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ABSTRACT 

Anomalous propagation of microwave radiation in the Atmospheric Boundary Layer 
(ABL) at near horizontal elevation angles due to small vertical gradients in the 
refractive index of the air can significantly enhance or degrade the performance of 
microwave systems. The modelling of microwave propagation under anomalous 
ducting conditions requires an accurate knowledge of the vertical profile of 
atmospheric refractivity, which can be derived from profiles of pressure, temperature 
and moisture. This paper develops the Monin-Obukhov similarity theory of the 
atmospheric surface layer by blending it into the mixed layer, which lies above it and 
which forms the bulk of the atmospheric boundary layer. This approach enables the 
optimal assimilation of meteorological data from a variety of heights in the ABL and a 
sensitivity analysis provides the necessary weight functions. Application of the theory 
to one set of data over sea shows that a significant improvement in the fit to the data is 
achieved when the roughness length for heat is assumed to be much greater than the 
roughness length for wind. 
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Refractivity Profile Assimilation Model for the 
Atmospheric Boundary Layer 

Executive Summary 

Anomalous propagation of microwave radiation in the lower parts of the troposphere 
due to varying meteorological conditions can significantly enhance or degrade the 
performance of microwave systems, including communication, radar, ESM, weapon 
and decoy systems. In particular, the performance of surveillance radars on NavV ships 
can be significantly affected by local changes in temperature and humidity. Depending 
on the prevailing meteorological conditions and the placement of the antennas on the 
ships maximum radar detection ranges of low-altitude targets may be either 
significantly enhanced or significantly degraded due to the ducting of the radiation 
caused by high vertical gradients of moisture or temperature. 

The Surveillance Systems Division has recently delivered to Navy the Tropospheric 
Refractive Effects Prediction System (TREPS), which is a computer program designed 
to predict the performance of surveillance radars and ESM systems on board Navv 
ships, submarines and maritime patrol aircraft. Crucial to the accuracy of the 
predictions is the need for the program to have an accurate description of the 
refractivity profile of the atmosphere through which the radiation propagates. 

In the past, it was necessary to ensure that the measurements of temperature and 
humidity as a function of height were made below a critical height known as the 
Surface Layer height, commonly between about 10 and 100 metres above sea level 
Unfortunately, it is not possible to evaluate this height without a priori information" 
about the profiles of temperature and humidity. This report describes the theory 
behind a method of determining the required meteorological information from 
measurements of temperature and humidity at any height within the first few hundred 

™PC v°Ve Seao!f!e1' ?* reSUltS °f ** reSearch have been incorporated into the 
TREPS Version 2.2.1 software, thus allowing the operators of the package more 
freedom in supplying the required meteorological information needed to perform 
accurate calculations of the performance of their radars and other microwave systems 
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1. Introduction 

The anomalous propagation of microwave radiation in the Atmospheric Boundary 

Layer (ABL) at near horizontal elevation angles due to small vertical gradients in the 

refractive index of the air has been described as early as 1932 (Freehafer 1988). Because 

the refractive index of air n is very close to unity, the quantity known as radio 

refractivity defined as 

iV = (n-l)xl06 (1) 

is commonly used instead. The curvature of the earth is taken into account by the 

quantity known as modified refractivity (or refractive modulus) defined as 

M = N + zlaE xlO6, (2) 

where z is the height above the surface and aE is the radius of the earth. When the 

vertical gradient of M is positive, microwave radiation curves upward; when the 

gradient is negative the radiation is refracted downward towards the surface and may 

become trapped in a surface duct. 

Systems employing microwave radiation can be affected by anomalous propagation in 

a variety of ways. For example, Moszkowicz et al. (1994) describe how quantitative 

estimates of rainfall could be erroneous in the presence of anomalous propagation, 

unless appropriately compensated. Anderson (1995) reports how the maximum radar 

detection ranges of low-altitude targets over the ocean can be less than expected in the 

presence of surface ducting. Christophe et al. (1994) describe a series of experiments 

showing that the signal strength of a trans-horizon communication system can be 

significantly enhanced by ducting conditions. 

The modelling of microwave propagation under anomalous ducting conditions has 

greatly improved in recent years with the development of efficient and accurate 

numerical solutions to the parabolic wave equation (PWE). Solutions over a plane 

surface were described by Dockery (1988), Craig (1998) and Craig and Levy (1991). 

Improved solutions have been described by Kuttler and Dockery (1991), Barrios (1992), 

and Dockery and Kuttler (1996). Propagation over irregular terrain has been addressed 
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by Levy (1990), Barrios (1994), and McArthur (1992). Improvements in computational 

speed have been achieved with hybrid techniques by Hitney (1992), Marcus (1992), and 

Levy (1995). 

The results achieved with parabolic wave equation models are in good agreement with 

other models and with field measurements. For example, a comparison by Kuttler and 

Dockery (1991) of PWE results with those obtained using ray optics for a standard 

atmosphere and with a waveguide model for a refractivity profile with a surface duct 

show agreement within about 1 dB. A propagation workshop (Paulus, 1995) compared 

results obtained with several different PWE implementations and two sets of 

experimental data. The better models agreed with experiment generally within about 

5 dB. 

The challenge of achieving accurate propagation predictions now depends largely on 

obtaining sufficiently accurate descriptions of the refractivity environment through 

which the radiation propagates. Dockery and Goldhirsh (1995) addressed the question 

of what constitutes "adequate" vertical and horizontal resolution for accurate 

propagation assessments. Using refractivity data with a very high vertical resolution 

of about 1 m and an excellent horizontal resolution of about 8 km "reference" results 

were calculated. Then "degraded" results were obtained with data having 

systematically reduced vertical and horizontal resolution. A comparison of the 

degraded and reference results showed that an accuracy of about 5 dB could be 

achieved with a vertical resolution of about 6 m and a horizontal resolution of about 

17 km for the cases studies. This result is based on a relatively high evaporation duct 

with a thickness of about 40 m. Since evaporation ducts are commonly encountered 

with heights down to a few metres, a vertical resolution of about 1 m may well be 

required close to the sea surface for accurate propagation predictions. 

Because of the practical difficulty of obtaining measurements with the required vertical 

resolution, meteorological models of the marine atmospheric surface layer are 

commonly used with a few essential measurements  to infer a high resolution 
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refractivity profile. Rogers and Paulus (1996) evaluate several evaporation duct 

models by comparing the propagation predictions using these models with 

measurements. 

One such model is the Integrated Refractive Effects Prediction System (IREPS), 

introduced aboard US Navy ships in 1978, which uses a modified form of a surface 

layer model developed by Jeske (1973). This theory relies on assumptions that restrict 

its applicability to heights up to about 30 metres above the surface. Paulus (1985), 

investigating discrepancies between performance predictions and observations, 

concluded that errors in air-sea temperature difference observations were resulting in 

unrealistically high modelled duct heights. The problem was remedied by imposing 

an upper limit on the aUowed air-sea temperature difference, which effectively limited 

the modelled duct heights to about 20 m. 

Surface ducts are commonly observed at heights well above the 20 m height limit of the 

Jeske/Paulus model. An extensive series of measurements of surface duct heights over 

the Atlantic Ocean off the east coast of USA reported by Babin (1996) show strong 

seasonal and diurnal variations. Median duct heights ranged from 8 m in the morning 

during the January-March quarter to 40 m in the afternoon during the April-June 

quarter. During the latter period, some 10% of duct heights were above 100 m. Since 

the marine surface layer can extend to hundreds of metres above the sea surface, an 

adequate surface layer model should be valid for hundreds not just tens of metres 

above the surface. 

A more general approach to modelling the marine atmospheric surface layer is 

described by Liu Katsaros and Businger (1979), which will be called the LKB model. 

Like the Jeske/Paulus model, the LKB model requires as input data: wind speed, air 

temperature, and relative humidity (or a related moisture parameter) at known heights 

above the surface together with sea surface temperature and atmospheric pressure. 

The LKB model uses these data in similarity relations to determine the momentum, 

heat, and moisture fluxes, which are approximately independent of height in the 
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surface layer, and thence the vertical profiles of wind speed, temperature and specific 

humidity. 

The vertical profile of radio refractivity can then be derived from the profiles of 

temperature and specific humidity using the relation (Bean and Dutton, 1968 and ITU- 

R, 1994): 

77.6 ( e\ 
N = —[P + 4810-J, (3) 

where T is the absolute temperature (K), P is the atmospheric pressure (hPa), and e is 

the water vapour pressure (hPa). 

The present paper develops the similarity theory of the atmospheric surface layer 

further by identifying where the surface layer blends into the mixed layer, which lies 

above it and which forms the bulk of the atmospheric boundary layer. The paper also 

describes a method for assimilating multiple sets of meteorological measurements to 

improve the accuracy of derived surface layer fluxes. Importantly, the meteorological 

measurements need not be in the surface layer; they can also be in the mixed layer, or 

both. This allows both individual measurements (eg from an instrumented buoy) and 

radiosonde soundings to be assimilated to achieve an optimal estimate of the 

refractivity profile in both the surface and mixed layers. 
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2. Refractivity Profile Model 

The refractivity profile model described in this paper applies to the Atmospheric 

Boundary Layer (ABL), which Stull (1988) defines as "that part of the troposphere that 

is directly influenced by the presence of the earth's surface, and responds to surface 

forcings with a timescale of about an hour or less," and which has a thickness varying 

from hundreds to thousands of metres. The model covers both the surface layer, which 

comprises the bottom 5 to 10% of the ABL where the turbulent fluxes and stress are 

approximately independent of height, and the mixed layer, which occupies the middle 

80% or so of the ABL, above the surface layer. 

2.1 Surface Layer 

Within the surface layer, Monin-Obukhov similarity theory is used to describe the 

dependence of wind speed U, virtual potential temperature Gc and mixing ratio Q on 

height z. Virtual temperature, which is the temperature of dry air that would have the 

same density as moist air at the same pressure, is useful in buoyancy models and is 

approximately given by 

Tv=T(l + 0.610, (4) 

where T is measured in Kelvin and Q is in g/g. Potential temperature 0 is the 

temperature that a parcel of air would attain if its pressure were brought adiabatically 

to a reference pressure Pref (usually 1000 hPa), ie 

/ ,     \R/CP 

® = T(Pref/P) ■ (5) 

where R is the universal gas constant and Cp is the specific heat of air at constant 

pressure. 

Following Arya (1988), with two changes described below, the vertical profiles are 

given by 

U(z) = ~ Ml + z I z0m) - Wm (zl L)\ (6) 
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Aev(z) = Gv-ev0=j[\n(l + z/z0h)-yh(z/L)], 

kQ(z) = Q-Q»=^[\n(\ + zl z0h)-yh{zl Lj\. 

(7) 

(8) 

The two changes are: (a) that the argument of the logarithm is (l+z/z0) instead of (z/z0) 

in order to ensure that all three functions vanish at zero height and (b) that different 

values of z0 are assumed to be associated with wind speed, zftn and with temperature 

and moisture, zgh. In these equations, the parameters ut, 0», and q* are scales for wind 

speed, temperature and moisture respectively, k is the von Kaiman constant which has 

a value of about 0.40, and the Obukhov length L, which is the characteristic length for 

dynamic turbulence in the surface layer, is negative under unstable conditions and 

positive under stable conditions and its magnitude typically ranges from a few metres 

to hundreds of metres. It is defined by 

L = 
kg 0, 

(9) 

where Tw is the virtual temperature at the surface and g is the gravitational 

acceleration. The dependence of the Obukhov Length on wind speed scale or friction 

velocity, ut, and temperature scale, 0„, is shown in Fig. 1. 

The y/ functions, which account for departures of the surface layer from the neutral 

stability condition, are given by 

- z 

1MT) = 
In 

'l + X2Yl + JCV 

MvH 
2 In 

1 + JC 2\ 

y 2 J 

where x = (l-15z/L)IM. 

for->0, 

71 Z 
-2arctanx + —,    for—<0, 

2 L 

for—>0, J     L 

,    for-<0, 

(10) 

(11) 
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Obukhov Length (m) 

-0.2     -0.15     -0.1     -0.05        0        0.05      0.1       0.15      0.2 
Temperature Scale (deg) 

Figure 1: The dependence of the Obukhov Length on friction velocity, ut, and temperature 
scale, 0„. 

Equations (6), (7) and (8) provide a set of three non-linear functions expressing the 

three observables U, AG^and AQ in terms of the five unknowns parameters M„, 0„, qt, 

z0m and zm that can be written in the form 

U(z) = Fu(z,u.,0„z0m), (12) 

A@v(z) = F@(z,ut,et,z0ll), (13) 

AQ(z) = FQ(z,u„et,q„z0h). (14) 

Because the parameter qt occurs only in the equation for AQ , it is most convenient to 

consider first the solution of the equations for U and AG^. Since these two equations 

have four unknowns, two additional equations are needed.   Over sea, Charnock's 
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relation (Charnock 1955) is assumed, giving the following relationship for the 

roughness length for momentum transfer: 

z0m=acut
2/g, (15) 

where Charnock's constant ac =0.018 (Arya 1988: p 204). Over land, an empirical 

relation is often assumed between roughness length and topographic height, such as 

z0in = 0.001(topographic height)07 (16) 

which is based on the table of typical values of roughness length reproduced by Arya 

(1988: p 149). The final equation needed for the solution is 

where ah is an experimentally determined parameter relating the two roughness 

lengths. 

For a surface layer over sea, Fig. 2 shows the forms of the expressions for U and A0v at 

a height of 10 m given by equations (12) and (13) respectively. Fig. 2a shows that, for a 

given value of temperature scale (0*), the wind speed increases with friction velocity 

(w„) as would be expected, except when 0„>O and ut is small where the theory 

predicts a spurious decrease of wind speed with friction velocity . Fig. 2b shows that, 

for a given value of friction velocity, the virtual potential temperature difference A0v 

increases with temperature scale as expected. 

Over land, Fig. 3 shows the forms of the expressions for U and A0v again at a height of 

10 m and with roughness length values zoh = zan = 0.1 m. Fig. 3a shows the expected 

increasing wind speed with friction velocity for values of ut greater than about 0.1 but 

the theory predicts a spurious decrease of wind speed with friction velocity for both 

positive and negative temperature scales at smaller values of the friction velocity. Fig. 

3b shows the expected increasing A0v with temperature scale, except when the 

temperature scale is negative and the friction velocity is small. 
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(a) 

(b) 

Wind Speed over Sea (m/s) 
T1 

1.2     -0.15     -0.1     -0.05        0        0.05      0.1 
Temperature Scale (deg) 

0.15      0.2 

1     Virtual Potential Temperature Difference over Sea (deg) 

-0.2     -0.15     -0.1     -0.05        0       0.05      0.1       0.15      0.2 
Temperature Scale (deg) 

Figure 2: Contour plots showing the dependence over sea of (a) wind speed and (b) virtual 
potential temperature difference at a height of 10 metres on friction velocity (uj and 
temperature scale (6J. 
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(a) 

(b) 

Wind Speed over Land (m/s) 

-0.2     -0.15     -0.1     -0.05       0       0.05      0.1      0.15      0.2 
Temperature Scale (deg) 

1     Virtual Potential Temperature Difference over Land (deg) 

-0.2     -0.15     -0.1      -0.05        0        0.05      0.1       0.15      0.2 
Temperature Scale (deg) 

Figure 3: Contour plots showing the dependence over land of (a) wind speed and (b) virtual 
potential temperature difference at a height of 10 metres on friction velocity (ut) and 
temperature scale (0J. 

10 
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2.2 Mixed Layer 

The mixed layer is characterised by intense vertical mixing which tends to leave 

conserved variables such as virtual potential temperature and mixing ratio nearly 

constant in height. Consequently, it is assumed that wind speed, virtual potential 

temperature and mixing ratio have values throughout the mixed layer equal to those at 

the top of the surface layer, namely 

U(z) = Fu(z,,ut,0„z0m), zs<z<zt (18) 

Aev(z) = Fe(zs,ut,6t,z0h), zs<z<Zi (19) 

AQ(z) = FQ(zs,ut,dt,q,,z0h), zs<z<zt (20) 

where zsis the height of the surface layer and z, is the height of the ABL. 

2.3 Surface layer height 

The critical parameter in matching the models for the surface and mixed layers is the 

surface layer height. A reasonable physical assumption for the surface layer is that the 

wind speed at a given height and the friction velocity are positively correlated. In 

other words, the wind speed at a given height is assumed to increase monotonically 

with friction velocity, that is 

dUldut>0. (21) 

Likewise, the virtual potential temperature difference at a given height and the 

temperature scale are assumed to be positively correlated, which leads to the 

requirement that 

dA&v/dGt>0. (22) 

Figures 4 and 5 show the values of these partial derivatives over sea and over land 

respectively, corresponding to the plots of U and A0v illustrated in Figs 2 and 3. It can 

be seen that conditions (21) and (22) hold over only part of the (0,, w,) domain. Over 

sea, Fig. 4 shows that   dU I dut   becomes negative for positive temperature scale and 

11 
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(a) 

■(b) 

Wind Speed Gradient over Sea 

-0.2     -0.15     -0.1     -0.05       0       0.05      0.1      0.15      0.2 
Temperature Scale (deg) 

Virtual Potential Temperature Difference Gradient over Sea 

FrictioE 
10^ 

-0.2     -0.15     -0.1      -0.05        0        0.05      0.1       0.15      0.2 
Temperature Scale (deg) 

Figure 4: Contour plots showing the dependence over sea of (a) wind speed gradient with 
respect to friction velocity (dU I dut) and (b) virtual potential temperature difference gradient 
with respect to temperature scale (dAQ/ddt) at a height of 10 metres on friction velocity (uj 
and temperature scale (8J. The shading indicates the domain with a negative wind speed 
gradient. 

12 
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(a) 

(b) 

Wind Speed Gradient over Land 
T 

-0.2    -0.15     -0.1     -0.05       0       0.05      0.1      0.15      0.2 
Temperature Scale (deg) 

Virtual Potential Temperature Difference Gradient over Land 
10 r 

-0.2    -0.15 -0.1     -0.05       0       0.05      0.1 
Temperature Scale (deg) 

0.15     0.2 

Figure 5: Contour plots showing the dependence over land of (a) wind speed gradient with 
respect to friction velocity (dU I duj and (b) virtual potential temperature difference gradient 
with respect to temperature scale (dk@/ddt) at a height of 10 metres on friction velocity (uj 
and temperature scale (6J. The shading indicates the domains with negative gradients. 

13 
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small friction velocity. Over land, Fig. 5(a) shows that dU I du* becomes negative for 

both positive and negative temperature scale and small friction velocity and Fig 5(b) 

shows that dAQ I ddt also becomes negative for negative temperature scale and small 

friction velocity. The limiting cases, where the partial derivatives in equations (21) and 

(22) vanish, are assumed to define the limit of validity of the surface layer model and 

hence the surface layer height. 

Over sea, where the roughness length for wind depends on friction velocity through 

the Charnock relation (equation 14), both stable (positive Obukhov length) and 

unstable (negative Obukhov length) conditions need to be considered. In the stable 

case, equation (22) is always satisfied and the condition that dU I dut = 0 at z = zs can 

be shown to be 

In 
<XM 

^^A = 0,  forL>0, (23) 
*   ) l + (acul Igzs) Tv0ut 

which can be solved to yield zs IL as a function of 0* and the result is shown in Fig. 6. 

This result for stable conditions, that the surface layer height typically lies between two 

and three times L, is consistent with the statement by Arya (1988) that the Monin- 

Obukhov similarity functions are based on data approximately covering the stability 

range 

-5<zsIL<2. (24) 

For unstable conditions over sea, the partial derivatives (21) and (22) are always 

positive and the limit given by Arya is adopted, namely 

zJL = -5. (25) 

When the surface layer height over sea as defined above is taken into account, the 

dependences of wind speed and virtual potential temperature on friction velocity and 

temperature scale as are shown in Fig 7. It is evident from the figure that the two 

partial derivative conditions in (21) and (22) are satisfied and unique solutions for u, 

and 0t can be obtained from measured values of U and A©. 

14 
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0      0.02   0.04   0.06   0.08    0.1     0.12   0.14   0.16   0.18    0.2 
Temperature Scale (deg) 

Figure 6: Dependence over sea of relative surface layer height, zs I L,on temperature scale. 

Over land, where the roughness lengths for wind and heat are constant, both stable 

and unstable conditions again need consideration. For stable case, equation (22) is 

always satisfied and the condition that dU I du* = 0 at z = zs yields 

In 1 + - -5-^ = 0, 
L 

(26) 

which results in the dependence of zs I L on L and zom shown in Fig. 8. It can be seen 

that zslL>\ for small L only if the roughness length is small enough. For the 

unstable case, the surface layer height is again assumed to be -5L, as in equation (25) 

and the conditions (21) and (22) are used to constrain the roughness lengths, as 

described below. 

15 
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(a) 

(b) 

Wind Speed over Sea (m/s) 

CO 

E, 

o o 

c g 

LL 

-0.1     -0.05        0       0.05      0.1 
Temperature Scale (deg) 

0.15     0.2 

Virtual Potential Temperature Difference over Sea (deg) 

-0.2     -0.15     -0.1     -0.05        0        0.05      0.1       0.15      0.2 
Temperature Scale (deg) 

Figure 7: Contour plots showing the dependence over sea of (a) wind speed and (b) virtual 
potential temperature difference at a height of 10 metres on friction velocity (ut) and 
temperature scale (0J, when the surface layer height has been taken into account. 

16 



DSTO-RR-0148 

*-* 
O) 

§5    2.5 
-I 
> o 

3 
XI 
O 

LO- OT 
■Q> 

X 

£ 1 
_l 
o o 
5   0.5 
3 

CO 

■     '   ' r ' '' '1  

z    = 0.01^-* 
om   ^i*0^ 

- 
^^^          z   = O.l^-* 

^„s0^                               om  Z**^ 

z 

^^          z   =1.0^-- 

"""                  ^^* 

10 10 10 
Obukhov Length (m) 

10 

Figure 8: Dependence over land of relative surface layer height, zs IL, on Obukhov length, L, 
and roughness length for wind zom. 
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2.4 Roughness lengths 

Over land, the partial derivative conditions (21) and (22) have implications for the 

roughness lengths zm and zo)j. For the stable case, the inequality related to equation (26) 

can be re-written as 

cxp{5zs/L)-l 

which imposes a maximum acceptable value on the roughness length for wind that 

depends on the surface layer height. If the empirically estimated roughness length for 

wind, derived from a relation such as (16), exceeds the maximum acceptable value 

given by equation (27), it is assumed to be incorrect and z^ is assigned a new value 

equal to the right hand side of equation (27). This lower value of roughness length for 

wind ensures that condition (21) is satisfied. 

For the unstable case, condition (22) becomes 

(      , \ ruv2^ 

' Lx,2{l + x,2) 
In| 

where 

z. 1 1 + x 
1 + —|-21n| 

V Zoh v     2    , 

15z, 
+ ,    2//    ?^0* (28) 

x. = 
r        z V/4 

I-I57J    • (29) 

With the surface layer height assumed to be -5L, this condition is satisfied when 

zoh<-L/U3. (30) 

If the empirically estimated roughness length for heat exceeds the maximum 

acceptable value given by equation (30), it is assumed to be incorrect and zoh is 

assigned a new value equal to the right hand side of equation (30). This lower value of 

roughness length for heat ensures that condition (22) is satisfied. 

18 
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Tests show that conditions (27) and (30) are not strong enough to prevent poor 

conditioning of the equations to be solved over land. Robust solutions are obtained 

when the roughness lengths are required to satisfy the following slightly stronger 

conditions. The roughness length for wind are required to satisfy, in the stable case, 

z    < 7— x, (31a) 
om    exp(3.5 + 5zs/L)' 

and, in the unstable case, 

zom< j—± r. (31b) 
exp(3.5-0.2zs/L) 

The roughness length for heat are required to satisfy, in the both stable and unstable 

cases, 

zoh<\l}/60. (32) 

Over land, when the surface layer height defined in the previous section is used in 

conjunction with the conditions on the roughness lengths in (31) and (32), the 

dependences of wind speed and virtual potential temperature on friction velocity and 

temperature scale as are shown in Fig 9. It is again evident from the figure that the two 

partial derivative conditions in (21) and (22) are satisfied and unique solutions for w„ 

and 0, can be obtained from measured values of U and A©. 

19 
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(a) 

(b) 

Wind Speed over Land (m/s) 

-0 2     -0.15     -0.1     -0.05       0       0.05      0.1      0.15      0.2 
Temperature Scale (deg) 

Virtual Potential Temperature Difference over Land (deg) 
10 n 

-0.2     -0.15     -0.1     -0.05        0        0.05      0.1       0.15      0.2 
Temperature Scale (deg) 

Figure 9: Contour plots showing the dependence over land of (a) wind speed and (b) virtual 
potential temperature difference at a height of 10 metres on friction velocity (uj and 
temperature scale (6J, when the surface layer height has been taken into account. 
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3. Data Assimilation 

Air temperature and moisture data are commonly measured at multiple heights, for 

example by radiosondes, whereas the theory described in the previous section uses 

only a single pair of air temperature and moisture measurements - together with wind 

speed and surface temperature and moisture data. Since the derived wind speed, 

temperature and moisture scales ut, 0,, and q„ are proportional to the surface fluxes 

of stress, sensible heat and latent heat respectively, they are independent of the height 

of the air temperature and moisture measurements. Optimal estimates of these scales 

can therefore be obtained from weighted averages of estimates derived from 

measurements at different heights. 

Suppose that utj and 6tj are estimates of ut and 0„ derived from wind speed and 

temperature measurements at height zjr with associated experimental errors ejz} and 

eetep respectively.   The best estimates of M„ and 0* are then given by the weighted 

means 

where 

u* = Xw</".y   and e* = Y,wejQ*j > (33) 

WuJ=lJ^andw«=lJ7^f- (34) 

3.1 Sensitivity analysis 

The dependence of the error functions eu(z) and ee(z) on height was determined from a 

sensitivity analysis of the solution over sea. First, assumed values of ut, 0, and z were 

used to calculate the corresponding values of U(z) and A0r(z). Then, eight perturbed 

combinations of wind speed, air temperature and height were obtained by adding and 

subtracting assumed errors of 0.1 m/s, 0.1 K, and 0.1 m respectively and the equations 
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solved to yield eight perturbed estimates of M» andö,, from which the bias and RMS 

errors were obtained. This was repeated for a representative sample of assumed values 

of «, and 0, covering the domain 0.01 < ut < 10 and -0.2 < 0„ <0.2 and average bias 

and RMS errors were obtained for the assumed data height. Heights ranging from 1 to 

1000 metres were analysed in this way and the results are given in Figs 10 and 11. 
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Figure 10: The dependence on height of relative errors in friction velocity ut over sea. The 
symbols represent bias (x) and RMS error (o) and the line is an empirical curve fitted to the 
RMS error. 

It is evident from these results that the errors decrease strongly with height, 

particularly in the first 10 metres or so above the surface. The error in friction velocity 

decreases very strongly with height. Empirical curves fitted to the RMS error data are 

eu (z) = 0.98z~J/z + 0.02 and ee (z) = 0.46z"12 + 0.54z -0.07 (35) 
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Figure 11: The dependence on height of relative errors in temperature scale 0, over sea. The 
symbols represent bias (x) and RMS error (o) and the line is an empirical curve fitted to the 
RMS error. 

3.2 Experimental data 

The techniques described in this paper were applied to a set of data obtained during 

the TOGA (Tropical Ocean Global Atmosphere) COARE (Coupled Ocean-Atmosphere 

Response Experiment) program in the tropical western Pacific Ocean during 1992 

(World Climate Research Program, 1990; Webster and Lukas, 1992). The 

measurements were made over the sea at the location 156°E, 2°S using instrumentation 

attached to a floating buoy. The wind speed was measured at a height of 8 m above 

the sea surface and measurements of pressure, temperature, and relative humidity 

were made at multiple heights up to about 5 m. 
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After conversion of the temperature and moisture data to virtual potential temperature 

and mixing ratio, the similarity equations were solved using two values of the 

roughness ratio parameter ah, defined in eq. (17), namely 1 and 1000. The resulting 

profiles of virtual potential temperature and mixing ratio are shown in Figs 12(a) and 

12(b). The associated profiles of modified refractivity, determined using eqs (2) and 

(3), are shown in Fig. 12(c). It is evident from the figure that the use of equal roughness 

lengths for wind and heat produces a poor fit to the data. When the roughness length 

for heat is assumed to be 1000 times that for wind, a good fit to the observations is 

achieved for mixing ratio and modified refractivity. 

The value of the roughness ratio makes a significant difference to the whole shape of 

the modified refractivity profile. In particular, the value of the associated duct height, 

which is defined as the height of the local minimum in the modified refractivity profile, 

changes from 10 m when equal roughness lengths are assumed to 17 m when a 

roughness ratio of 1000 is assumed. 

The generalisation of allowing the roughness lengths for wind and heat to differ is 

justified theoretically because different physical processes are responsible for transfer 

of momentum and heat very close to the surface. Moreover, this generalisation 

resolves the discrepancy between the measurements and model reported by Baker et al. 

(1996) when equal roughness lengths were assumed. Clearly, analysis of many 

experimentally measured profiles of temperature and moisture is needed to establish 

the best value of the roughness ratio. 
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Virtual Potential Temperature Profiles over Sea 

304.5      305      305.5      306      306.5 
Virtual Potential Temperature (K) 

Mixing Ratio Profiles over Sea 

307.5 

22 24 
Mixing Ratio (g/kg) 

26 28 

Modified Refractivity Profiles over Sea 

400 410 420 
Modified Refractivity (M unit) 

430 440 

Figure 12: Profiles of (a) virtual potential temperature, (b) mixing ratio, and (c) modified 
refractivity using equal roughness lengths for wind and heat (dashed line) and a roughness ratio 
of 1000 (solid line); the experimental measurements are shown as small ovals (o). 
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4. Conclusion 

The theoretical description of the Atmospheric Boundary Layer (ABL) developed in 

this paper merges the similarity theory of the surface layer with the properties of the 

mixed layer. The result is a set of equations that yield robust solutions under a wide 

variety of conditions, using meteorological data at any height in the ABL. It is not 

necessary to know in advance whether the measurement height is in the surface layer 

or in the mixed layer above it, and the equations yield robust solutions over both sea 

and land. 

A significant advantage of this model over models limited to the surface layer is that 

data from meteorological analysis and forecast models can be used to determine the 

refractivity profiles that govern evaporation ducts. This vastly extends the 

geographical extent of knowledge of evaporation duct conditions from local 

measurements in the vicinity of ships to coverage of the vast oceans of the globe. 

This approach also enables the optimal assimilation of meteorological data from a 

variety of heights in the ABL. A sensitivity analysis of the equations shows that errors 

in the estimated parameters increase markedly at low heights, particularly below about 

10 m. 

Application of the theory to one set of data over sea shows that a significant 

improvement in the fit to the data is achieved when the roughness length for heat is 

assumed to be much greater than the roughness length for wind. Clearly, further work 

of analysing a large data set is needed to clarify the relationship between the two 

roughness lengths. 
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