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Observations of Atmospheric Refraction 
1905-09 

by 

H. G. SHAW, 

Survey of India. 

1. These observations were undertaken i n  order to  investigate the laws of atmospheric 
refraction. My programme was to determine :- 

(a)  The refraction co-efficient both towards, the plains and towards the snows. 

( b )  The refraction co-efficient i n  the case of a great depression like the angle from 
Mussooree t o  Dehra Dun. 

(c) The hourly variation in  refraction. 

( d )  The seasonal variation i n  refraction between October and May. 

My observations have already been discussed by Colonel Burrard in  the preface to  Synopti- 
eal Volume XXXV (North-East Longitudinal Series) and i n  appendices 5 and 8 of G. '1'. S. 
ProFessional Volume No. XIX (Levelling of Precision i n  India, 1858-1909). I n  Synoptical 
Volume XXXV the observations were used to determine the most probable values of heights of 
anow-peaks. I u  Professional Volume X I X  my observed angles were placed on record for the 
information of future observers. I n  this paper I am deducing and classifying the several values 
oE reEraction co-efficieuts obtained, and iu  some cases also the difference of heights deduced 
trigonometrically and from spirit-levelling. 

If C = the arc coutained between the normals at  the stations in  seconds 
D. = depression of B from A in seconds 
Eh = Elevation of A from B ,, 

then omitting minor corrections such as those for  height of instrument and of signal 

the co-efficient of refraction = 



When reciprocal angles have been observed the difference of height between stations 
is h where 

h = c1 sin Dn + sec Eb. 
2 

If only one angle e.g., E, has been observed the other Db is equal to c + E, - 2r, where 
r = Kc", I( being the co-efficient of refraction. 

2. I o b s e ~ e d  from five stations, three of which were specially built for this work. 

(i). Mussooree (Shaw's Station), on the Lesser Himalayan range, height 6929.9" feet. 
I t  is 26 feet east, and 174 feet south or 30 feet S.E. oE Mussooree Dome Observatory 

Station (Evelyn Hall) (vide Synoptical Volume of the Great Arc Meridiollal Series-Section 
29' to 30°, page 86"-A). I t  is a masonry pillar 3 feet in diameter and 1 foot 9 inches in height, upper 
surface being flush with ground level, with an annulus 4 inches in width. A slab bearing the 
inscription " Shaw's Refraction Station 1905-09 " has been fixed flush with the upper surface of 
the pillar. 

(ii). Debra Dun (Shaw's Station), a t  the foot of the Lesser Himalayan range, 
height 2234.3" feet. 

I t  is 10 feet west and 214 feet south of the Dehra Dun Latitude Station (near Haig 
Observatory) (vide G. T. S. Vol. XVIII  page 59). I t  is 79 feet 8 inches east of the Dehra Dun 
Longitude Station (vide G. T. S. Vol. XV, Appendix page 5 and Vol. XVIII, page 59). I t  
is a masonry pillar 3 feet in diameter and 2 feet 6 inches in height, the upper surface being flush 
with ground level, with an annulus 3 inches in width. A slab bearing the inscription "ShawPs 
Refraction Station 1905-09" has been fixed flush with the upper surface of the pillar. 

(iii). Nojli (Shaw's Station), situated in the plains, height 886.7" feet. 

I t  is 7 feet east and 19 feet south or 20 feet S.E. of Colouel Campbell's Latitude Station, 
63 Ecet from S.E. corner and 68 feet from N.E. corner of Nojli Tower Station. I t  is a masonry pillar 
3 feet in diameter and 2) feet in height, the upper surface of which is flush with grouud level, with 

G. T. S. 
an aunulus 3 inches in width. A stone 6 inches square with the letters o inscribed on it has been 

B.M. 
embedded in the centre of the pillar, the upper surface of which is on a level with the top of the 
pillar. 

(iv). Nojli Tower Station, upper mark, close to No. (iii), height 937.0" feet. 

I t  is a principal station of the Great Arc Meridional Series-Section 24' to 30'-and ia 
situated about half a mile S. of the village of the same name and about 3 miles S.E. of Balia- 
kheri Railway Station, 0. and R.  Railway. 

(v). Nag Tiha Hill Station, on the range immediately beyond that on which 
Mussooree stands, height 9912 feet. 

Spiritlevelled height. 



A circle and dot inscribed on the upper surface OF a stone embedded centrally i n  a circular 
masonry pillar 40 inches i n  diameter and 2 feet i n  height. Vertically below this upper mark, 
2 other stones similarly inscribed are embedded in the centre aud in the foundation of the pillar 
respectively. Around this pillar, a circular masonry ring has been built 1 foot thick and of 
the same height as the pillar leaving a concentric space 3 inches wide, and surrounding this a 
platform of earth and stones 14 feet square has been built. I t  is on the summit of the  highest 
of three peaks locally known as Nag Tiba. The hill can be approached from Mussooree i n  2 
marches by several different paths, all of which are very steep i n  places. There is a site for good 
camping ground on the spur running north from the station, and water is found on the  uorth 
side of the main ridge to  the east. 

Two stations were purposely introduced a t  Nojli, one 50 feet higher than the other, so as  
o compare t h e  effects of atmospheric refraction a t  ground level with those a t  a n  altitude of 50 
feet above the ground. 

3. The observing stations to  the snow peaks were Mussooree, Nojli and Nag  Tiba, and 
from these s t a t i o ~ ~ s  observations were taken periodically to  the  snow peaks of Bandarpunch, height 
20720 feet, Sriltanta height 20120 feet, Jaonli height 21760 feet and Kedarnath height 22770 feet. 
These heights are the ones deduced from the old observations and are i n  n o  way based on the 
observations under discussion. 

4. The trigonometrical observations consisted of the  following series :- 

Observations of vertical angles. 

First Series ... From Mussooree to  Dehra Dun and vice versa-distance 9.454 miles. 

Second Series . .. From Mussooree t o  Nojli (Shawls) ,and vice versa-distance 45.927 miles. 

Third Series . . . From Mussooree to  Nojli T.S. and vice versa-distance 45.931 miles. 

Fourth Series . . . From Mussooree to  Nag Tiba and vice versa-distance 9.886 miles. 

Fifth Series ... From Muasooree to  the Himalayan peaks of Bandarpunch (distance 
47.129 miles), Srikanta (distance 55 -474 miles), Jaonli (distance 
54,062 miles) and Kedaruath (distance 63.759 miles). 

Sixth Scries . . . From Nojli (Sliam's) to  the IIimnlayau peaks of Bandarpunch (distance 
92.923 miles), Srikallta (distauce 99 a800 miles), Jnouli (distance 
96,961 miles) and Iiedarnath (distance 104.148 miles). 

Seventh Series . . . From Nag Tiba to thc Himalayan pcaks of Bandarpunch (distance 
37.370 milcs), Srikantn (distance 46.495 miles), Jaonli (distance 
45.814 milcs) and Kcdaruath (distance 66.438 miles). 



6 .  Results of the First Series of Observations. 

Reciprocal Observations between Mussooree and Dehra Dun. 
h 

Table A.-showing firstly the excess in feet of the trigonometrical determination of 
the height of Mussooree above Dehra Dun over the spirit-level determination, and secondly 
the co-efficient of refraction deduced from the trigonometrical observations. 

It will be seen from Table A that the autumn observations give practically the same results 
as the spring observations, and that the maximum diurnal difference is 0.7 of a f ~ o t  in height 
and 0.018 in the refraction co-efficient. 

i 

Oct., Now. 
1905 

Mar., April 
1906 

Oct.. Novr. 
1906 

Mar.. 1907 April 

Oct., Novr. 
1907 

Mar., April 
1908 

October 
1908 

M a  1 
1909 

Mean 

Trigonometrical m i n w  levelled height Deduced co-efficient of refraction 

8-a. m. 

feet 
3.0 

1.3 1 3.2 1 2 -9 ( 3.0 1 3 - 2  

3 - 2  1 2.7 1 3-6 1 2-7 1 3.2 

A 
3.8 1 2.9 1 2.8 1 2.9 1 3 -0 

3.2 1 2.8 1 2.6 1 2.6 I 3-0 

3 . 1  1 2.5 1 2 . 4  2.5 I 1.8 

3.8 / 2.8 1 1.9 1 2.8 I 3.0 

3.5 ( 2.9 2.8 1 2-8 / 3.1 

2-3 p.m., time 
of minimum 

refraction 

feet 
2.8 

8 a. m. 

0,079 

10 s. m 

feet 
2.8 

4-30p.m 

feet 
3.2 

10 a. m. 

--- 

0.065 

Noon 

0.059 

Noon 

-- 
feet 
2-8 

0 ~ 0 ~ 6 0 ~ 6 6  J0-oi7 1 0 0  0 0 6 1  

o ~ 0 7 0 ~ o ~ 0 6 0 ~ o ~ 0 5 ~ ~  0.055 10.0~8 

0.07~ 1 0'06~ 1 O-o5X 1 0.056 1 
o-071 10-obi / o . o ~ ~  1 0 0 5 2  o S o 5 6  
- 

o o j 6  0 . ~ 6 ~  1 1 0 057 0 ~ ~ 6 ~  

o ~ o ~ ~ o ~ o ~ ~  0 * o 6 ~  1 0.066 ~ o ~ 0 7 ~  

0.079 10*066~0.062 0'06i 0'06i 

2.3 p.m., time 
of minimu~n 

refraction 

0,057 

4-30p.m. 

0.066 

0.06.3 0.076 0.058 0-065 0,058 



The following extract has been taken from Colonel BurrardJs Appendix to (3. T. Survey 
Volume XIX. 

One carious fact bmnght tn light by Mr. Shaw's observations between Dehra Dnn and Mnssooree ifl that  the  
trigonometrical difference of height, determined from reciprocnl vertical angles, is systematically lnrger than the spirit- 
level value of the  difference. The ortllometric diffel.ence of height determined by opirit-levelling is 4696.6 feet 
(=1431.2 metres): the trigonometrical determination always exceeds 4698.0 fect (=1431.9 metres). 

Table slioroing ezcess i n  feet of the trigonometrical determinntios of the height of Afwsooree ohoae Dehra  Dun over 
the 8pirtt-leuel detcrnrination. 

The mean excess of the trigonometrical determination is 3 . O  feet (=  0'9  metre). 

I do not think that the difference between the tnrigonometrical and spirit-level valnes can he attributed to  errors 
of observation. As the above tnble sl~ows, trigonometrical observations have been carried ont for rears a t  different 
times of day and during different seasons, and have always given accordant results, whatever instrnment has beeu 
employed. If any one is nowilling to accept the  levelling resnlts, he  should study pages 342, 359 and 395 of thim 
volume, and he will rcalise how onjartitiable i t  ~ o n l d  be to  attribute an error of even one foot to  the Icvelling. 

Mean 

feet 
3 . 5  

2 .9  

2 - 8  

2 ' 8  

3 . 1  

The dinrual variation of the difference is small, and seems to denote that  the  differeuce is not a phenomenon o l  
refraction. Detailed calcnlntions snpport this view, and show that  refrnction is not the  primary canse. Let us, for 
~nstnnce, suppose that  Mns~ooree is raised by refraction, when viewed from Dehra Dun, throngh x feet ; and that  
Dehrn Don is raised I,y refraction, wheu viewed from Mussooree, throngh y feet. Then the  discrepancy between the 

trigonometrical and spirit-level values ni:l bc z-? feet. We have therefore to  pa t  zz equal t o  3 feet, and x-y 
I a 

=6 feet ( = 1 . 8  metres). 

Now let r ,  be the co-eacient of refraction a t  Dehrn Don and r, at Mussooree: then from Mr. Shnw's observations 

October 
,1908 

fee t  
3 ' 1  

2.5 

2 ' 4  

1 - 5  

2 . 8  

we have the  moan rcfrnction = rq = 0.066. And we have to  aqenme that  the difference (r, - I,) is snch, that  

Mnrch 
April 
1909 

feet  
3 '8  

2 . 8  

2 . 9  

2 ' 8  

3 ' 0  

8 a. m. ... ... ... 
10 a. m. ... ... ,., 

... Noon ... ... 
3p.m.,timeofminimnmrefraction 

4-30 p. m. ... ... 

hlnssooree is raised I)y relraction 6 fect higher when viewed from Dehra Don, than Dehrn Dun is raised, when viewed 
from Mnssooree. We can than dednce 

7, = 0.081, 
+? 0'031. 

March 
April 
1906 
- 

feet 
4 . 3  

3 . 2  

2 .9  

3 .0  

3 . 2  

March 
April 
I908 

fee t  
3'2 

2.8  

2 . 6  

2 .6  

3 . 0  

October 
Novr. 
1906 
- 

feet 
3 . 0  

2.8 

2 .8  

2 . 8  

3.2 

March 
April 
1907 

f e d  
3.7  

3.1  

3 - 1  

3 .1  

3 ' 3  

Dot tliese valnes are contrary to nll eaperiencc; and in the face of nnmerons independent determinat~ons of 
refraction we ~honld not be justified in accepting such a large co-efficient as 0.051 for Dehra Don or snch a small 
co-efficient n3 0,031 for Mnssoorec. 

October 
Novr. 
19OG 
- 

Jeet 
3.2  

2 . 7  

2 ' 6  

2.7 

3 . 2  

October 
Novr. 
1907 

-- 
fee t  

3 . 8  

2 . 9  

2 . 8  

2 . 9  

3 .0  

The cffects of refraction upon the Icvelling between Dehra Dnn nnd Mnssooreo may be neglected; in Appendix 
No. 4 Mr. Hnotcr has shown that the total correction for rcEractiou to  ~pirit-levelling betwcen Dehrn Diiu and 
Mussoorec ia only-0.092 foot.. 

Thc discrepancy betwccn the trigonometrical nnd spirit-level values of height cannot be nttributcd to onr 
emplogmcnt of erroueons valncs of g in thc Cormnlm for deriving the  orthomctric corrcctionn for spirit-lcvcl heights, 
(page 100). 111 Appeuclix No. 4 of this volume, Mr. Huntcr hnr shown that  if obscrvcd valoeu of g, (corrected for 
height only), nrc used for tho dctluction of the orthomctric corrcction fl.0111 the  Eormnlw of chapter VI I ,  the observed 
value of the spirit.leve1 height of Mussooree above Dehra Dun will receive o correction of only-0,392 foot. 



Great difference0 of opinion a t  present prevail amongst geologista and geodesists on the snbject oE the Bongner 
term in the reduction of pendnlnm observntions. Professor Sness has recently expressed distrust of the resnlts of 
peadolorn observations, and of the theory of isostasy*. Mr. Tittmann and Mr. Hnyford have recently qnestioned the 
correctness of oar orographical corrections for pendulum observations, and have put forward a theory of complete 
isostmyt. 

B I I ~  I (10 not think that our neglect of the Bouguer term in the deduction of the orthometric correction for 
spirit-levelled heights (sea page 101) can be the cause of the discrepancy between the trigonometrical and spirit-level 
determinations of the Himalayan difference of height. The following are the several values OF gravity :- 

It is difficult to see how any theory of isostatic compenaation can so modify the adopted valnes of g, ae t o  bring 
about an additional correction 01 + 3 feet to the spirit-levelled height of MnssooreeS. If ohserved valnes of gravity 
are nsed, withont any correction a t  all for height or mess, the correction to the spirit-levelled height will he less 
than + 0.7 foot. 

The only explanation that I can offer of the discrepancy of 3 feet between the trigonometrical and spirit-level 
vslne~ of the height of Mnssooree above Dehre Dun is the following:- 

difference 
(Debra Dnn- 
Y ussooree) 

cm. 
+ 0.270 

- 0.169 

- 0.005 

- 0.027 

- 0.011 

(i.) The plumb-line is deflected at  Dehra Dnn about 30" towards the north: the observed angle of elevation of 
Mossooree from Debra Dun is thns nbout 30" too small§. 

a t  Mnnsooree 
(Camel,s Back) 

em. 
978'793 

979'442 

979'199 

919'225 

979'335 

Observed values ... ... 
Observed valnes corrected for height 

only ... ... ... 
Observed valnes corrected for height, 

and for maas (Bougoer) ... 
Observed valnes corrected for height, 

and for mass (Bongner) and for 
orography ... ... 

Theoretical values from Helmert's ... f o r m n l ~  ... ... 

(ii.) Tbe plumb-line is detlccted a t  Mussooreo also about 30" towards the north ; and the observed angle of 
Wsooree is thus also 30" too small. depression of Dehra Dnn from MU- 

a t  Dehra Dun 

em. 
919.063 

979'273 

979'194 

979'198 

979'321 

(iii.) Both the back and forwartl vertical angles being 30" too smnll, and the horizontal distance between Dehra 
D~~ nnll Muasooree being 9.6  miles, the trigonometrical value of the difference of height hea been given about 
7 feet too small. 

(ir.) Nut the spirit-level value of  this d ie rencc  of height ia 3 feet smaller than the trigonometrical vdne, and 
aR the latter is 7 feet too small, the spirit-level vdne muat be 10 feet too small. 

(v.) Calculations of trigonometricnl heights are based upon a spheroidal fignrc for the earth; the ~p i r i t -  
levelllns follom,s the surface of the geoid. The surface of the geoid mnst be, I think, 10 feet higher at  Mnesooree above 
the ,gDlleroidal surface than i t  is a t  Dehra Duo. This scparntion of the two surfaces wonld affect the levelling to the 

exteut of 10 feet. 

Fide, The face of the Earth, Volume IY, page 610, Sollaa's trnnslntion of Dar Antlilz der Erde. 
t Beport Coart and Geodetic Swrcey, U. 8. A,. 1909. Report Inlmal ional  Geodetic Conference, Budapeat, 1SOfi. 

R q o r l  I&rnatbnal Geodetic Conference, Man, 1909. 
f The monntnin line of levelling from Debra Don to Mufi~ooreo is the only line in Iotlia, npon which tlie neglect 

of the Bonguer term might affect the orthometric values of height in the first place of decimal8 of a foot. 
5 For deRection8 eee Philorophical Tra~lradiorrr of Lhr Royal Society, Val. 201, 1906, p, 308, 



(vi,) If the  deflection of the  plumb-line is 30" both a t  Mnssooree and Dehra Dun, i t  mag be argued thnt this 
repyegents the inclination of the geoidal to the  spheroidal surface, and in 9.6 miles this inclination n'onld only 
pro,iuce a separation of 7 feet.  l'his nrgumcnt ~vould be correct, if the deflection oE the  plnmb-line continued to  be YO" 
thTott&ut the line from Dehrn Dun to  Mussooree. But a t  Rajpur, midway bet\r,een Dehra Don and Mnesooree, the  
de[iectiou of the  plnmb-line is 10" greater than a t  Dehra Dun or Mnssooree. The surface of the  geoid is therefore not 
rising a t  au  nniform angle of 30" throughont t he  line. A t  t h e  two extremities of the line i t  is inclined 30" to  t he  
sp]leroid ; a t  the cont1.e of tho line its inclination exceeds 40".* 

.M = Mussooree ; R = Rhjpur: D = behra Dun. 
'Difference of height between Mussooree and Dehra gyn :.r 
Above Spheroid . . . . . . . . . . . = HI = M A  - DB. 

, As determined trigonometrlcally = H? = MC - DE. 
\ .  

, , by spirit levelling = H, = w 6  - a. 
-.- 

H, - H, = + 7 feet. 
+I, - H, = + 10 .. 
HI - H, = + 3 ,, 

* The arloptcd deflections of the  plnmh-line arc those, which have been dctermined in the plane of the  IUeridian. 
The line joining l'ehm 1)on and Mrlssooree i6 some 6 degrees in nzimnth enst of nnrt,h. I n  the  vcrtical plane, pasaiug 
t l~ ro l~qh  1)ehrn Dun aud hlnssooree, the (leflections arc probably 2" greater a t  both places thnu in t he  meridionnl plaue. 
T l ~ c  coursc luorcorer of the spirit-le~elling does not follow the  straight line, but zig-zay to the  east and to the  west of 
it,. l ' l l c ~  considerntion8 prevent us from clnimiug nny high dcgrec oE nccnracy for oor estimate of the  departclre of the  
geoid:11 From the spheroidal snrface, hut they do not affect the  general principles nnderlying the explanation, See 
prcfncc to Synoptical T-oLumc XXXV, Q. l'. Suruey of India. 



6. Results of the Second Series of Observatione. 

Reciprooal Observations between Mussooree and Nojli (Shaw's). 

Table B.-sbowingjrstly the excess in feet of the trigonometrical determination of the 
height of Mussooree above Nojli (Shaw's Station) over the spirit-level determination, and secondly 
the co-efficient of refraction deduced from the trigonometrical observations. 

I n  this table we find that the dit~rnal range both in the height and in the refraction co- 
efficient is great, that i t  is greater in autumn than iu spring, that i t  rapidly cl~anges 
between 8 a.m. and noon, and that the hcst time of observation is when tlte refractior~ is @t mini- 
mum (about 2 p.m. to 3 p.m.). The refraction is high in the mornings and goes on decreasing 
to a minimum at  2 p.m., and then starts rising again between 3 and 4 p.m. 

Novr.1 Dee. 
1905 

Mar., April 
1906 

Oct., Dec. 
1906 

Mar., April 
1907 

Mar., April 
1909 

W e  may also learn fluom these results that reciprocal angles should not only he taken at  
the same time oE day, but at  the same time of year, otherwise if an observer takes the forward 
vertical angles at  the commencement of the field season, ant1 his reciprocals at the end of the 
scason, some five or six months latcr, he mill get quite a different height from what would 
result if all the angles wcre observed at  nearly the same season. 

I t  will also he noticed that in some instances, the reFraotion co-efflcient has not changed, 
yet the height has done so, e.y. ,  2-3 p.m., observations for March-April 1906, and 1907, and noon 
observatio~~s for March-April 1906, 1907 and 1909. The following will illuvtrate my meaning:- 

Trigo~~ometrionl miirjts levelled height 

8 e. m. 

,feet 
74.7 

Deduced co-efficient 01 relract.ion 

8 a .m.  

---- 

0.103 

'1.8 1 I 1 13'1 1 
66.4 I 15.1 I 1.9 / 2.3 1 9.2 

36-6 1 8-5 / 5.1 1 6-9 1 15.6 
- 

48.4 / 20.4 1 4.1 1 3.5 I 7.7 
-. -- . -- - -. . . 

10 a.m. 

--- 

feet 
27'7 

17mp,087 1 0" 1 0.~68 r 0 . 0 6 ~  1 oao70 
wo98 I0.081 / o ' o ~ ~  1 0.06p 1 o-072 
r.087 1 l0.068 I 0.067 Io.070 

0.089 1 o'075/ 0068 1 0.066 1 o*ol* 

10 e. m. 

0.084 

4-30p.m. 

,feet 
N o + -  

serrahon 

Noon 

feet 
6'9 

No011 

0.074 

2-3 p.ni., time 
of minitllurn 

refruction 

0.070 

2-3 p.m., time 
of minimum 
refroction 

feet 
4'6 

4.30 p.m. 

Noob-  
servntion 



If both D, and Ell increase or decrease numerically by equal amounts, K which depends on 
D, - Eb will not be affected, but h which depends on D,+ Eb will change, 

D E Dn+Eb = 1 0  25' 49" and = 00 17' 16'' e.g., Spring 1906, noon - 2 2 

D --El, - 1 0  25' 42" and " = O0 17' 16'' Spring 1907, noon - - 
2 2 

The explanation is that owing probably to atmospheric changes, refraction was not the 
same at both places for tlrese times and periods. I n  the formulz for the computation of 

trigonometrical heights, the refraction at  both places is assumed to be equal, but practically this 
assumptioll is often faulty. I n  theintroduction to Synoptical Volume 11, Great Arc Series 

1874, Mr. W. H. Cole, M.A., writes :- 

"The triangulation connecting the  two base-lines was completed by 8th June 1837 as t o  the  horizontal angles. Knt 
"some of the vertical angles remained to be observed from Bring northward; they were measured by Lieutenant Waogh 
"Lieutenant Jones, Mr. Logan and Mr. James, and tbe instrnments uapplied tllela for the purpose had vertical circles 
" 12 inches to 18 inches in diameter. The observations mere made simultaneonsly with the  expectation tllnt the? \wold 
"be  equally affected by refraction, bnt i t  was soon found that  the laws of terrestrial refraction werc :rs yet far from Ije- 
'.ing discovcred. The snbrcnded angle, which is half the difference of a pair of reciprocal vertical angles, sboiild, if the 
"refraction a t  both fitations were the  same, rsmaiu a practically constant quantity, however much the  rehaction may 
"vary. Far  from thia being thc  case however, t he  snbteoded anples in many instauces were trequently found to vary 
"between l i l ~ i t s  far exceeding those of the  errors of observations, thns thowing that  tht: reciprocal vertical angles mere c o t  
" equally nffectcd by refraction though observed simultaneonsly." 

Another fact, which has also heen noted by the old observers, is that refraction varies at  
times for the same hou19 on different days; if we examine the daily results of the observations 
at  the time of rninimurn refraction to the snow peaks during the period under review, either 
during autumn or spring, we find this to be the case, the range in  some instances being as niuch 
as 23 feet. 

The variations of refraction are probably mainly due to the varying density of the 
atmosphere, and to the layer of heated air next the earth. 

Table C.-showing Frslly the differences in excess in  feet of the trigonometrical 
determination of the height of Mussooree above Nojli (Shaw's Station) over the spirit-level 
determination between the clutu~rl~l and spring at time of minimum refraction (2  to 3 p.m.), arid 
secondly the co-eficiellt of refraction deduced from the trigonometrical observations. 

Trigonometrical minw levelled height Deduced co-efficient of relractiou 

Aut.nmn Spring Aotumn Menn of 
y e w  I o c t o h  1 1 mint" / Autuntn 

December Bpuing and S p r ~ n g  

-- 

Mean of 
A U ~ I I I I I U  

ind 8 p r 1 n ~  

f be t  
7.2 

4.6 

yea r  

1905-06 

1906-07 

1906-06 

1906-07 

Mean Mean . 

AuLunin Bpring Al~bumn 
O C ~ & O T  M ~ W I I  9ni.w 

December 1 AD.1 1 .ping 
feet 

4.6 

2.3 

0.070 

0.069 

o-070 3.5 

0.067 

0.067 

0.067 

+0.003 

+0.002 

+ O . O O ~  

feet 

9.8 

6.9 

0.069 

0.068 

0.069 

feet 
- - 5 ' z  

- 4 - 6  

8.4 - 4.9 ( 



This table shows us that refraction and the difference in height vary between autumn and 
spring, and that the values obtained in autumn are nearer the spirit-level valuea than those 
obtained in spring, and that the mean excess of the trigonometrical value over the spirit-level 
value is 6 feet. 

7 .  Results of the Third Series of Observation8. 

Reciprocal Observations between Mussooree and Nojli T.S. upper mark. 

Table D.-showing .firstly the excess in feet of the trigonometrical determination of 
the height of Mussooree above Kojli T.S. (upper mark) over the spirit-level determination, and 
secondly the co-efficient of refraction deduced from the trigonometrical observations. 

If we compare the results OF the above with those corresponding to  the same times and 
periods in Table B, we see that the refraction co-efficient is practically identical, but that the 
excess oE the trigonometrical determination over the spirit-level value is greater, notwithstaud- 
ing that this station is 50 feet higher tllan the ground level station. I t  was expected that the, 
results would have been better at  the higher than at the lower statlon. 

- 

Mar., April 
1906 

M a r ,  April 
- 

1907 

Mar., April 
1909 

Mean 

Trigonomeiricsl minua levelled height Deduced co.efficient of refraction 

8 s. m. 

0.085 

42.9 1 16.9 1 9.5 1 10.5 1 " - 3  

55' 2 1 2 1 1 0  1 7.7 1 9.8 

15.8 1 20-3 ( 10.6 1 i0.o 1 n.0 

Noon 

-- 

feet 
u.8 

2-3 p.m., time 
of minimum 

relraction 

feet 
11.8 

8 a. m. 

feet 
39'3 

0.087 1 o * ~ 7 7  10.06~ 1 0.068 (o.o6ll 

o ' o ~ ~ /  0 . 0 ~ ~  0.0 7 0 1  0.069 0.069 

0.088 0 - 0 7 ~  10.06~ 1 0,068 0.068 

4-30 p.m 

feet 
12.0 

10s .  m. 

---- 

0'072 

10 a.m. 

feet 
20-1 

4-30p.m. 

0.067 

Noon 

0.068 

2-3 p.m., time 
of minimum 

refraction 

0.067 



8. Results of the Fou.rth Series o f  Obseruatiolzs. 

Reciprocal Observations between Mussooree and Nag Tiba has. 

Table E.-showing $rstly the trigonometrical determination of the height of Nag Tiba 
h, s. above Mussooree, and secondly the co-efficient of refraction deduced from the trigonometrical 
observations. 

The resulting differences in height are very accordant throughout this period; in fact if 
we iook at the rneau resmlts, there is practically no diurnal variation; t he  refraction varies 
somewhat, but the heights are uot affected by these changes. There was a sudden jump in the 
refraction: co-efficient for the observations taken in  October 1908, which is unaccountable. 

Looking aQ the results of this table, we may assume that when the rays of light between 
two stations pass a t  a cousideral~le elevation above the surface of the ground, reciprocal obser- 
vations may be taken at all llours of the day between 8 a. m. to 4-30 p. m., subject to a distance 
l ~ m i t  of say 15 miles. In this case the distame between the two stations is 10 miles. As was 
mentioned before, Mussooree and Nag Tiba we hill stations, the height of the former is 69303 
feet and of the latter 9B12 feet. For want of data we cannot say whether this msurnptiom would 
liold good for elevated plateaux or plains of 7000 feet aud upwards ; we may find i n  future that 
an elevated plaiu of 7000 feet offers the same difficu'lties as a low level plain and that the abaence 
d v v i a t i w  between Mussooree and Nag Tiba is due not so much t o  their eleuatioa as5 tun 
tbei pyramidal foam. 

Trigonometrioal height abovo Musnooree Deduced co-efficient of refraction 

April, May 
1906 

April, May 
1907 

March, May 

8 a.m.  8 a.m. 

jeet 

Noon 

feet 

10 a.m.  

--- 
feet 

10 a.m. 

--- 

2981'1 

2-3 p.m., time 
of lnlnlmum 
refract~on 

feet 

2981.1 1 2981.32981'6 1 1 2981.4 1 2981.9 
October 2981.3 2980'9 2981'0 2980.8 2980.6 

1908 

April, May 2981.1 2980.7 2980.9 2981'1 2981-7 

%12981'!2981.1!981'2' I 1 2981.1 !981'4 

Noon 4-30p.m 

feet 

0'053 ( 0-052 1 0'052 / 0'051 l0'0.54 
-- 

0.080 0.074 0-072 I I 1 0.073 10.077 

0.057 0.053 0.053 

I I OSO~! / 0.054 0'052 l0.05~ 0'058 

2.3 p.m., time 
oE minimum 

refraction 
4-30p.m. 



9. Table F.-showing deduced height8 ftom observations taken at Mussooree a t  time of 
minimum refraction (2 p. m. to 3 p. m.) 

It is interesting to note from the above table that the change from ai~turnn to spring in 
the height of the plain station and also the snow peak computed from Mussooree is of the same 
sign and of practically the same amount. Since Mussooree, the station of ohservation, lies 
nearly midway betweeu Bandarpunch and Nojli, the equality of the change seems to ellow that 
thia seasonal variation is due entirely to change in refraction : and that the height of the snow 
perrk hne not been changed appreciably by snow fall. 

Station obssrved 

Nojli (Shaw'e) ... ... 

Nojli T. $. upper mark ... 

Bandarpunch Snow Peak ... 

Refraction I ,  I Distance co-etfic,ent Year 
Autumn 

minus 
Spring 

feet 

$13'5 

+ 11.3 
+20.6 

+15.1 

+14.4 

+ 11.2 
~ 2 1 . 1  

t15.6 

+ 1 8  

+ 1 1  

+14 

+ 19 

+16 

Autumn 

feet 

886.9 

886.6 

898'3 

890.6 

937'7 

943.5 

949'3 

943.5 -- 
20731 

20724 

20729 

20740 

20731 

1905-06 

1906-07 

1908-03 

Mean 

1906-07 

1907-08 

1908-09 

miles 

45.927 

45-93' 

Spring 

feet 

873-4 

875.3 

877-7 

875.5 

923.3 

932'3 

928.2 

917.9 

20713 

20713 

20715 

20721 

20716 

0-069 

0.069 

47.129 

I Mean 

0.063 1905-06 

1906-07 

1907-08 

1908-09 

Mean 



Table G.-showing the variation in difference of height between 8 a.m. and 2 p.m. to 
3 p.m. (time of minimum refraction) from observations taken at  Mussooree. 

- - 

The refraction waa lea, at 0 s.m, than at time of "minimum refraction." 

Co.elGcient 
oE 

refrnction 

0.063 

Mean 

0.063 

Mean 

0.063 

Mean 

~ o n t h  and your of observation 

Novernbzr . . . 1905 

April . . . 1906 

November ... 1936 

April ... 1907 

Octr. and E'ovr. 1907 

March and April 1908 

October . . . 1908 

April .. . 1909 

-- 

November ... 1905 

April . . . 1906 

November ... 1906 

April . . .  1907 

Octr. and Novr. 1907 

March and April 1908 

Octol~er . . . 1908 

April . . . 1909 

November ... 1905 

April . . . 1906 

November ... 1906 

April ... 1907 

Octr. and Novr. 1907 

March aud April 1908 

October . .. 1908 

April ... 1909 

Obeerred 

-- 

Bandarpunch 

-- 
Srikanta 

-- 

Jaonli 

~~~~~~ 
from 8 a.m. 

und 2 to 
3 p 111. 

observations 

feel 
o 

+ 6 

+ 4 
+ '0 

+ 6 

+ I7 
+ 8 

+ 7 

+ 7 
-- - - - - 

+ 7 
+ 16 

+ 1 2  

+ I 9  
+ I Z  

+ 16 

+ '4 

+ 16 

+ I 4  

- 6" 

+ 2 

+ 7 
+ I  I 

+ 12 

+ Z I  

+ I 3  
+ 2 0  

+ 10 

Deducod diffcrenco oE height 

Observed stution 

8 a.  m. 

feet 

+ 13799 

13789 

I3797 

'3792 

13805 

1 3 ~ 0 3  
13816 

13798 

+ 13800 

+ 13195 

13176 

'3'93 

'3'92 
13206 

13192 
13220 

I3195 

t 13196 

+ 14807 

14787 

14807 

14808 

148 17 
14816 

14840 
14820 

- 

$14813 

minw Musaooree 

2 p. m. 
to 

3 p. m. 

feet  

+ 13799 

13783 

'3793 

13782 

13799 

1 3 7 8 ~  
13808 

'379' 

+ 13793 
-- 

+ 13188 

13160 

13181 

'3'73 

'3'94 

13'76 
1 3206 

'3'79 

+13182 

+14813 

I4785 
I 4800 

'4797 

1480j 

'479.5 

14827 
14800 

-- 

+ 14803 



Table G.-showing the variation in difference of height between 8 a.m. and 2 p.m. to 3 p.m. 
(time of minimum refraction) from observations taken a t  Mussooree.-(Continued). 

The refraction war lem~ ak 8 a.m. than at time of "minimum refrrtion!' 

Month and year of obeervotion 

November . . .  1905 

November . . .  1906 

October and Novr. 1907 

March . . . 1908 

October ... 1908 

April . . . 1909 

November ... 1905 

April . . . 1906 

November ... 1906 

April ... 1907 
March and April 1908 

October . . . 1908 

April . . . 1909 

- 
in heig'lt 
deduced 

from 8 a.m. 
and 2 to 
3 p.m. 

observatione 

feet 
- IZ* 

3 9 

+I5 

+ 23 
+I7 

+25 

+ I 3  

+ 20- I 
+22.7 

+75'3 

+35'9 

+ 29.0 
+30*8 

$20.2 

+ 24.8 

April ... 1906 

November ... 1906 

April .. . 1907 

November ... 1907 

March and April I908 

October ... 1908 

April . . . 1909 

Observed 

Kedarnath 

Nojli (Shaw's) 

Deduced difference of height 

Observed station minw Muesooree Co.eEcient 
of 

refraction 

0.063 

Mean 

0.069 

Mean 

8 a. m. 

feel 

+ 15919 
1592.5 

15941 

15938 

'5964 

15938 

+15938 

-6022'9 

6033.8 

6028 o 

6017.2 

6025.2 

6001 * I 

6032.0 

-6022.9 

Nojli T. S. 
upper mark 

2 p. m. 
to  

3 p. m. 

feet 

+ 7593' 
~5916 

1592~ 

159'5 

15947 

15913 

+ '592.5 

-6043.0 

6056.5 

6043 ' 3 

6053, I 

60j4' 2 

6031.9 

6052.2 

-6047.; 

0.069 +23'9 

5976' I 5992.2 +16" 

5578.6 6006.7 $28.1 

5943'6 5986.4 +4zS8 

5969 ' 9 5997'6 $27'7 

5952'0 5980-8 + a 8 . 8  

5980.3 6001 . 7  +21'4 



Table H.-showing the variation in difference of height between 8 a.m. and 2 p.m. 
to 3 p.m. (time of minimum refraction) from observations taken at Nojli (Shaw's Station). 

- -~ 

DiEerenee 
in deduced helgllt 

from 8 a m.  
and 2 to 
3 p.m. 

observatlona 

feet 

f161-7 

+ 91.6 
+ 146.0 
+. 87.1 
+ 125.3 
+109'2 

+120-2 

+ 264 
+ 148 

+ 243 
+ 186 

+ 210 

+ 100 
+ 238 
+ 169 

Month and year of observation 

December . . . 1905 

March ... 1906 

December . .  . 1906 

March .. . 1907 

January ... 1909 

March . . . 1909 

December ... 1905 

March . . . 1906 

December ... 1906 

January ... 1909 

March ... 1907 

January . . . 1909 

March .. . 1906 

Co-eEcient 
of 

reEraction 

0.072 

Mean 

0.069 

Mean 

0.069 

Mean 

0.069 

Observed 
station 

Mussooree 
(Shaw's) 

Bandarpunch 

Srikanta 

Eaonli 

January . . .  1909 
7 

0.069 Kedarnath 

Deduced diflerence of height 

Observed station 

8 a, m. 

feet 

+6205.6 

6127.4 

6185.6 

6123.7 

6190.2 

6141.6 

+6162'4 

+ 20124 
19958 

20 124 

20098 

+ 20076 

+ 19420 
'9535 

+ 19478 

+20962 

minw Nojli 

2 p. m.  
to 

3 p. m. 

feet 

+6043'9 

6035.8 

6039.6 

6036.6 

6064.9 

6032.4 

+6042.2 

+ 19860 
19810 

19881 

19912 

+ 19866 

+ 19320 
19297 

+ '93C9 

+ 20816 

+22286 +22059 + 227 



Tables G and H show the variation in  height of the same station deduced from observations 
taken a t  8 a. m. and a t  the time of minimum r e f r a c t i o ~ ~  respectively, and the following conclusions 
may be drawn from them :- 

(a) That the 8 a. m. heights are generally higher than the minimum time heights. 

( b )  That the excess of the 8 a. m. over the minimum time heights is considerably greater 
when observations are taken from a hill station to a station i n  the plains than t o  auot l~er  hill 
station, although the two stations observed may be practically at  the same distance from the 
station of observation. 

(c )  That the variation is very much greater and rapidly increases with the distance, when 
the  station of observation is in  the  plains. 

9. The results af the fifth, sixth and seventh series of observations have already been dis- 
cussed in the preface to  the G. T. Survey Synoptical Volume XXXV, pages ix t o  xiv. 

10. The accompanying diagram illustrates how very great the differences are in the angles 
of elevation between morning and afternoon when observations are taken from a station in  the 
plains t o  a hill station, and how very small the changes are between the moruing and afternoon 
angles when observations are taken from one hill station to  another. 

Nojli is in  the plains, Mussooree is on the outer Himalayas and Bandarpunch is a snow 
peak of the main range (Kumaun Himalayas). 



D I A G R A M  SHOWING T H E  H O U R L Y  A N D  DAILY VARIATIONS O B S E R V E D  I N  THE A N G L E  O F  ELEVATION. 

rn - Observations at Mussooree of the angle of elevation to Bandarpunch 
c 
0 
0 a 
cn 

taken in October 1908 at a distance of 47 Miles. 
0 
0 I 1  I I I I I I 

zjLh 23rd , 7 - 2 ,  1 ,  : 2b,,iA 26 th .  

28th. T ., ., 
u 

C -. I I I I I ! -1 
- .  I I I i I 

8 10 Noon Minimum 5 8 10 Noon Minimum 5 8 10 Noon Minimum 5 8 10 Noon Minimum 5 8 10 Noon Minimum 5 8 10 Noon Minimum 5 

Observations at Nojli of the angle of elevation to Mussooree 

taken in December 1905 at a distance of 46 Miles. 

The chain dotted lines show the variation in the angle from day to day when observed a t  the same t ime of day. 

The continuous lines show the variation observed between morning and afternoon. 
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