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1.  INTRODUCTION 
After Obukhov found in 1946 a universal length 

scale for exchange processes in the surface layer, a 
logical consequence was the development of the simi-
larity theory by Monin and Obukhov in 1954. This the-
ory was the starting point for the development of new 
devices and for several experiments, as well as for the 
formulation of the presently used universal functions. 

In this paper, a short historical survey is pre-
sented, followed by a description of the present status 
of the theory, covering topics such as the accuracy of 
the universal functions, the influence of moisture, and 
the turbulent Prandtl number.  

My personal and professional contact with A. M. 
Obukhov and A. S. Monin developed during common 
expeditions. In 1975 and 1976 I was a member of the 
KASPEX-75 and KASPEX-76 expeditions (Foken et 
al., 1978) of the Institute of Oceanology, Moscow (Di-
rector: A. S. Monin) and in 1981 I participated in the 
International Turbulence Comparison Experiment 
(ITCE-81) in Tsimlyansk, Russia (Tsvang et al., 1985) 
of the Institute of Physics of the Atmosphere (Director: 
A. M. Obukhov). From 1980 to 1990, I was scientific 
secretary of the KAPG-Project (cooperation of the 
East European Academies of Science in geoscience) 
“Atmospheric Boundary Layers” initiated by A. M. 
Obukhov (Bernhardt and Foken, 1994). 
 
2.  HISTORICAL OVERVIEW 
 

On the occasion of the 100 years anniversary of 
Reynolds’ decomposition (Reynolds, 1894), J. A. Bus-
inger gave an overview of the history of boundary 
layer meteorology (micrometeorology) during the 
Tenth Conference on Turbulence and Boundary Lay-
ers (Portland, 1992). Following this presentation, a 
short historical survey will be presented to show the 
place of the Monin-Obukhov similarity theory (Monin 
and Obukhov, 1954) in historical context. 

At the beginning of the last century, much pro-
gress was made in hydrodynamics connected with the 
fundamental papers by Taylor (1915), Richardson 
(1920), and Prandtl (1925). Before the second world 
war, experimental studies were mainly done in Ger-
man speaking countries. In Vienna Schmidt (1925) 
formulated the ‘Austausch coefficient’; in Munich Gei-
ger (1927) summarized microclimatological works in 
his famous and even now available book ‘The climate 
near the ground’ (Geiger et al., 1995); and in Pots-
dam, after many experimental studies (Kleinschmidt, 
1935), Albrecht wrote the first paper about the energy 
balance of the earth (Albrecht, 1940).  
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After fundamental studies were published about 
the turbulence spectra (Kármán and Howarth, 1938; 
Taylor, 1938),  investigations were continued by Rus-
sian scientist during the second world war, mainly by 
Kolmogorov (1941a; 1941b). In 1946, three years be-
fore Lettau,  Obukhov (1946) found the scaling length 
for the surface layer. This was the basis of the Monin-
Obukhov similarity theory (1954). At the beginning of 
the 1950s many famous experiments took place, 
mainly connected with names like Lettau, Swinbank, 
Dyer, and Tsvang. In addition, the idea of a direct 
measuring method for turbulent fluxes, now known as 
the eddy covariance method, was developed 
(Montgomery, 1948; Obukhov, 1951; Swinbank, 
1951). This method only emerged later, after the de-
velopment of the sonic anemometer by Bovscheverov 
and Voronov (1960) and later on by Kaimal and Bus-
inger (1963) and Mitsuta (1966). These phase shift 
anemometers have now been replaced by running 
time anemometers with time measurements 
(Hanafusa et al., 1982).  

This was the basis for famous experiments, includ-
ing so-called comparison experiments for turbulence 
sensors (Dyer and Bradley, 1982; Miyake et al., 1971; 
Tsvang et al., 1973; Tsvang et al., 1985) with some 
basic investigations, and experiments for studying the 
turbulent exchange processes, mainly the KANSAS 
1968 experiment (Izumi, 1971) which was the basis 
for the presently and predominantly used universal 
function by Businger et al. (1971). An important sum-
mary about the status of the knowledge of turbulent 
exchange processes between the atmosphere and the 
surface was given in 1973  at the Workshop on Mi-
crometeorology (Haugen, 1973). 

After some criticism of the experimental design of 
the KANSAS experiment by Wieringa (1980) and the 
reply by Wyngaard et al. (1982), which focussed in the 
decision to repeat the experiment, nearly no new ex-
perimental efforts were initiated on this topic. The cor-
rected universal functions by Högström (1988) com-
prise our most current knowledge.    
 
3. THE OBUKHOV LENGTH 

 
Obukhov (1946) assumed according to Bucking-

ham’s Π-theorem that the parameters g/T0 (g: gravity 
acceleration, T0: surface temperature), v* (friction ve-
locity), and q/(cp·ρ), with q: kinematical heat flux, cp: 
specific heat, and ρ: air density,  describe the atmos-
pheric turbulence above the canopy. All symbols are 
used according to the original papers. Only one pa-
rameter with the dimension of length is possible to de-
scribe these processes – the Obukhov Length – 
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with κ: von-Kármán-constant. In the surface layer 
(Prandtl-layer, constant flux layer), the vertical fluxes 
were assumed to be constant with the height: 
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with T’: fluctuations of the temperature, w’: fluctuations 
of the vertical wind velocity, and τ : shear stress. Be-
cause L was established about 8 years before the 
publication of the Monin-Obukhov similarity theory 
(Monin and Obukhov, 1954), this length scale is called 
‘only’ Obukhov-length. The same scale was found 
three years later by Lettau. 

Obukhov (1946) proposed that the absolute 
measurement of the shear stress with the eddy-
covariance method 

''wuρτ −=  (4) 
is of fundamental importance for the investigation of 
the surface layer and for the control of indirect meth-
ods. Therefore, in 1949 Konstantinonov (Obukhov, 
1951) developed a wind vane with two hot wire ane-
mometers (90° angle) for the measurement of the fric-
tion velocity (Fig. 1). This work was contemporaneous 
with similar investigations by Montgomery (1948) and 
Swinbank (1951). 
 

 
Fig. 1: Wind vane with two hot wire anemometers (90° 
angle) for the measurement of the friction velocity on 
the basis of Konstantinonov’s work in 1949 (Obukhov, 
1951). 
 
4. THE MONIN-OBUKHOV SIMILARITY THEORY 
 

A. S. Monin (* 02.07.1921) and A.M. Obukhov 
(05.05.1918 – 03.12.1989), seen in Fig. 2, developed 
their famous similarity theory (Monin and Obukhov, 
1954) on the basis of the following finding: 

− Fundamental experimental works of the Geo-
physical Main Observatory Leningrad mainly 
connected with scientists like Lajchtman, 
Budyko, etc., 

− Logarithmic wind profile (Prandtl, 1925), 
− Zero-plane displacement (Paeschke, 1937), 
− Obukhov length (Obukhov, 1946). 
 

Fig. 2: A.S. Monin (left) and A.M. Obukhov (right) 
 
Also, according to Buckingham’s Π-theorem, for the 
dimensionless wind- and temperature profile Monin 
and Obukhov assumed  
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with v: wind velocity and T*: dynamical temperature, 
and both only a function of the parameters g/T0, v*, 
q/(cp·ρ), and the height z. There exists only one di-
mensionless coefficient z/L.  

It should be noted that the dimensionless profiles 
are written without the von-Kármán-constant κ and 
with a turbulent Prandtl number Prt =1. They knew 
Priestley’s and Swinbank’s (1947)assumption for the 
exchange coefficients of heat and momentum KH > Km 
for unstable stratification,  
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but instead used KH = Km because of experimental 
deficits. They also documented a modification of their 
theory. 
In accordance with the dimensionless parameter z/L, 
the wind and temperature profiles can be written with 
universal functions: 
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The universal function can be developed as a 
power series in the case of |z/L| < 1 with β = 0.6: 
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For strong unstable stratification, z/L « -1, the as-
sumed power law is: 
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For strong stable stratification, z/L » 1, because:  

RiLvK ⋅⋅⋅= *κ  (12) 
where constRRi =≈ . 

20-30 years ago, the Monin-Obukhov similarity 
theory was like a dogma and it was nearly impossible 
to publish in reviewed journals and papers any results 
which were not in agreement with the similarity theory 
(especially in Russia), e.g. the first studies about 
counter gradients were published in grey literature: 
− above the ocean (Foken and Kuznecov, 1978), 
− in the forest (Denmead and Bradley, 1985). 

Obukhov also published other similarity functions 
which are absolutely independent of the Monin-
Obukhov similarity theory, e.g. the similarity functions 
for the temperature structure parameter 
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was found by Obukhov (1960). 
 
5. UNIVERSAL FUNCTIONS 
 

After the development of the similarity theory for 
the surface layer, a lot of experimental efforts were 
done to determine universal functions. First functions 
were published by Swinbank (1964; 1968), Tschalikov 
(1968), and Zilitinkevich and Tschalikov (1968); for an 
overview, see Foken (2003). The presently used uni-
versal functions by Businger et al. (1971) are based 
on the data of the 1968 KANSAS experiment (Izumi, 
1971) and are different for momentum and heat ex-
change:  
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Note that the functions are based on κ = 0.35 and 
Prt

-1 = 1.35. 

During the Workshop on Micrometeorology 
(Haugen, 1973), the fundament relationships were 
also discussed, so the O’KEYPS-equation (Obukhov, 
Kaimal, Elliot, Yamamoto, Panofsky, Sellers)  
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which can be solved using the universal function of 
the Dyer-Businger type (Businger, 1988):  
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The relationship of the universal function of heat to 
the universal function of momentum is provided by the 
Dyer-Businger equation:  
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An important issue is the normalization of the 
Obukhov length (Yaglom, 1977):  
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(u*: friction velocity) which can be normalized also with 
the turbulent Prandtl number or used without the von-
Kármán-constants, the latter like in the papers by 
S.S.Zilitinkevich. Also, the turbulent Prandtl number 
can be used either in the profile equation 
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or in the universal function 

( ) ( ) 01Pr 2
1

<⋅+=
−

L
z

L
z

L
z

tH γϕ , (21) 

as done by Högström (1988). 
The Obukhov length was defined for dry air. The 

use of the virtual (or sonic) temperature Tv is physi-
cally more adequate for moist air, but all universal 
functions were determined for dry conditions: 
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6. PRESENT STATUS OF THE MONIN-OBUKHOV 

SIMILARITY THEORY 
 
The criticism of the KANSAS experiment by Wieringa 
(1980) was connected with flow distortion problems of 
the tower, overspeeding of the cup anemometers, un-
certainties of the phase shift sonic anemometers, and 
an unrealistic von-Kármán-constant. According to 
these findings, Högström (1988) re-formulated the 



universal functions. The function by Businger et al. 
(1971) is presently used in the form:  

( ) ( )














<<+

<<−−
=

−

1061

023.191 4
1

L
z

L
z

L
z

L
z

L
z

mϕ
, (24) 

( ) ( )














<<+

<<−−⋅
=

−

108.795.0

026.11195.0 2
1

L
z

L
z

L
z

L
z

L
z

Hϕ
 (25) 

Note that the functions based on κ = 0.40 and Prt
-1 

= 1.05 is used in the universal function. 
A summary of recent studies of the Monin-

Obukhov similarity theory was published by Högström 
(1996). A value of 0.40 for the von-Kármán-constant is 
widely accepted. Even today the accuracy of the tur-
bulent Prandtl number is only 5-10 % (see Table 1). 
 
Table 1: Values for the reciprocal turbulent Prandtl- 
number (Foken, 2003) 

Author 1/Prt 
Businger et al. (1971) 1.35 
– Correction according to 

Wieringa (1980) 
1.00 

– Correction according to 
Högström (1996) 

1.05 

Kader and Yaglom (1972) 1.15 – 1.39 
Foken (1990) 1.25 
Högström (1996) 1.09 ± 0.04 
 
Högström (1996) gave the following values for the 

accuracy of the presently used universal functions: 
− |z/L| ≤ 0.5:     |δφH| ≤ 10 % 
− |z/L| ≤ 0.5:     |δφm| ≤ 20 % 
− z/L > 0.5:    φH, φm = const ? E.g. Handorf et al. 

(1999) found φm = 4 for z/L > 0.6 
− φH, φm = f (zi) ? According recent findings by Jo-

hannson et al.  (2001), the universal functions 
depend on the mixed layer height zi. 

It should be noted that the limitations on the accu-
racy of the turbulent Prandtl and Schmidt numbers as 
well as the universal functions are limitations in all 
weather and climate models! A further problem is the 
so-called residuum in the energy balance closure (Culf 
et al., 2004; Foken, 1998). An additional influence on 
the accuracy of the universal functions occurs when 
the ‘unclosed’ energy balance is caused by deficits in 
the turbulent fluxes determined with the eddy covari-
ance method.  

7.  CONCLUSIONS 
 

At the present time, use of the Monin-Obukhov simi-
larity theory is limited by the validity only in the surface 
layer (constant flux layer) above the roughness 
sublayer (probably not valid above tall vegetation), the 

range of validity of |z/L| ≤ 1…2, and the limitation to 
homogeneous surfaces. 

A better understanding of the limitations and non-
ideal conditions depends upon an exact knowledge of 
all parameters of the similarity theory. Therefore, we  
should agree with Wyngaard et al. (1982) in that the 
problems with KANSAS 1968 can only be solved with 
a new experiment. At the present time, we have a 
good basis for this, because the eddy covariance 
method was highly updated in the last 5-10 years (new 
sensors, updated corrections, data quality checks). 

Modellers must understand that only better phys-
ics and not ‘screws’ are the key to better models, and 
that surface layer fluxes are an important part of each 
model. 
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