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Abstracl. Data obtained from the 30m high MONTBLEX tower installed at the Indian 
Institute of Technology, Kharagpur are described. Data on wind speed and direction, 
temperature and humidity were recorded during the first week of July !989 at six levels on 
the tower. They indicate some of the atmospheric surface layer characteristics. Using two 
levels of tower data involving wind speed and temperature a profile method was used for 
computing the surface fluxes of heat and momentum. A method for calculating the surface 
roughness length using the data was also used to obtain the vertical windspeed profile. The 
computed wind profile was compared with observations, while the surface roughness length 
was compared with values obtained by a least square fit. The computed surface fluxes were 
compared with theoretical values obtained by an energy budget method which uses only 
wind data at one level. The agreement was reasonably good. 
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1. Introduction 

A 30m high tower  was instal led at the Ind i an  Ins t i tu te  of Technology ,  K h a r a g p u r  
(87 ~ 20 'E,  20 ~ 20 'N)  in July  1988 as par t  of  the M O N T B L E X  ( M O N s o o n  Trough  
B o u n d a r y  Layer  Exper iment )  p rogramme.  The  tower  was equ ipped  with fast response 
ins t ruments  to measure  the wind speed, wind direct ion,  t empera tu re  and  humid i ty  
at  six levels: I, 2, 4, 8, 15 and  30 m. It  was set up  at  the fa rmlands  near  the sou theas te rn  
b o u n d a r y  of the Ins t i tu te  (figure 1). The  relief of the test region is relat ively flat 
(a s lope of 10-2 over  400 km 2). The tower  site enjoys  an un in te r rup ted  fetch of 500 m 
towards  the south,  the d i rec t ion  of summer  m o n s o o n  wind. As the region has a flat 
and  fairly open te r ra in  the influence of t o p o g r a p h y  and  g round  obs tac les  on wind 
character is t ics  is expected to be small. 

A pilot  exper iment  was conduc ted  dur ing  the first week of July, 1989 and da t a  
on the vector  wind, t empera tu re  and humid i ty  were collected at specific t imes of  the 
day  and recorded on  the ha rd  disc of a P C - X T .  However ,  surface fluxes of  heat  and  
momen tum,  which de te rmine  the state of  the a tmospher ic  surface layer ,  were not  
measured,  

In  this paper ,  we analyse  the tower  da t a  to ob ta in  the surface layer  character is t ics .  
To est imate the surface fluxes theoret ical ly ,  two levels of tower  d a t a  were used. An 
a t t empt  was made  to calculate  the surface roughness  length (Zo), and  thereby the 
vertical  wind speed profile. 
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Figure 1. Relief map of the test region. 

2. Data representation and analysis 

Data on the vector wind, temperature and humidity were recorded at specific times 
every day for the first week in July 1989 for 10-min duration on a fast response data 
acquisition system. The sampling rate was 8-42 samples/s. For  each 10-min duration, 
5052 readings were recorded for each measured quantity at six levels. This amounts 
to a total of approximately one megabyte of computer memory for each observation 
at a particular time. 

Data were recorded on a P C - X T  and subsequently compiled on a CYBER 180 
system. A program was developed for calculation of mean values for each measured 
quantity at a specified time. Before calculating mean values, the quality of the data 
was checked by comparing two consecutive values. The obviously erroneous data 
were removed and compiled as not recorded. Mean values were then calculated by 
averaging over 10-rain intervals. 

The mean wind speeds obtained by the above procedure are shown in figure 2 at 
heights of 1.312m, 8.312m and 30"312m (31.2cm is the height at which the sensor 
was located at each of six levels). This figure illustrates the diurnal variation over 48 
hours. 

The vertical variation of mean temperature is shown in figure 3 for 2 July 1989. 
The vertical profile is characterized by a low-level inversion during the whole day. 
The temperature stratification indicates typical stability characteristics of the surface 
layer. In general the surface layer seems to be stable up to 4 m, unstable between 4 m 
and 15 m and near-neutral up to 30 m. The vertical profiles of temperature indicating 
these typical characteristics were also observed on subsequent days. 

The typical stability characteristics are illustrated in figure 4. The microscale 
turbulence induced is weak and intermittent up to 4 m which indicates the damping 
effect of a stable stratification on turbulence, particularly at 1 m and 4 m. Between 4 
and 15 m, instability of the surface layer contributes to development of mechanical 
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turbulence. At 30 m, turbulence is again suppressed indicating the small effect of  
ground surface irregularities at this height. 

3. Calculation of fluxes and wind speed profile using profile method 

3.1 Surface fluxes of heat and m o m e n t u m  

The surface fluxes of heat and momentum were obtained from the observed profiles 
of wind and temperature using the M o n i n - O b h u k h o v  similarity theory. The 
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Simultaneous time series of temperature at six levels above the ground 

Monin-Obhukhov length (L) is given by 

L = T  2 u, /k  g 0,, (1) 

where T is the absolute temperature of air, g the acceleration due to gravity, k is the 
von Karman constant (0-41), u, ,  the frictional velocity and 0, the temperature scale. 

Following Dyer (1974) and Paulson (1970), a generalized expression for wind speed 
at any height z is given by 

u(z) = (u,/k)[ln(Z /Zo) - O M(z/L) + O ~(zo/ L) ] 

and the potential temperature may be expressed by 

(2) 

O(z) = (O,/k) [ln(z/zo) - On(z/L) + On(zo/L) ], (3) 

where Zo is the surface roughness length and 0M and 0n are stability functions. 
The stability functions for unstable ( L < 0 )  and stable ( L > 0 )  conditions are 

(Paulson 1970; Businger et al 1971; Dyer 1974). 
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For L < 0  

where 

~b u = 21n [21(1 + x)] + In [1(1 + x2)] -- 2tan- l(x) + (~/2), 

OH = 2 ln[�88 + x2)], 

x = [1 -- 16(z/L)] ~/4. 

(4) 

(5) 

(6) 

For L > 0 

d/M= -- 5 z/L, (7) 

fin = -- 0"7 z /L  - [0-75 z / L -  10"72] exp [ -  0-35 z/L] - 10-72. (8) 

These functions are valid for Zo << z < L. It appears, however, that in unstable 
conditions (2) in combination with (4) and (6) can be used at heights where z >> L 
(Holstag 1984). 

In stable conditions (L > 0), (2) in combination with (7) fails for z > L. Equation (7) 
can, however, be replaced by another empirical function (van Ulden and Holstag 
1985) that has the same performance for z < L, but a much better performance for 
z > 1,. This function is 

~ a  = - 1 7 [1 - e x p ( -  0.29 z/L]. (9) 

The unknown are u , ,  0 , ,  L, Zo and T. Once these quantities are obtained, the flux 
of momentum T can be obtained from 

= pu~ 

and the flux of sensible heat H from the expression 

(lO) 

H = - pCp u ,  O, (11) 

where p is the density of air and Cp is the specific heat at constant pressure. 
A number of methods have been developed for calculating surface fluxes of heat 

and momentum from observed wind data, If more than two levels of wind and 
temperature data are available, a least square technique is commonly employed 
(Paulson 1970; Businger et al 1971; Nieuwstadt 1978) for calculating u,  and 0, .  

When wind and temperature data are available at two levels, u ,  and 0,  are solved 
by iteration. This is referred to as the profile method (Nieuwstadt 1978; McBean 1979; 
Berkowicz and Prahm 1982). 

If wind and temperature data are available at only one level, an energy budget 
method developed by van Ulden and Holstag (1985) may be used for getting an 
estimate of u,  and 0, .  

A simplified profile method is presented here for computing the surface fluxes of 
heat and momentum. The method requires input of wind speed at two levels (Zl and 
z2) , temperature at two levels (Z 3 and z~) and T . u ,  and 0,  are then obtained by 
satisfying (2) and (3) at two levels and subtracting one from the other. We have 

U. = k[u(z2)  - u(zt) ] [ln(ZE/Zl) -- ~kM(Z2/L) + ~kM(Zl/L)]- t, (12) 

0.  ----- kl-0(,z4) -- 0(z3) ] [ln(z4/23) -- ~ n ( z l / L )  + ~JH(Z3/L)]-1. (13) 
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The advantage of this procedure is that in calculating u,  and 0,  from (12) and (13) 
an estimate of Zo is not needed. 

Once the equations are set up, u , ,  0,  and L can be obtained by an iterative 
procedure. The initial values of u ,  and 0,  can be obtained from (12) and (13) by 
assuming a neutral wind profile (i.e., by putting ~u  = ~On = 0). Using (1) /, is then 
computed. The new value of L is then substituted in (12) and (13) to obtain improved 
values for u ,  and 0,  and this cycle is repeated till convergence is achieved. Once 
convergence is achieved, the surface fluxes of heat and momentum can be obtained 
from (10) and (11). 

3.2 Surface roughness lenoth 

Generally the surface roughness length (Zo) is obtained from wind measurements by 
a method given by Wieringa (1976, 1980, 1983). This relates z o either to the normalized 
standard deviation of wind speed or to the ratio of averaged wind speed observed in 
a given period, and the maximum gust recorded during the same period. Alternatively, 
when no gust records are available, an approximate value of the roughness length 
can be obtained from visual terrain description together with the roughness 
classification of Davenport (1960). This has been described by Wieringa (1980). Surface 
roughness length can be calculated from the observed wind data at more than two 
levels by a least square technique (Paulson 1970). 

A method for calculating z o in unstable stratification (L < 0) from observed wind 
data at one level is presented here. Once u, ,  0, and L are obtained, Zo can be obtained 
from (2) using observed wind data at any one level. The procedure is as follows. 
Equation (2) may be expressed by 

or, 

u,  - 16z /L  
u(z) = ~- ln  - ~ (UM(Z/L)% ~bM(Zo/L ), 

~M(zo/L ) -- In(-- 16 zo/L ) = (ku(z)/u,) - I n ( -  16 z/L) + r  (14) 

The right side of (14) can be evaluated from observed wind speed u(z) at any level z. 
Terms containing z o on the left side of the equation can be expanded by applying 
(6) and (4) at z = Zo- 

Applying (6) at z = Zo gives us 

x o = [1 - 16(zo/L)] 1/4 
or,  

- 16(zo/L) = x~ - 1. (15) 

From (4) at z = z o we have 

q"M = (Zo/L) = 2 In [�89 + Xo)] + In [�89 + x 2)] - 2 t a n - l ( x  o) + (re/2) 

= 2 In ( 1 + Xo) + In (1 + x 2 ) - In 8 - 2 t a n  - ~ (Xo) + 0 t /2 ) .  

Using (15) and (16), (14) can be written as 

2 ln(1 + Xo) + ln(1 + Xo z) - In 8 - 2 tan-  1 (Xo) + ~/2 - ln(x 4 -- 1) 

= ( k u ( z ) / u , ) -  I n ( -  16 z/L) + ~ t ( z /L ) ,  

(16) 

(17) 
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o r  

2 ln(1 + Xo) - ln(xo z - 1) - 2 t a n -  l(xo) 

= (ku(z ) /u , )  - In( - 16 z/L) + ~bM(z/L ) + In 8 - (n/2). 

This can be expressed by 

f ( X o )  = 2 ln(1 + Xo) - ln(x~ - 1) - 2 t a n -  1(Xo) - b = 0 
where 

b = (ku(z ) /u , )  - ln( -- 16 z/L)  + ~bM(z/L) + In 8 - (n/2). 

(17) 

(18) 

b, given by (18) is known from the observed wind speed u(z) at any level z. 
Equat ion (17) can now be solved by a first-order Newton-Raphson  method  to find x o 
corresponding to a surface roughness length Zo. Convergence of  the iterative scheme 
depends on the initial value of  x o. The initial value of x o can be obtained from 
Davenpor t ' s  (1960) terrain classification. Once the solution for x o converges, z o can 
be obtained from (15). 

3.3 Vertical wind speed profile 

Once u ,  and z o are calculated using the procedures outlined in ~3 .1  and 3-2, the 
vertical wind speed profile for an unstable stratification can be obtained from (2), i.e. 

u(z) = ( u , / K ) [ l n ( z / z o )  - ~gM(z/L) + ~M(zo/L)  ], (2) 

where q;M is given by (4). 
As Zo cannot  be calculated for a stable stratification (L > 0), the vertical wind speed 

profile may be obtained by satisfying (2) at two levels and subtract ing one from the 
other. We have 

U(Z) = U(Z 1 ) + (u,/K)[ln(z/zl ) - ~bM(z/L) + ~1~(zl /L)],  

where u(z l )  is the observed wind speed at level zl.  

(19) 

4. Calculation of fluxes using least squares 

Following Paulson (1970) a least square method  is available for calculating z o, ~o. and 
0 ,  and the fluxes. In this approach  we assume that  at z = z o 

~k M(zo/ L) ~ O, (20) 
since 

Xo = [1 - 16zo/L]  ~/4~ 1. 

With this assumption (2) can be written as 

u (z)  = (u , / k )  [ln(z/z o) - r (z/L)].  (21) 

Rearranging terms we have 

In z - ~ M(z/L) = (k /u , )u ( z )  + In z o. (22) 
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This is a considerable simplification as z o appears only once in (22). It avoids the 
need to specify k unless an actual value of u,  is needed. 

A straight line can now be fitted by least squares to wind speed observations plotted 
against In z - r The ordinate intercept of the straight line yields Zo.U, may be 
obtained from the slope of the straight line by taking k, von Karman's constant to 
be 0.41. 

A similar procedure may be used for obtaining 0, from temperature observations. 
It may be noted here that for neutral conditions 

~9 u(z /L  ) = ~b Mtzo/L) = O. 

Consequently, the observed wind speed profile will be linear on a logarithmic plot 
and a least square fit is not needed for calculating Zo. 

5. Calculation of  fluxes with the energy budget method 

As the surface fluxes of heat the momentum computed by the present method will 
be compared with the energy budget method, a brief description of this method is 
presented. The method developed by van Ulden and Holstag (1985) uses only one 
level of wind observations, surface roughness length and air temperature. 

In the absence of vertical temperature data, equation (13) is not used for calculating 
0,.  This is replaced by information on the surface energy budget 

H + 2E = Q* - G, (23) 

where 2E is the latent heat flux (2 is the latent heat of vaporization and E is the 
evaporation), Q* is the net radiation and G the soil heat flux. Using H = - p C e u , O , ,  
(23) is 

2E - Q* + G 
0, - (24) 

pCpu,  

2E, Q* and G are parametrized in terms of total cloud cover N, the solar elevation 
4~, air temperature T, the friction velocity u, and 0,.  Thus, 0, is given by an expression 
of the following type 

O, = f ( H ,  49, T, u.) .  (25) 

Equation (25) is now used instead of(13). The subsequent procedure of finding u.  and 
0. from (2) and (25) by iteration is similar to what was used earlier. 

The details of modelling 2E, Q* and G are given by Holstag and van Ulden (1983) 
and van Ulden and Holstag (1985). A short description is given here for continuity. 

5.1 The net radiation 

The net radiation Q* consists of (i) shortwave solar radiation K* and (ii) the difference 
between the outgoing radiation L- from the earth's surface and the incoming radiation 
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L § from the atmosphere. Thus 

Q* = K* + L + - L - .  

The net shortwave radiation is parametrized by 

K* = (al sin ~b + a2)(l - b 1Nb2)(1 -- r), 

(26) 

(27) 

where (a 1 sin q~ + a 2 )  is the incoming solar radiation with clear skies and a I and a 2 
are the empirical constants. The reduction factor (! - b ~  N b2) gives the interception 
of solar radiation by clouds with N the fraction of sky covered by clouds and ba'b2 
are empirical constants. The reduction factor (l - r) is due to the reflection of incoming 
solar radiaton at the surface, where r is the albedo. Typical values of the quantities 
are al = 990Win -2, a2 ----- - -  3 0 W ,  b a =0-75, b 2 = 3"4 and for grass surface r =0.23. 

The incoming longwave radiation is parametrized by 

L + = C l a T  6 + C2N (28) 

and the outgoing longwave radiation from earth's surface 

L-  = a To ~ . (29) 

Here a = 5 . 6 7 x  1 0 - 8 W m - 2 K  -4 is the Stefen-Boltzmann constant, 7", the air 
temperature at a reference height, C1 =9-35 x 10-6K -2 and C 2 = 6 0 W m  -2 are 
empirical coefficients and T O is the temperature at the surface. If the atmospheric 
surface layer is assumed to be isothermal Tr is taken as To; otherwise, a correction 
factor (van Ulden and Holstag 1985) can be used for obtaining 7", from To. 

5.2 The soil heat ,flux 

The soil heat flux G is small compared with Q* for land during daytime. A good 
estimate for G is given by 

G = Co Q*, (30) 

where C G = 0.1 for a grass covered surface. 

5.3 Evaporation 

The evaporation ),E is formally given by the Penman-Monteith approach, which has 
been considerably simplified by Holstag and van Ulden (1983). In its simplified form 
it is 

~t , , ( Q ,  _ G) + ft. (31) 
;.E = (1 + r/s--------5~ 

Here 7 = Ce/)., where Cr is the specific heat of air at constant pressure, ct and fl are 
empirical factors. The ratio 7/s are tabulated as a function of temperature at standard 
pressure by Holstag and van Ulden (1983). At temperatures other than the values 
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given in a tabular form 7Is can be obtained by interpolation. For a grass-covered 
surface, ~ and fl are ~ = 1 and fl = 20 Wm-2  

6. Computational details 

A computer program was developed in FORTRAN IV based on a two-level wind 
and temperature data described in w 3. MONTBLEX data are available at six levels. 
Numerical experimentation with different combinations shows that the best fit 
with observed data is obtained when two levels are over a large height interval. 
This is probably because of the typical temperature profile. For all calculations, 
z 1 = z 3 = 1.312m and z 2 = z4 = 30.312m wa~ assumed. 

The iterative scheme for calculating the Monin-Obukhov length L, described in 
w was repeated till successive values of L did not change by more than 1~o. We 
found that only a few cycles were needed (usually not more than 5) to achieve the 
desired accuracy. 

The Newton-Raphson iteration scheme for calculating z o, outlined in w 3.2, usually 
converges within ten iterations to 1~ provided the initial values was chosen 
properly. In the present calculations, the observed wind speed at 1.312m was used. 
The initial value of z o for the MONTBLEX tower site in an open flat terrain was 
assumed to be 0-03 m and the corresponding initial value of x o, using equation (15) 
was taken as 1.005 for an unstable stratification. 

Another computer program was developed in FORTRAN IV for calculating z o 
using a least square fit for the observed wind data at six levels plotted against 
In z - ~M(z/L). The input data for In z - ~bM(Z/L) was obtained as the output of the 
program based on profile measurements. The program was also used for calculating 
0,  from observed temperature data. However, in this case the scatter was high and a 
linear plot was not meaningful. 

To compare the results obtained by the present method, results were also obtained 
by an energy budget method using the FORTRAN package, developed at K N M I  
(Koninklijk Nederlands Meteorologish Istitut), the Netherlands. The package contains 
several subroutines for different inputs. For the present comparison, the routine 
designated FLXLN2 was used. The input data to this particular routine are the wind 
speed at one level together with surface roughness length z o (the alternative version 
of wind speed at two levels is used to avoid Zo), air temperature (T) and the cloud 
cover (N). The solar elevation was calculated by an estimation scheme which used 
geographical position and time (Holstag and van Ulden 1983). 

7. Results and discussion 

The vertical wind profile calculated by using two levels of wind and temperature data 
are plotted and compared with observed data in figures 5-6. The comparison is 
reasonably good for all cases. 

Values of z0 calculated by the present approach are also shown in these figures. As 
the test region is open flat terrain, Zo should be of the order of 0.03 m according to 
Davenport 's terrain classification. The calculated values of z0 lay in the range 0.01 
to 0.03 m. The variation in the values of z o was due to the fact that z o was azimuthally 
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dependent, i.e. z o changed with wind direction which generally varied between west 
and south-west. 

To illustrate the effects of stability of the surface layer, a wind speed profile was 
calculated by assuming the flow to be neutral (by putting CM(Z/L) = ~bM(Zo/L) = 0 in 
(2)). The difference between the stability corrected profile and the neutral profile was 
seen to be negligible at lower heights up to 2 m, above which the effect of temperature 
stratification became significant. 

The importance of calculating Zo for determining the vertical wind profile is 
emphasised in figure 5a. The wind profile calculated from (2) by taking z o = 0-03 m 
is shown in this figure. The difference in the two solutions based on calculated values 
of z o = 0.02 m and an assumed value of z o = 0.03 m is significant at all levels. 

The results presented in figures 5-6 are for unstable air, except for the case shown 
in figure 6c. This for stable air (L > 0) when Zo could not be computed, and the 
vertical wind profile was obtained by using (19) instead of (2). 

To check the accuracy of surface roughness length, the computations were also by 
least squares. Calculated values of Zo using this method are shown in figure 7. The 
agreement between the present method and by least squares was reasonably good. 

A comparison of the calculated surface roughness length by the two methods are 
shown in table 1 for 18 observations during the period 2 July to 5 July 1989. For  stable 
stratification Zo could not be calculated by the present method, while least squares 
failed to provide a good estimate of z o when the scatter was high. The agreement 
between the two methods in most of the other cases was good. 

To check the accuracy of the present evaluation of surface fluxes of momentum (~) 

-2 0.02 m 
/ / /  o ~zooh o.o3m 

~ / / . /  A 17301'1 o . o 2 m  
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Figure 7. 
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Table 1. Comparison of computed surface roughness length (Zo). 

No. of Time z0(m) zo(m ) 
observations Date (I.S.T) Present method Least squares 

1 2 July 1000 0"02 0"02 
2 2 July 1200 0"03 0"03 
3 2 July 1500 0"01 0"01 
4 2 July 1730 - -  0"02 
5 3 July 0530 0.04 0"06 
6 3 July 0830 0"02 0.02 
7 3 July 1130 - -  0.00 
8 3 July 1430 0"02 0"02 
9 3 July 1730 0"51 0-70 

10 4 July 0530 - -  - -  
11 4 July 0830 0-01 0-01 
12 4 July 1130 0.00 0-01 
13 4 July 1430 - -  0-00 
14 4 July 1730 - -  0.01 
15 5 July 0830 0.01 0.01 
16 5 July 1130 0-01 0"01 
17 5 July 1730 - -  0.00 
18 5 July 2358 0-00 - -  
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and sensible heat (H), the results were compared with those obtained by an energy 
budget (van Ulden and Holstag 1985) in figures 8-9. A comparison of the two solutions 
for sensible heat over a 48-hour period was good, except around 1200 hours. The 
peak value by energy budget was around 1200 hours, while by the present method 
it was at 1430 hours. The solution obtained by the present approach seems to be 
more consistent with the general observation (figure 3) that the warmest hour of the 
day is around 1430-1500 hours. A comparison of the momentum flux calculation in 
figure 9 is reasonably good over a 48 hour period. 
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Figure 9, Variation of momentum flux with time over a 48 hour period. 

8. Conclusions 

A 30m high tower, equipped with fast response sensors at six levels was installed at 
liT, Kharagpur under the MONTBLEX program. Data were collected during the 
first week of July 1989. The tower data illustrate some of the atmospheric surface 
layer characteristics. 

A profile method, using two levels for wind and temperature, was used together 
with a method of calculating surface roughness length. The theoretical results were 
compared with the tower data, as well as with the energy budget method of van 
Ulden and Holstag (! 985). The vertical wind profiles calculated by the present method 
agrees well with tower observations, while the surface roughness length (Zo) compares 
well with values obtained by least squares. Computed surface fluxes of momentum 
and sensible heat compare well with those obtained by the energy budget method. 
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