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Refractive Index of Water and Its Dependence on Wavelength, Temperature, 

and Density 'S, r J ' \ 

I. Thorm::ihlen, J. Straub, and U. Grigull 
;, ~ ,. 

Lehrstuhl A fur Thermodynamik, Technische Universitiit Munchen. Arcisstr. 21. D-8000 Munchen 2, Federal Republic of Germany 

A survey of the available experimental data and the existing equations for the refrac
tive index of water is given. The dependence of the molar refraction on wavelength, tem
perature, and density is shown over an extended range. Based upon the electromagnetic 
theory oflight an equation for the refractive index of water with wavelength, temperature, 
and density as independent variables is constructed. Its coefficients are directly deduced 
from all available experimental data by least-squares fit. The range of validity of wave
length is restricted by the theory for normal dispersion to 182 nm</L <2770 nm. The range 
of temperature and density is given by the available experimental data. Interpolations 
between the single measured points are possible and the following range of validity can be 
recommended: for temperature - 10 ·C< T < 500·C and for density 0.0028 kg/m3 
<p< 1045 kglm3 • Good agreement exists between the new relation, the available experi
mental data, and several existing equations. 

Key words: data collection; equation of state; molar refraction; refractive index; steam; water. 

1. Introduction 
The importance of optical measurement methods in 

various technologies is increasing. The advantage of these 
methods is that physical quantities can be measured without 
disturbing the system. The dependence of the refractive in
dex of liquids on the influencing parameters is an oltl prob
lem which has received much attention because experimen
tal results vary significantly from the values inferred from 
the usual Lorentz-Lorenz formula. For this reason it is felt 
that the dependence of the refractive index of water on the 
influential parameters should be investigated further. 

This work was initiated by Working Group III of the 
International Association for the Properties of Steam 
(lAPS), whose significant task is to formulate and standard
ize data on the thermophysical properties of water and steam 
for scientific and industrial use. The object of this work was 
to review the experimental data and existing equations and 
to formulate a representative equation for the refractive in
dex of water and steam. 

2. Available Data Sources 
The refractive index of liquid water under atmospheric 

pressure has been measured repeatedly since the middle of 
the last century. All available data on the refractive index of 
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water have been collected and presented to Working Group 
III of the lAPS at a meeting in Kyoto, Japan (1976).54 This 
so-called "available input of data" is updated in the present 
work by adding all new measurements available (see Table 
1 ). 

This updated data collection includes about 3100 mea
sured points by 55 different authors, where the new measure
ments by Schemer57 for pressures up to 700 bar and on the 
saturation line, as well as the measurements of Achtermann I 
for vapor, should be mentioned. As can be seen in Fig. 1 most 
of the measurements were made at atmospheric pressure. 
Very few measurements have been done at wavelengths be
yond the wavelengths of visible light (see Table 1 ). Measure
ments for the refractive index of subcooled water are avail
able from four different authors. The temperature scale 
employed in this work is the 1968 International Practical 
Temperature Scale.71 All temperatures measured before 
1968 are transformed to this scale. For those authors who 
have not measured densities, the" 1967 IFC Formulation for 
Industrial Use" (IFC67) 72 and for pressures above l(XXl bar 
the equation of state by Juza32 were used to calculate the 
specific volume. 

A precise indication of the quality of the experimental 
data is not possible, because the measurements had been tak
en at various wavelengths in various regions of the thermo
dynamic surface. Therefore the scatter t:.n of the refractive 
index in the different experimental data may give an estima
tion of the quality. This scatter t:.n at one grid point is for 
liquid water from 0.0001 up to 0.001 at atmospheric pres
sure, up to 0.01 in the region near the critical point, and in 
the high pressure region. For vapor the tolerance of the ex
perimental data is about 0.000 05 connected with a dimin
ishing accuracy for pressures lower than 2 bar. 
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Table 1. Experimental data sources (compare Fig.l) 

First Author Year Experimental Range Density Reference 

T (ac) p (bar) A (nm) Measurement 

Achtermann (1981) 100.0 - 225.0 0.0737 - 25.21 632.99 1 
Baxter (1911) 20.0 - 30.0 1.0133 589.32 3 
Bender (1899) 9.0 - 42.5 1.0133 410.1 - 653.3 4 
Born (1959) 15.0 1.0133 589.3 yes 6 
BrUhl (1891) 19.9 - 27.0 1.0133 410.1 - 770.0 7 
Centeno (1941) 20.0 1.0133 182.0 - 18000 8 
Cohen (1965) 25.0 1.0133 436.0 - 546.0 9 
Conroy (1895) 0.0 - 9.0 1.0133 589.32 10 
Dale (1858) 0.0 - 80.0 1.0133 396.85 - 760.82 11 
Damien (1881) -8.0 - 8.0 1.0133 317.0 - 656.3 12 
Duclaux (1921) 20.0 1.0133 182.9 - 568.0 15 
Dufet (1885) 16.52 - 21.06 1.0133 410.1 - 718.5 17 
Flatow (1903) 0.0 - 80.0 1.0133 214.45 - 589.31 19 
Fouque (l867) 0.4 - 93.0 1.0133 434.0 - 656.3 21 
Fraunhofer (1817) 18.75 1.0133 396.8 - 686.7 22 
Gifford (1907) 15.0 1.0133 193.35 - 795.0 23 
Gladstone (1870) 20.0 1.0133 317.0 - 397.0 24 
Gregg- Wilson (1931) -5.0 - 10.0 1.0133 589.32 25 
Hale (1973) 25.0 1.0133 200 - 200000 26 
Hall (1922) 16.0 - 98.4 1.0133 589.32 27 
Ingersoll (1922) 23.0 1.0133 600.0 - 1250.0 28 
Int. Critical Tables (1926) -10.0 - 90.0 1.0133 182.9 - 81100 29 
Jasse (1934) 0.03 - 93.53 1.0133 436.0 - 579.0 31 
Kanonnikoff (1885) 20.0 1.0133 486.14 - 656.29 33 
KetteJer (1888) 20.9 - 94.2 1.0133 535.05 - 670.B2 34 
Landolt (1862) 15.0 - 30.0 1.0133 433.9 - 653.3 36 
Lorenz (1875) 7.62 - 16.55 1.0133 486.1 - 671.26 37 
Lorenz (IBBO) 10.0 - 100.0 1.0133 589.37 - 671.26 38 
MUttrich (1864) 0.9 - 65.0 1.0133 258.7 - 589.32 40 
Osborn (1913) 2.59 - 37.5 1.0133 546.1 41 
Pinkley (1977) 1.0 - 50.0 1.0133 406.0 - 25000 42 
Poindexter (1934) 25.0 1.0133 - 1823.9 406.0 - 579.0 43 
Pulfrich (1888) -10.0 - 10.0 1.0133 589.32 44 
Quincke (lBB3) 17.5-20.42 1.0133 430.7 - 656.2 45 
Raman (l939) 23.1 1.0133 589.3 46 

Roberts (1930) 20.0 1.0133 237.8 - 706.5 47 

Rontgen (1891) 19.4 0.9933 589.32 48 

Rosen (1947) 25.0 1.0133 - 1519.9 406.0 - 579.0 yes 49 

Rouss (1893) 22.9 1.0133 589.32 50 

Rubens (1892) 12.0 1.0133 434.0 - 1250.0 51 

Rubens (1909) 18.0 1.0133 1000 - 18000 52 

RUhlmann (1867) 0.0 - 77.3 1.0133 535.05 - 670.82 53 

Scheffler (1981) 16.07 - 374.04 1.0133 - 698.0 546.1 57 

SchUtt (1890) 18.0 1.0133 434.07 - 768.24 58 

Simon (1894) 21.7 1.0133 223.9 - 768.0 59 

Tilton (I938) 0.0 - 60.0 1.0133 404.66 - 706.52 61 

Verschaffelt (1894) 18.0 - 30.0 1.0133 589.32 62 

Walter (1892) 0.0 - 30.0 1.0133 589.32 63 

Waxler (1964) 1.56 - 54.34 1.0133 -1127.7 467.82 - 667.92 yes 64 

Wiedemann (1876) 13.0 - 25.0 1.0133 535.05 - 670.82 65 

Van der Willigen (1864) 16.58 - 22.37 1.0133 396.8 - 759.3 66 

Van der Willigen (1869) 17.15 - 32.0 1.0133 396.8 - 759.3 67 

WUJlner (1868) 11. 7 - 36.5 1.0133 434.07 - 656.29 68 

Yadev (1973) 25.0 180.0 - 8200.0 589.32 yes 69 

Zeldovich (1961) 185.0 - 875.0 39520 - 145900 589.32 yes 70 
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FIG. I. A vailable experimental data of the refractive index of water in p- Tspace (authors are marked by 
their reference, C.P. means "critical point"). 

3. Existing Equations 

The available input of data by Scheffl.e~4 was followed 
by a bibliography of several existing equations and a com
parison of these equations between each other and with the 
experimental data.55,56 

A survey of the existing equations is given in Table 2. 
Regarding this tabulation, it is significant that none of these 
formulations considers the influence of wavelength, tem-

perature, density, or pressure on the refractive index of water 
at the same time. The share of each influencing quantity is 
shown in Figs. 2-4. In addition, the equations are restricted 
in range of temperature and only valid for the liquid phase. 
Therefore, it becomes obvious that a new formulation is nec
essary. 

In 1979 the following equation for the refractive index 
ofliquid water as a function of wavelength, temperature, and 
pressure was presented at the 9th International Conference 

J. Phys. Chern. Ref. Data, Vol. 14, No.4, 1985 
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Table 2. Existing Equation. for the Refractive Index of Water 

First Author Vear Type 

Andreasson (1971) nCT) 

Bender (1899) neT) 

Bey.ens (1977) n(S) 

Dele (1858) n(~ ) 

Dobbins (1973) n(T) 

Dorsey (1957) n(».) 

Duc1aux (1924) n( :>-) 

Dufet 1 (1885) n(:A ) 

Dufat 2 (1885) neT) 

Eisenberg (1965) n(S,T) 

Flataw 1 (1903) neAl 

Flatow 2 (1923) neT) 

Hale (1973) neAl 

Hall (1922) n(T) 

Jamin (1856) n(T) 

Kett"ler 1 (1888) n()\,T) 

Ketteler 2 (1887) n( ~) 

Lorenz (1875) n('S ) 

Lorenz (1880) n(T) 

Martens (1901) nCt- ) 

Muttrich (1864) neT) 

Osborn (1913) n(T) 

Poindexter (1934) nCp) 

Puifrich (1888) neT) 

Ruhlmann 1 (1867) n(", T) 

Ruhlmann 2 (1867) neT) 

Tilton (1938) n(A,T) 

Walter (1892) nCT) 

WGllner (1868) n(T) 

Vadev (1973) n(3 ) 

Zeldovich (1961) nCO;, T) 

on the Properties of Steam, 1979, held in Munich.60 

n(A,T,p) 

+ (b l + b2 • A 2 + b3 • A 4). (T - Tb ) 

+ (b4 + b5 • A 2 + b6 • A 4). (T - Tb)2 

+ (b7 + b8 • A 2 + b9 • A 4) • (T - Tb)3 

Range of Validity Reference 

A(nm) T COC) p (bar) 

632.8 16.0 - 24.0 1.0133 

>-1,2,3 = canst 9.0 - 43.0 4 

638.0 23.0 1.0133 

A1,2,3 = canst 0.0 - 80.0 11 
632.9 20.0 - 35.0 13 

182.9 - 589.3 20.0 14 

182.9 - 589.3 20.0 16 

410.1 - 718.5 20.0 17 

589.3 0.0 - 50.0 17 

"1,2,},4,5=canst 0.0 - 60.0 18 

214.5 - 589.3 Tl,2,3,4,5 :: canst 19 

589.3 0.0 - 80.0 20 

ZOO - 200000 25.0 1.0133 26 

589.3 15.0 - 100.0 27 

589.3 0.0 - 30.0 30 

>-1,2,3 = canst 20.0 - 95.0 34 

589.3 0.0 - 80.0 35 

37 

;AI,2 = canst 0.0 - 34.0 38 

224.0 - 1256.ll 21.7 39 

589.3 15.0 - 65.0 40 

564.1 1.0 -38.0 41 

:Al,2,3,4 = canot 25.0 1.0133 - 1823.9 43 

589.3 -10.0 - 10.0 44 

535.0 - 670.8 0.0 - 80.0 1.00658 53 

N,2,3 = const 0.0 - 80.0 1.00658 53 

404.66 - 706.52 0.0 - 60.0 1.0133 61 

589.3 

\.1,2,3 ::;; const 

0.0 - 30.0 63 

11.0 - 37.0 68 

less 10000 69 

185.0 - 875.0 39516.8 - 158590.8 70 

The numerical values of the coefficients in Eq. (1) deter
mined with a least-squares method are listed in Table 3. As 
reference temperature T b48 = 20 DC was chosen, which ac
cording to the 1968 International Practical Temperature 
Scale corresponds to a temperature of Tb = 19.993 "C and a 
reference pressure of Pb = I atm = 1.013 25 bar, since most 
measurements were carried out under these conditions. Us
ing Eq. (1), the wavelength A, the temperature T, and the 
pressure P must be expressed in pm, °C, and bar, respective
ly_ 

+ [C 1 + C2 • A 2 + (C3 + C4 • A 2) • T] . (p - Pb) 
Compared with the other equations, this equation for 

the refractive index of water, depending on wavelength, tem
perature, and pressure, has the advantage of being more ex
act with a wider range of validity. But in comparison with 
the new measurements by Achtermann I and ScheIDer,57 it 
must be remarked that this equation is applicable for liquid 
water only and the range of validity as a function of tempera
ture cannot be enlarged. 

+(cs +c6 ·A 2)·(P-Pb)2, (1) 

with the range of validity of 

0.182 pm.;;A.;;2.770 pm, 

- 10 ·C.;;T < 100 ·C, 

I bar.;;p.;; 1200 bar. 

J. Phys. Chem. Ref. Data, Vol. 14, No.4, 1985 
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TABLE 3. Numerical values of the coefficients of Eq. (I) 

A a - 0.018085 
a, = 5.743534 X 10- 3 

a2 = 1. 769 238 
a3 = - 2.797 222X 10- 2 

a, = 8.715348 X 10-3 

as = - 1.413 942X 10- 3 

b, = - 8.454 823 X 10-5 

b2 = - 2.787 742X 10-5 

h, = 2.608 176 X 10-6 

b. = - 2.050 671 X 10-6 

b, = 1.019 989X 10-6 

b6 = -2.611 919XIO- 6 

b7 = 8.194989XIO-9 

b. = - 8.107 707 X 10-9 

b9 = 4.877 274X 10-8 

4. New Formulation 
For setting up the new equation we begin by examining 

the Lorentz-Lorenz formulation. This equation for the re
fractive index is based on the principle that for an infinitely 
long wavelength the right-hand side of the Eq. (2) is constant, 
called the molar refraction Rm: 

n2 
- 1 Mn 

--·-=R 
n2 + 2 P m' 

(2) 

Since in reality only finite wavelengths exist, the following 
restriction is valid here: this equation can only be used for 
substances where the refractive index shows little depen
dency on the wavelength. For the substance water the refrac
tive index is a quantity which depends on the wavelength, as 
can be seen in Fig. 2. 

The properties of light, the interactions of the waves 
penetrating the body, and the matter present were taken into 
account. Based on the electromagnetic theory of light the 
following relation is valid for the refractive index n (see 
Born6

): 

n2 
- 1 Mn 1 

---·-=--·a·NA , 

n2 + 2 P 3· € 
(3) 

where Mn = molecular weight, P = density, € = dielectric 
constant, a = polarizability, and NA = number of mole
cules per mole (Avogadro constant). If one considers the di
pole moment arising from the oscillation of the negative 
planetary electrons against the positive nucleus and neglect
ing the damping forces, Eq. (3) can be simplified after some 
transformations to 

n2 _ 1 Mn a j .A 2 

n2 + 2 . P = ~ A 2 -A; , 
(4) 

whereA = wavelength andA; = wavelength at the eigenfre
quency. This relation is valid only in the region of norma] 
dispersion. The normal dispersion comprises those ranges in 

c, = 8.419 632X 10-6 

C2 = 1.941 681 X 10-' 
c, = - 7.762 524x 10-8 

c. = 4.371 257x 10-8 

c, = 7.089 664x 10-9 

C6 = - 2.240 384x 10-8 

which the refractive index increases with increasing frequen
cy; the anomalous dispersion comprises those ranges in 
which the refractive index decreases with increasing fre
quency (see Fig. 2). 

Examining the data (see Figs. 3 and 4) it can be seen that 
the molar refraction Rm not only depends on the wavelength 
but also on temperature and density. The influence of the 
temperature and density has been taken into account by em
pirical terms. 

By combining the theoretical term incorporating the 
wavelength with empirical terms for the influence of tem
perature and density, the following dimensionless equation 
for the refractive index of water is obtained: 

n2 
- 1 a l 

n2 + 1 . P. = A ",2 _ a
2 
+ a3 

+ (a4 + as ·A '" + a6 ·A ",2 + a7 'A ".3 + as 'A "'4) 

·A ",2 + a9 _1_ + (alO + all .A '" + an' A "'2) 

p'" 
·A ",2. T'" + (al3 + a 14 'A "')'A "'. T",2 (5) 

in a range of validity of 

182 nm«;A«;2770 nm, 

where 

P* =p/Po 
A*=.IL/ANA 
T'" = T/To 

Po = 1000 kg/m3
, 

ANA = 589.0 nm, 
To = 273.15 K. 

The numerical values of the coefficients a j in Eq. (5) are de
termined with a least-squares method and are listed in Table 
4. 

This equation has been proved wherever measurements 
are available (see Fig. 1). Since the dependence of this equa
tion on the wavelength is well-founded on the theory oflight, 
interpolations between the single measured points are physi-

TABLE 4. Numerical values of the coefficients and constants ofEq. (5) 

a, = 3.036 167X 10-3 

a2 = 0.052421 
a3 = 2.117579XIO-' 
a4 = - 5.195 756X 10- 2 

a, = 5.922248 X 10- 2 

J. Phys. Chern. Ref. Data, VOl. 14, No.4, 1985 

.. 
a6 = - 1.918 429 X 10-2 

a, = 2.582351 X 10- 3 

a. = - 2.352 054X 10-' 
ao = 3.964 628X IO-s 

aJO = 3.336 153 X 10- 2 

all = - 4.008 264 X 10-2 

an = 8.339681 X 10- 3 

au = - 1.054741 X 10-2 

a'4 = 9.491 575 X 10- 3 
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TABLE 5. Numerical values of the coefficients ofEq. (6) for A = 546.07 nm. 

b, = 2.054 998X 10- 1 

b2 = 3.964 628 X 10-' 
b, = 2.89549] X 10- 3 

b. = - 1.620261 X 10- 3 

cally possible and the fonowing range of validity can be rec
ommended: 

- 10 ·C<T<500 ·C, 

0.0028 kg/m3 <p<1045 kglm3
. 

For a constant wavelength the number of coefficients is 
reduced and Eq. (5) simplifies to 

n
2 

- 1 . _1_ = b
l 
+ b

2 
• _1_ + b) . T* + b

4 
• T*2. (6) 

+ 1 p* p* 
For instance the coefficients bi for the wavelength AHg 

= 546.07 nm can be determined from Eq. (5) to the values as 
listed in Table 5. 

For computing the refractive index n, Eqs. (5) or (6) can 
be placed in the following form, where R is the abbreviation 
for the right-hand side of Eqs. (5) or (6): 

n = /1 + 2 . R . p* . (7) 
\j l-R .p* 

In a p, T-diagram, curves of constant refractive index com
puted by Eq. (6) are shown for the wavelength A = 546.07 
nm in Fig. 5. Tables 6-8 contain values of the refractive 
index of water and steam at selected grid points of tempera
ture and pressure for the following common wavelengths 
calculated with Eq. (5): 

Table no. 

6 
7 
8 

Wavelength 

404.66 nm 
589.32 nm 
706.52 nm 

Element 

Hg 
Na 
He 

The effect of computing the density by another interna
tionally accepted equation of state, such as the IFC67, was 
examined. The "1968 IFC Formulation for Scientific 

p 
bar 

700 

600 

500 

400 
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o 
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I / 
1 / 

n=l,B 1 3. 1,30 1,27 1, 4 ,· .. 1 /- I 
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~ ~ 
1,02 

U!t-
~ - 1005 / 
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____ IF T etc 

FIG. 5. Curves of constant refractive index for the wavelength A = 546.07 
nm. 

Use, .. 73 the equation of state by Haar, Gallagher, and Ken 
(HG K ),74 and the equation of state by Pollak 75 were selected. 
The values obtained for the refractive index had been com
pared with those values from the IFC67 and the experimen
tal data, with the conclusion that the deviation from com
puting the density with another internationally accepted 
equation of state is so small that it can be neglected. 

The new relation for the refractive index, Eq. (5), is ad
vantageous because it can be solved for the density explicitly. 
This makes it possible to calculate the density from a given 
refractive index, wavelength, and temperature: 

p* = [n: - 1 _ a9]/ [ 2
a 

I + a3 + (a4 + as . A '" + a6 . A *2 + a7 . A *3 + a g • A *4) . A *2 
n + 1 A * - a2 

+ (a 10 + all' A * + a 12 . A *2) • A ",2 • T * + (a 13 + a 14 . A *) . A * • T *2] , 

in the range of validity of 

182 nm<A<2770 nm, 

-lO oC<T<500·C, 

1.000 06<n< 1.494, 

and with the same values of the constants as listed in Table 4. 

(8) 
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Table 6. Refractive index of water for ~:: 404.66 nm (p in bar, T in °C) 
--

T\P 0.1 0.5 1.0 2.0 3.0 5.0 10.0 20.0 JO.O 50.0 100.0 

0 L34J58 l.3'l358 1.34359 1.34361 1.34361 1.34367 1.34316 1.34396 1.34415 1.34452 1.34547 

10 1.34350 1.34350 1.34351 1.34353 1.311355 1.34359 1.3436B 1.34385 1.34403 .1.34439 L3452El 

70 1.34286 1.34201 1.34287 l.J4289 1.34291 1.311294 1.34303 J.}4J2U 1.34337 1.34372 I. J44 57 

30 1.34119 1.34100 1.34180 l.J41El2 1. 34JU4 1.34107 1.34196 1.34212 1.34229 1.J4263 1.34345 

40 I.J4031 1.34038 1.311039 1.311040 1.34042 1.34045 1.34054 1.341110 1.34007 l.J4] 20 1.34201 

-fl 50 1.00008 1.3386(, 1.331167 1.33868 1.33870 1.33073 1.330[12 1.3309El J.J'915 1.3J94El 1.34029 

60 UJOOOB 1.33668 1.3J669 1.33610 1.33612 1.33615 l.H6B4 1.33700 l.J3117 1.33750 1.J3El32 

10 1.1J0lJOB 1. 33446 1.33441 1.33449 l.Dl,51 1.33454 1.33462 1.33419 1.33496 1. 3353U 1.33613 

ElO 1.00000 1.33204 1.3320l, 1.33206 1.)3208 1.33211 1.:53220 l.H237 1.33254 1. 332BB l.J3J7J 

90 1.00000 1.00015 I 1.32942 1.329411 1.32946 1.32949 1.329511 1.}2916 L32993 l.JJU20 1.3Jl Jil 

IOU 1.00000 1.U0015 1.00025 11.32664 1.32665 1.32669 1.32670 1.32696 1.32114 1.32750 1.32030 

120 1.0UIIOO 1.00015 1.00024 1.32052 1.32054 1. 32U51 1.32067 1.32066 1.32105 1.32143 1.32237 

140 1.00008 .1.00014 1.00023 1.00040 1.00057 I 1.313Bl 1.31392 U1412 1.31433 1..H474 1.31575 

160 1.00000 1.00014 1.00022 1.000JB 1.00054 1.00000 I l.J06 5 2 I. 30615 1.30697 1.307(,2 1.30852 

IBO 1.00001 I.ooon 1.00021 1.00036 1.00052 1.00004 1.00160 11.29671 1.29696 1.29946 l.JOO61 

200 1.00007 1.00013 1.00020 1.00035 1.00050 1.00000 1.011159 1.2B996 1.291124 J.2911OQ 1.29216 

220 1.I100U1 1.000n 1.00020 1.00034 1.00046 1.00076 1.00151 1.00} 13 I J.2El069 1.20134 1.211290 

240 1.00007 1.00013 1.00019 1.00033 1.00046 l.Ooon 1.00144 1.0U295 1.00465 ~. 1.27092 1.27215 
260 1.00007 1.00012 1.00019 1.00031 1.01)044 1.001170 1.00D7 1.00219 1.(04)5 1.25921 1.26151 

200 1.00007 l.OOOI2 1.00018 1.00030 ],00043 1.00068 1.001 32 1.00266 1.0041Oi:007~2407,) 
300 1.00007 1.00012 1.00010 1.00030 1.00041 1.00065 1.001 26 1.00Z54 1.003B9 1.0069} 1.23306 

----
320 1.00007 1.0llU12 1.00011 1.00029 1.000110 1.0006J 1.(0)22 1.0U243 1.0UJ11 l.IlU65 1 1.01621 

:S40 1.00007 1.00011 1.00017 1.00026 1.00039 1.110061 1.00117 1.00233 1.00355 1.00617 1.0145U 

360 1.00007 1.00011 1.00017 1.00021 1.00030 1.00059 1.00113 1.011225 1.00)40 1.00507 1.01332 

)BO 1.00001 1.0UOH 1.00016 l.n0026 iJJUOJ1 1.00051 1.00110 1.00216 1.00321 1.n0560 1.01242 

400 1.1I01l0] 1.00011 1.00016 1.00026 1.00036 1.00056 1.00106 J.00209 UJ0315 J .U0537 1.01169 

420 1.00007 LOOOll 1.00016 1.00025 1.000}5 1.00054 1.00103 1.00202 1.00303 1.110515 l.OIJ07 

440 1.00001 1.0UOU 1.00015 1.00024 1.00034 I.OOOS2 1.00099 1.00195 1.00293 1.00496 1.0W54 

460 1.00001 1.U[JOlO 1.00015 1.00024 1.000n 1.001151 1.1l()(J96 1.00109 1.0020l 1.004]0 1.01001 

480 1.00001 1.00U1O 1.00015 l.OOon 1.00032 ].00050 1.00094 1.UUlBJ 1.00214 1.110461 1.00964 

500 l.nOO01 1.0U010 1.00014 1.000n LOOO}] 1.0UU40 l.OO1l91 l.00n1 1.00265 1.1l0446 1.011926 

--

200.0 300.0 

1.34734 l.WHB 

1. >4703 1.34876 

1.34625 1.34790 

1.34509 1.34669 

l.J4362 1.34520 

1.34109 1.34346 

1.33993 1.34150 

1.33775 LJJ934 

1.3353B 1.3369B 

1.33202 1.J3l,46 

1.J3010 l.J3178 

1.32420 1.32596 

1.31170 1.3195B 

I.:H064 1.31267 

1.30300 1.30521 

1.29475 1.29720 

1.205El4 1.2B859 

1.27618 1.27932 

1.26561 1.26929 

1.25391 1.25836 

1.24061 1.24627 

1.22514 1.23263 

1.20563 1.21675 

1.]7497 1.19734 

1.0375B 1.16909 

1.113104 1.11065 

1.02747 1.062B4 

1.02505 1.04937 

1.02321 1.04251 

1.02174 1.03816 

1.02051 1.03494 

500.0 

1.35277 

1.352D 

1.35111 

1.34901 

1.34826 

1.34650 

1.34454 

1.34240 

1.34000 

1.33761 

1.33499 

1.32933 

1. 32316 

1.31650 

1.30936 

1.3111 n 

1.29361 

1.26496 

1.27514 

1.26589 

1.25530 

1.24}0' 

1.23122 

1.21727 

1.21lJ06 

.I.1B413 

1.16295 

1.13791 

1.11289 

1.09300 

1.07071 

lUOIl.O 

1.36106 

1. 360UO 

1.35014 

1.35719 

1.35549 

1.35364 

1.35166 

1.34954 

1.34129 

1.341,91 

1.3424J 

1.33106 

1.33128 

1.32509 

J .31052 

1.31157 

1.30426 

1.29660 

1.2[1060 

1.2B025 

1.21156 

1.26240 

1.25290 

1.24275 

1.23259 

1.22216 

1.2U31 

1.20000 

l.lBBJl 

1.]7631 

1.16431 
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Table 7. Refractive index of water for '1\= 589.32 nm (p in bar, T in DC) 

l\P 0.1 0.5 1.£1 2.0 3.0 5.£1 10.£1 20.0 30.0 

0 1.33344 .I.}3345 1.33346 1.JD47 1.33349 1.}H53 1.33J62 1.3JJ61 1.n399 

10 LJJJ39 1.3JJ4U 1.J}}4l 1.33343 1.JJ}44 L}H46 1.n}57 1.JJJ74 1.3)391 

20 1.33261 1.33262 l.HZ8J 1.}3265 1.33286 1.33290 1.33298 l.33JIS 1.n331 

30 1.J:H8J 1.33183 LJJ184 l.H186 1.33187 1.3JJ91 1.}3199 1.JJ215 1.33211 

40 1.J3051 1.33051 !.B052 1.}}054 1.}3055 1.}30~9 1.33067 1. 3306} 1.n099 --
50 1.000011 1.321191 1.32692 1.321194 1.321195 1.}21199 J.32907 1.32923 1.32939 

60 1.000U6 1.32107 1.}2707 1.32709 1.32711 1.32714 1.'2722 1.321311 1.32754 

10 1.00000 1.32500 1.32500 1.J2502 1 l2504 1.32507 1.32515 1.'2532 1.32548 

flO 1.0U006 1.322n 1.32274 1.32215 1.'2277 1.}2280 1.32289 1.32305 1.32322 

90 1.001108 1.0001S I l.J2029 1.32030 1.32032 1.'2035 1.32044 1.32061 1.320111 

100 1.00UOII 1.00015 1.0U024 I 1.:31 768 1.31770 1.}1773 1.311112 1.311100 1.311117 

120 1.00000 1.00014 1.000n 1.31196 1.311911 1.31202 LH21l l.:Hno 1.31241) 

140 1.0UUOII 1.00014 1.00022 1.000}9 1.000% l1.30569 1.3U579 1.30599 1.30619 

160 1.00007 1.00014 1.00021 1.000'1 1.00053 1.00066 1.29061 1.29909 1.29931 

100 1.00007 1.00013 1.00021 1.00036 1.00051 1.00082 1.00164 1.29180 

200 l.000U7 1.00013 1.00020 1.000}4 1.00049 1.00078 1.00155 

22U 1.000U7 l.ooon 1.0002U 1.000)3 1.00047 1.00075 1.00148 

240 1.00007 1.00012 1.00019 1.00032 1.000~5 1.00012 1.00141 

260 1.00007 1.0UOl2 1.00018 1.00031 1.00044 1.00069 1.00135 1.00214 1.00421 

260 1.00007 1.00012 1.00016 1.00030 1.00042 1.00067 1.00130 1.0026} 

300 1.00007 1.0U0I2 1.00011l ).00029 1.U0041 .1.001165 1.001 25 1.002~0 1.003113 

320 1.00007 1.0UU12 1.00U17 1.0011211 1.00040 1.00062 1.0012U 1.0U240 1.00366 

340 1.00007 l.OUOH 1.00011 1.00028 1.00039 1.0U060 1.00116 }.0023 I 1.00351 

360 1.0U007 1. 000 lJ 1.00OJ6 1.00021 1.00o:n 1.00059 1.00112 1.0U222 1.00331 

380 1.00007 1.00llll 1.00016 1.00026 1.00036 1.00057 1.00109 1.00215 1.00324 

400 1.00007 1.00011 1.00016 1.0U026 1.00035 1.00055 1.00105 1.0U207 1.00JD 

420 1.00007 1.UUOH 1.00015 1.00025 1.00035 1.00054 1.00102 1-0U201 .1.00302 

440 1.UOO07 1.00011 1.00015 1.00024 1.00034 1.00052 1.00099 1.00195 1.00292 

460 1.00007 1.00010 1.00015 1.00024 1.00033 1.00051 1.00096 1.00109 1.00203 

480 1.00007 1.00010 1.00015 1.00023 1.00032 1.00050 1.00094 1.00103 1.00275 

500 1.00007 1.00010 1.00014 1.00023 1.00031 1.00048 1.00091 1.00170 1.00266 

5£1.£1 10£1.0 2£10.0 30£1.0 

1.33436 l.JJ527 1.3J7G7 1.33885 

1.33426 1.33512 l.3J6IH l.H848 

1.33364 l.JJ447 1.33609 1.3J768 

1.3J26J 1.33344 1.3J502 1.33656 

LJ31H 1.33ZlO 1.3H65 1.B5HI 

1.32970 .1.33049 1.33204 1.3J356 

1.32786 l.'206~ 1.H021 1.33173 

1.32580 1.32661 1.32818 1.32971 

1.3ZJ55 1.32437 1.32596 1.32752 

1.32112 1.32195 1.'2358 1.32517 

1.3Hl52 1.31931 1.32104 1.32267 

J.:H285 U1376 1.31553 1. Jl 724 

1.'0659 1.'0751 1.30941 1.31130 

l.29914 1.}0001 1.30207 1.30464 

1.29226 1.29346 1.29572 1.2971111 

1.28414 1.211547 1.28800 1.29038 

1.27676 1.21963 1.2B231 

1.26719 1.27053 1.27360 

1.25654 1.26055 1.26415 

1.24442 1.24944 1.253110 

1.006113 1.23012 1.236112 J .24232 

1.01'''' 11.22191 1.22928 

1.00609 1.01433 1.2030J 1.21401 

1.00581 1.01316 1.173IO 1.1952£1 
----

1.00556 1.012H 1.03726 1.168311 

1.005)3 1.01161 1.03083 1.10990 

1.00513 LOU02 1.02734 1.06254 

1.00495 1.01051 1.024911 1.04925 

1.()04711 1.01006 1.02320 1.0425S 

1.00462 1.0U966 1.02178 1.03623 

1.004411 1.00930 1.02060 1.03510 

500.£1 

1.}42J2 

1.34174 

1.34019 

1.3J958 

l.JJ814 

l.JJ650 

1.33467 

1.33267 

1.33052 

1.32622 

1.'25111 

1.32051 

1.31477 

1.301157 

1.}0191 

1.294110 

1.26721 

1.21912 

1.21046 

1.26119 

1.25119 

1.24031 

1.221128 

1.21491 

1.20005 

1.1112115 

1.16216 

LlJ754 

1.11285 

1.093111 

1.07905 

1000.0 

1.350J4 

1.}4943 

1.34011 

1.34672 

1.}4513 

1.34341 

1.341S6 

1.33959 

l.'J750 

1.33529 

1.33297 

1.321101 

1.32265 

I.JI692 

1.310113 

1.304'9 

1.29161 

1.29050 

1.2B}05 

1.27521 

1.26716 

1.25866 

1.24961 

1.24008 

1.23049 

1.22060 

1.21034 

1.19954 

1.lll!l24 

1.17667 

1.16511 

-----
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Table 8. Refractive index of water for >-. = 706.52 nm (p in bar, T in OC) 

T\P 0.1 0.5 1.0 2.0 3.0 5.0 10.0 20.0 30.0 50.0 100.0 

0 1.33084 1.33085 1.33086 1.33088 1.33090 1.33093 1.33102 1.33121 I.J3139 1.33175 1.33266 

10 1.33071 1.33072 1.33073 1.33074 1.33016 1.33080 1.33080 1.33105 1.3312:2 1.33157 1.33242 

20 1.33006 1.33007 1.33007 l.J3009 1.33011 1.3)014 1.33022 1.33039 1.33055 1.33080 1.}31711 

30 1.329111 1.32902 1.32903 1.32904 1.32906 1.32909 1.32917 1.32933 1.32950 1.32982 1.33061 

411 1.32765 1.}2766 1.}2166 1.32768 1.32770 1.32773 1.32781 1.32791 1.32813 1.32044 1.32923 
----

50 1.00000 1.32602 1.32603 1.32605 1.32606 1.32610 1.32618 1.32633 1.326115 1.32681 1.32759 

60 1.00008 1.32416 1.32417 1.324113 1.32420 1.32423 1.J24Jl 1.J2447 1.J2463 1.32495 1.3257J 

70 1.110008 1.32208 1.32209 1.32211 1.32212 1.32216 1.32224 1.32240 1.322% 1. 3228B 1.323£8 

00 1.00008 1.31902 1.319B3 1.31984 1.319B6 1.31989 1.3199B 1.32014 1.32030 1.32063 1.321 114 

90 1.00000 1.00015 I 1.31739 1.31141 1.31743 1.31746 1.31754 1.31171 1.3.1708 1.31821 1.31904 

100 1.00008 1.00015 1.00024 \1.31402 1.31483 1.31487 1.31495 1.315lJ ],31530 1.31564 1.31649 

120 1.00000 l.ClO0l4 1.00023 1.30918 1.30920 1.30924 1.309,n 1.30951 1.3Q970 1.31006 1.31096 

140 1.00000 1.00014 1.00022 1.00039 1.00056 I 1. 30304 1.30314 1.30334 1.30353 1.3039J 1.30490 

160 1.00007 1. [)0014 1.00U21 1.00031 1.00053 1.00086 L1.2963~ 1.29659 1.29601 1.29724 1.29830 

100 l.UOOU7 l.001l!} 1.00021 1.00036 1.00051 1.IIOOBI 1.00163 1.28926 1.20950 1.28998 1.29114 

200 1.001107 1.110013 1.00020 1.00034 1.00049 J .00078 1.00154 1.28126 1.20153 1.28207 1.20338 

220 1.00001 1.00013 1.00UI9 1.000n l.IJ0047 1.00015 1.00147 1.00305 I 1.27279 1.21342 1.27493 

2110 1.00007 1.00012 1.00019 1.00032 1.00045 1.00072 1.001411 1.0020B 1.00454 11. 26385 1.26564 

260 1.00007 1.00012 J.(JOOIB 1.0003J 1.00044 1.00069 1.00134 1.00273 1.00426 1.25309 J .25528 

200 l.001l01 j .00012 1.000Hl l.ooo:m 1.00042 1.00067 1.00129 1.00260 1.00402 

~:~~:~~ I~:~~~~;~ 300 1.00D07 1.00012 1.000111 1.00029 1.00041 1.00064 1.00124 1.00249 1.003B3 

320 1.00007 1.00012 1.00017 1.00028 1.00040 1.00062 1.00120 UJ0240 1.00366 1.00642 1.01591 

}110 l.1I00!)7 l.OOIlIl 1.00017 1.00020 1.00039 1.00060 1.00116 1.00231 1.00351 1.U0609 1.!Jl4B 

360 1.00001 1.000H 1.00016 1.00027 1.00037 1.00059 I.U0112 1.00223 1.00337 1.00501 1.01320 

300 1.00007 1.00011 1.00016 1.00026 1.00037 1.00057 1.00109 1.00215 1.(IOJ25 1.[10557 .1.01235 

400 I.OOOU7 1.00011 1.00016 1.00026 1.00036 1.110056 1.00106 1.00208 1.00314 1.00536 1.01166 

420 1.00007 1.000H 1.00016 1.00025 1.00035 1.00054 1.00103 1.0U202 1.00304 1.00516 1.01109 

440 l.001l07 1.00011 1.00015 1.00025 1.00034 1.00!l53 1.00100 1.00196 1.00295 1.00499 1.01059 

460 1.00007 1.00010 1.00015 1.00024 1.00033 1.00051 1.00091 1.00191 1.00206 1.00402 1.01016 

4110 1.00007 1.00010 1.00015 1.00024 1.00032 1.00050 1.00095 1.00105 1.00278 1.00460 1.0[J970 

500 1.00007 1.00010 1.00015 1.00023 1.00032 1.00049 1.0009} 1.00181 1.0027[J 1.00454 1.00943 

200.0 300.0 

1.33445 1.33621 

l.JJ41O 1.33575 

1.33330 1.33480 

1.n211 1.3n11 

1.33071 1.33220 

1.}2912 1.33062 

1.32727 1.321110 

1.32523 1.32675 

1.32302 1.32456 

1.32066 1.32223 

1.3HH4 1.31915 

1.31271 1.31441 

1.30618 1.30859 

1.30034 1.30230 

1.29JJ9 1.29553 

1.28589 1.28826 

1.2777B 1.28044 

1.26896 1.21201 

1.25928 1.26286 

1.24040 1.25282 

1.23617 1.24166 

1.22158 1.22895 

1.20301 1.21399 

1.17333 1.19547 

1.03737 1.16881 

1.03U97 1.11039 

1.02151 1.06293 

1.02510 1.04964 

1.02343 1.04298 

1.022114 1.03069 

1.02089 1.03560 

500.0 

1.33965 

1.33898 

1.33797 

1.33669 

1.33521 

1.33353 

1.33169 

1.32968 

1.32753 

1.32524 

1.32203 

1.31765 

1.31203 

1.30599 

1.29953 

1.29264 

1.28531 

1.27749 

1.26914 

1.260111 

1.25051 

1.23995 

1.22825 

1.21520 

1.20064 

1.18369 

1.16320 

1.13867 

1.11399 

1.09432 

1.00019 

1000.0 

1.34760 

1.34660 

1.34527 

1.34371 

1.34213 

1.340}8 

l.B851 

1.33653 

1.33444 

1.33224 

1.32995 

1.32507 

1.31983 

1.31426 

1.30836 

1.30215 

1.29563 
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5. Comparison of the New Equation with 
Experimental Data and Other Equations 
The new equation was deduced directly from the ex

perimental data. On account of the small number of mea
surements a selection for a first data set was not possible and 
unreasonable. For the adaption of the coefficients all data 
were examined and some experimental data 11.12.21.24,40,53 

which obviously differ from the others were excluded. When 
the refractive index n of water is computed with this equa
tion and compared with the measured data, good agreement 
is obtained in the definition range. The equation fits the data 
within their anticipated errors. For demonstration, the de
viations of all data available for the refractive index from the 
calculated values are shown in Figs. 6-8. A possible uncer
tainty of the equation cannot be assigned because of the 
small number and the variation in wavelength, temperature, 
and pressure of the experimental data. The mean scatter of 
0.001 is indicated in Figs. 6-8 by dashed lines. 

Figure 6 shows that the new equation for the refractive 
index of water reflects the influence of the wavelength well. 
Most of the data deviate less than 0.1 % from the computed 
values. A small number of measurements lie outside the 
range of the scatter of the measurements. Only for wave
lengths greater than 2500 nm do the deviations rise signifi
cantly; however, very few measurements have been done at 
wavelengths beyond the wavelength of visible light. The in
crease of the deviation at a wavelength of 546.1 nm is reduc-
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FIG. 6. Deviation of all data from Eq. (5) as a function of wavelength. 
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TABLE 9. Standard deviation of the densities calculated by Eq. (8), IFC67, 
and equation of state by Haar, Gallagher, and Kell (HGK) 

IFC67 
(p < 1000 bar) HGK Eq. (8) 

0.010 0.010 0.039 

ible to measurements near the critical point (compare Table 
1). The discrepancy near the temperature of 374.15 °C re
flects the difficulty of measuring the refractive index of water 
near the critical point. 

Considering Fig. 7, the equation coincides with the data 
of both liquid water and water vapor. The deviations at 20°C 
correspond to the measurements done for greater wave
lengths. These deviations at greater wavelengths as well as 
the deviation at the critical point are demonstrated in Fig. 8. 
This diagram shows that the new equation for the reflective 
index of water approximates well the whole pressure region. 

As a result ofthe comparison ofEq. (5) with all available 
measurements, as made in Figs. 6-8, it can be concluded that 
good agreement in the definition range of the new equation is 
obtained. About 97% of all available experimental data de
viate from the computed values by an amount less than the 
mean scatter of the measurements of 0.001. For liquid water 
at atmospheric pressure and wavelengths smaller than 1500 
nm the scatter of the data from the new equation is less than 
0.0004. For vapor the scatter between the experimental data 
and the computed values is smaller than the tolerance of the 
measurements. 

A comparison of the new Eq. (5) with several existing 
equations has also been carried out. For this task, besides Eq. 
(1), the formula of Eisenberg 1 8 and the relation of Tilton and 
Taylor61 are of special interest, since in the comparison of 
equations,55.56 these equations turned out to be the ones 
which most accurately reflect the refractive index. In the 
range of validity of the Eisenberg equation all equations 
show the same standard deviation. In the area covered by the 
Tilton and Taylor equation the same improvement as with 
Eq. (1) is reached with the new Eq. (5). The formulations for 
the refractive index of water presented here are as good as 
the others in their range of validity. The improvement must 
be seen in the fact that both equations cover a wider range of 
validity. Compared with Eq. (1) the new Eq. (5) has a smaller 
number of constants and at the same time an enlarged range 
of validity, especially in the dependence on temperature. 
Moreover, the advantage is that the refractive index ofliquid 
water, as well as of steam can be computed by the formula
tion presented here. 

An uncertainty of the new equation should be men
tioned. The temperatures have been surveyed only up to the 
critical point and measurements of wavelengths greater than 
those of visible light are available only at atmospheric pres
sure. The range of validity for the wavelength dependence is 
limited by the theory for normal dispersion, but there is no 
theoretical restriction for the validity of the temperature and 
density dependence of the new Eq. (5). As far as measure-
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ments are available the equation has been tested and good 
agreement is achieved. Extrapolations out of the recom
mended range of validity seem to be possible. because the 
measurements for the refractive index of water of Yadev69 

up to 8200 bar can be reproduced by this equation within an 
accuracy of 0.3% and the measurements ofZeldovich70 up 
to 145 900 bar (not induded in Fig. 1) within an accuracy of 
3%. 

A comparison of the densities calculated by Eq. (8) from 
measured wavelength, temperature, and refractive index 
with the experimental data and values of densities computed 
with the IFC6772 and the equation of state by Haar, Gal
lagher, and Kelf4 from the measured temperature and pres
sure has been carried out. As can be seen in Table 1 density 
measurements were executed only by Born,6 Rosen,49 
Waxler,64 Y adev, 69 and Zeldovich.70 The standard deviation 
of the densities computed by Eq. (8) is somewhat higher than 
those calculated by the equations of state as indicated in 
Table 9. Therefore the simple Eq. (8) can be recommended 
for computing the density whenever only measurements of 
temperature, wavelength, and refractive index are available. 

6. Summary 
For the refractive index of water a survey of the avail

able experimental data sources is given followed by a sum
mary of the existing equations. Since none of these formula
tions considered the influence of wavelength, temperature, 
density, or pressure on the refractive index at the same time, 
a new equation for the refractive index of water was estab
lished. Considering the electromagnetic theory of light an 
equation with variable wavelength, temperature, and den
sity was adapted. The range of validity of wavelength is re
stricted by the theory for normal dispersion; the range of 
temperature and density is given by the available experimen
tal data, where interpolations between the single measured 
points are physically possible. This new equation for the re
fractive index of water, whose coefficients have been directly 
deduced from the experimental data by least-squares fit, de
scribes with great accuracy the dependence of the refractive 
index on the wavelength, temperature, and density for liquid 
water as well as for steam in the range of its validity. Good 
agreement with all available experimental data is obtained. 
The deviation from computing the density with another in
ternational accepted equation of state, such as the IFC67, is 
so small compared with the scatter of the experimental data 
that it can be neglected. Compared with other existing equa
tions the new formulation presented here is as good as the 
others in their range of validity. The improvement must be 
seen in the fact that this formulation covers a wider range of 
validity in the liquid and vapor state. In addition, the equa
tion presented here has the advantage that it can be solved 
for the density as an explicit parameter. In the opinion of the 
authors new measurements are still desirable to improve the 
formulation. 
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