257
0.09048 0.7635
0.43654 5.3150
0.31430 —22.3711
0.14223 1.5487
0.04113 -0.0527
0.03513 -1.5131
0.00550 —0.3031
0.02942  1.3149
0.00105 —0.8l68
0.14513 -7.6831
0.0306% O.4608
0.04271  3.2979
0.00260 —0.2271
0.25443 —41. 4186
0.00893 —2.9251
0.13396 —3.0273
0.36113 —13. 3625
0.17184 -9.8374
0.04983 -1.5685
0.35594  9.4799

3. 8T061-1692. TLO2

Courtesy: Ruotsalainen, 2005 (C)
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44,4422
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1.0125
27 .8548
0. 3271
89. 2665
32,3242
21. 5835
4.9228
25.8351
T.66T2
22,2846
26.5291
11. 4596
3.32362
2.8420
0. 4534
2. 5020
0. 0862
1l.82282
2.3574
4.1411
0.2134
15.1120
0. 7441
15. 5802
50.115=
10.8072
3.4714
26.0795
T2.1231



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

Adjusted tidal paramsters :

Trom o wENE ampl. ampl.fac. stde. ph. lead atdw.
[opd] [cpd) [ mas 1 [deqg] [deg]

C.D0Z2426 O.003425 SA Z.TEED 21 . 55820 0. 75560 4. B6E9 1.68418
C.004T10 O.01lO0851 SSh 4. 5558 5. 504TE 0.12162 S51.5358 1.Z5T75
C.OZEELE O. 044652 MM 0. B659 0. 833765 0.10135 B.T1E52 6. 14TT
C.DE0132 O.0E0T ST MF 1.1464 0. 65560 0.04l19% Z.B0OS5 3. TOZF4
O .05E423 O.Z45995]1 MTHM o. 0823 0. ZT53IE 0.21450 —BO0.1l544 44 .T7297
C.T21500 O.B51162 136 0. 0343 1.41038 F. 50T Z4.0543 132.Z2977
O.852096 O.BST262 201 0. 0951 1.13901 1.01500 =d.91&7 51.0426
C.85TS5T1 O.8TOHOZI SIGL 0. 0548 0. 54406 0. 54477 1F. 5732 BE. 35685
C.88T3IZT O.654010 Q1 0.457TS 0. T2EEL 0.13443 <1.89058 10.61TH
C.88%5216 O.906315 ROL 0. 0833 0. 68542 0. To2OT 1.5820 57 . 3633
C.9215941 O.93Z563 O1 Z2.5148 0. TEZSS5 0.02591 =1.476S5 1.9463
C. 932583 O0.94046T7 TRAOL 0. 0307 0. T7T1l3e® I . 5Z33I5 S55.119T7T ZFOZ.5TES
O.9258086 0.9268565 M1 0.1TES 0. 658231 0.3l1E800 Z.B9z29 6. T250
D. 968566 0.9T41l 68 CHIL1 0O. 0561 1.1321ls 1. TOoSES —4Z. 1662 BE.38TE
O.925504% 0.934T755 PI1 0.1312 1.46351 1.1059% —-10.46089 43.2952
C.99%5143 O.99B028 P1 1.2100 0. TESDE 0.0E562 =T7.2004 4. TESE
O.99%9853 1.00014T7 =51 0.0289 0. TOE O 4. 04260 B4 . 9280 Z90.22TH
1.001825 1.003851 K1 3.6823 o.TR4TO 0.02026 =5.T7299 1.4605
1.00532%9 1.005823 PSI1 0. 0158 0. 43636 2.688225=145. 4647 3I52.3107
1.007T595 1.011055 FI1 0. 0955 1.51310 1.55209 IS . G401 58.T406
1.01366% 1.034320 THEL 0. 035D 0. TEETT 1.731z4 =4. 0525 129.3F1l09
1.034467 1.0445800 J1 o.lEs00 0. 62451 0.328662 -3.59687 2T . 11l82
1.064841 1.0T73202 SO1 0.0351 0. 9l002 1.956590 —-25.1447 123.Z8510
1.07334% 1.080T79T7 OO1 0.lo034 0. TZEIE 0. 45691 Z.ZETH 35 . 3021
1.0805944 1.Z16357 W1 o.o212 D.TTSO0® I .Z49TE6 0.3968 165. 4662
1. 718381 1.8B2ZT343 3IN2 o.01z2 0. 62TIL 4.2067T5 2ZE.4590F 3I654.3I156
1.827TT8% 1.8535920 EPSZ2 0. 035E 0. TEE10 1. 868617 —-35.8638 13T7. 1802
1.854524 1.B863634 ZIN2 0.0TdE 0. 43242 0.54204 =10.5248 T1l.5054
1.864081 1.8TZ1 42 MIZ 0.13E69 . 65747 0. 46639 =Z20.2Z920 40. 0369
1.868387 1.590052% HZ 0. 7334 0.5E62ES5 0.0T3ZZ2 —=6.91&63 T.A590
1.900545 1.5906462 HIZ 0.1657 0. 68164 0.35201 =8 2398 3Z. 9550
1.923TE6 1.942T5F M2 3.9361 .5TE4L 0.01415 <=1.T3&8T 1.401%
1.9258233 1.966446 LMBE2 0. 0358 0. Tl34Z 1.52547 1T . TS563 154.52T0D
1.96644T7 1.97TE5Z6 LI 0.1155 0. 62105 0. 44625 —5.04T7T1 41 . 1837
1.9%1THT 1.9982ET T2 o. 0959 0.51lEZ0 0.5313% =&.0360 58.T565
1.99%5TD6 2.000TEE S2 1.9665 . 62117 0.031z0 3I.5951 Z.8TTS
2002591 2.00ZEES R o.03T2 1.407TS5 3I.0Z2582 40 4057 123.1T&0D
Z.D03032 2.031268 F2 o.5167 0. ED0E0 0.05615 3. 0589 8.1T1E
2031435 2.0446852 ETIRZ o.0153 0. dD1EZ 1. A8TS5 5. 8089 Z13. 1664
2047243 2.15Z6543F ZK2 o.0OEL 0.64315 3I.5054T7 ZE.9T7Z2 F36.TOLS
Z. 753244 2. 8659714 453 0.017TS 0. 86146 5.09%948 —J468.6560 3I03.9115
2. 8592640 2.935615 M3 0. 0540 1.45512 <168.6712 10Z2. 4963
Z. 940176 3.081254 SO3 o.0112 B.d5T72% —-58.6564 3IT4.0662
F.THl9E54 I.93TEST M4 0. 0137 22 . 63434145 . 00132-113.35949% FT3.E0L13

Courtesy: Ruotsalainen, 2005, FGI (C)



Recorded core resonancef/tidal tilt signals recorded with
EWWT in Lohja (hanoradians)

B, 68+(0,0003/(1,0052-x})
fewwt.prn” using ((F1+32}/2.8)24 +

Courtesy: H.Ruotsalainen, FGI




Recorded core resonancef/tidal tilt signals recorded with
NSWT in Lohja (nanoradians)

! ! ! ' B.69+(0,0003/(1,0049-x))
N nsut.prn” using C({F1+$2)/2.8):4 +

Courtesy: H.Ruotsalainen, FGI



Core resonancef/tidal tilt signals recorded with
superconducting gravimeter GWR-TT20 in Metsahovi
(Virtanen, 2006)
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Modernized water level tilt meter

Project third generation WT started in year 2000

Thermal expansion modelling were carried out

Modular stainless construction

New end pots were built at the Helsinki University of Technology and installed on the
adjustable tripods with special ball&socket type joints to the tube

End pots plated inside by _teflon to avoid water friction against walls

Single mode fibers used between 2 m\W 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 a computer on-the-fly with 15 hz sampling
rate under Linux operating system programmed by A. Pavenis (Latvia, Riga University/FGI
2002-2005)

Estimated tilt resolution 0.1 nanoradians with this 50.4 m tube. Resolution is comparable to

Imm tilt in 210000 km base.




Fizeau-Kukkamaki level interferometer

optical fiber

collimator ﬁ\_:

HeNe-laser

heam splitter
/4
’

. pq CCD-camera ~
fluid level ‘ I + PC recording

plain-convex
lens

(C) Courtesy: Hannu Ruotsalainen, FGI




Prototype wt at the FGI lab




Proto WT (2.75m) in Lohja




New 50.4 m long proto NSWT In
Lohja







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 e.g. monthly.
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Recordings of the new H5=HT in Tytyri nine Lohja Finland
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Comparison of old and new NSWT earth tide analyse result (main waves)
Wenzel Eterna 3.3 version

Adjusted tidal parameters of NSWT, Hartmann-Wenzel potential developent 1995 used :

from to wave ampl. ampl.fac. stdv. ph. lead stdv.
[cpd] [ cpd] [ mas ] [deg] [deg]

OLD NSWT (1054 days)

0.921941 0.940487 O1 2.4248 0.73570 0.02763 -1.4338 2.1525
0.989049 0.998028 P1 1.2143 0.79193 0.06957 -8.2180 5.0347
1.001825 1.003651 K1 3.5895 0.77469 0.02159 -5.5863 1.5964
1.923766 1.942754 M2 3.8793 0.57006 0.01521 -1.9471 1.5293
1.991787 2.002885 S2 1.9563 0.61795 0.03249 3.2626 3.0117

NEW NSWT (97 days)

0.921941 0.932583 01 2.4760 0.75147 0.07876 -1.0836 6.0283
0.995143 0.998028 P1  1.2673 0.82665 0.19441 -1.1736 13.4770
1.001825 1.003651 K1 3.7231 0.80346 0.05991 -5.1887 4.2762
1.923766 1.942753 M2 3.9471 0.58027 0.04309 -3.7515 4.2552
1.999706 2.000766 S2 1.8655 0.58944 0.09111 4.4365 8.8273




N phase of the new NS-HT in Tytyri mine Lohja Finland

Phase of 8=-1 <{-> 8-284nn
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Recordings of the new H5=HT in Tytyri nine Lohja Finland

ing 1:;{$2-82}
e 1+{0. 7=$2}
£ using 1:2
13 {-$2}

08:68

11781
2889

84:88 ag:ee 12:68 16:808 20:88 ea:oa

11781 11/81 11781 11781 11781 12781
2869 2009 2809 2089 2809 2809

Date and Time {UTC}




M2 ocean tide map by H.G. Scherneck,
OSO,Sweden

[ | TR m
0.0 0.1 0.2 0.3 0.5 0.8 4.5
Tidal amplitude

.




M2 loadings along latitude 27 by D.C Agnew, (1997) NLOADF
program and CSR4.0 model.

H2 ocean loading tilt and gravity signal anplitude in H5 direction in Finland

45 T T T T T » B T B T » T B T
: : : : - "HS_lineloading.dat” using 1:4
. . : . © "NS_lineloading.dat’ using 1:6
P A A S A - "Ns_lineloading.dat” using 1:8 =g~ |

H? loading tilt {NS5-red,EH-green nanoradian}
{gravity load =-blue, nicrogal}

a8 l======I : I : 3 i I ]
60 61 62 63 64 65 66 67 68 69 7
Latitude along longitude 27 in Finland
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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
P E E FLNS5B80506_0613,.tid" using 1:2
) NS AN S— S— — —— ]

POB F ol

188

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

a
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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

" | ’NSB8B216_0305H.tes! using 1313 ——
| "NS880216_8385H,tes! using 1111 ——

pg e
aa:88 8a8:68 e8;e8 ea8;e8 aa:e8 aa:6a e8;ea aa8:68 aa:e8 8a:68 aa: 88
16702 18/02 28/92 22/82 24/02 26/02 28/02 g1/03 a3/03 85/03 a7/a3
2080885 2888 2888 2088 28865 2888 2888 2088 20086 2888 2888

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

ilt recording (red), nodel tilt with obs. paran. {Hartman-Hentzel pot




Crustal loading tilt model of the Baltic Sea with 1 m standard level load
D.C.Agnew’'s program NLOADF compiled by Maaria Nordman

Courtesy of map: M. Nordman, FGi



RED - NON-TIDAL RESIDUAL TILT of the NSWT
GREEN- CRUSTAL LOADING MODEL OF BALTIC SEA,
NLOADF, (Agnew 1997) and Baltic Sea level data from the Finnish Institute of Marine
Research, and BOOS database

Loading of the Baltic Sea and crustal tilt residual in Lohja, Finland
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Conclusions

» Modern Michelson-Gale type interferometric water level tilt meter (WT) with absolute
scale can be modified to different lenghts from 1m to several hundreds of meters in
different atsimutes.

» WT can record broad spectrum of geodynamical signals from microseism and free
oscillations and earth tide tilt. Toroidal modes of the free oscillations have been
observed, which are not possible detect with gravimeters

» M2 ocean tidal loading tilt signal observed — origin possibly from the Arctic Sea

»  Loading tilt signal of Baltic Sea also observed
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