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ABSTRACT

Because few geophysical surfaces are horizontally homogeneous, point measurements of the turbulent surface
fluxes can be unrepresentative. Path-averaging techniques are therefore desirable. This paper presents a method
that yields path-averaged measurements of the sensible and latent heat fluxes with a potential accuracy as good
as that for eddy-correlation measurements. The method relies on electro-optical measurements of the refractive
index structure parameter C2 at two wavelengths: one in the visible-to-mid-infrared region, where C? depends
largely on turbulent temperature fluctuations, and a second in the near-millimeter-to-radio region, where Cc?
depends more strongly on humidity fluctuations. A sensitivity analysis, the comerstone of the study, provides
quantitative guidelines for selecting wavelength pairs to use for the measurements. The sensitivity analysis also
shows that the method is not uniformly accurate for all meteorological conditions; for limited ranges of the
Bowen ratio, the sensitivity becomes so large that accurately measuring one or both heat fluxes is impossible.

1. Introduction

Eddy-correlation, inertial-dissipation, flux-gradient,
or bulk-aerodynamic methods are the traditional ways
of measuring the micrometeorological surface fluxes
of momentum (the surface stress, 7) and sensible ( H;)
and latent (M) heat. All yield point estimates of the
fluxes. The eddy-correlation method, for example, re-
quires direct measurements of the turbulent fluctua-
tions in longitudinal («) and vertical (w) velocities and
in temperature (¢) and absolute humidity (g); covari-
ance calculations then yield the fluxes:

T = —puw = pu}, (1.1)
H, = pc,wt = — pCylyty, (1.2)
Hp = L,Wg= —L,Usqs. (1.3)

Here, p is the density of moist air; ¢, the specific heat
of air at constant pressure, L, the latent heat of va-
porization of water (or the latent heat of sublimation
if the surface is frozen), and an overbar indicates an
ensemble or time average. The other three methods
generally yield the velocity, temperature, and humidity
scales, u,, t,, and gq,, defined by (1.1-1.3).

Even over surfaces that are only slightly nonhomo-
geneous, however, point measurements of the fluxes
can be unrepresentative of average surface conditions.
Because nonhomogeneities are the rule rather than the
exception over land and over sea ice——which is typically
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hummocked, ridged, and fractured—finding methods
for measuring spatially averaged values of turbulent
fluxes with surface-based instruments has been a goal
of micrometeorologists for over two decades (Portman
etal. 1962; Wesely 1976; Wyngaard and Clifford 1978).
Wesely (1976) described two optical methods for
making path-averaged measurements of the heat fluxes
in convective conditions. Coulter-and Wesely (1980)
computed path-averaged heat fluxes from measure-
ments of the scintillation of propagating acoustic and
optical waves, again in convective conditions. Kohsiek
and Herben (1983) estimated latent heat flux in con-
vective conditions solely from radio-wave scintillation.
Similarly, Kohsiek (1985) suggested finding both sen-
sible and latent heat fluxes from the scintillation of an
infrared laser. An unfortunate necessity in each of these
methods, however, is that all require mixing both path-
averaged measurements and point measurements or
making simplifying assumptions about the atmospheric
stability or the statistics of temperature and humidity
fluctuations. For example, optical path-averaged mea-
surements yield an estimate of 7, . The required velocity
scale u, comes from eddy-correlation measurements
of uw or from a point measurement of the mean wind
speed and an assumption about the drag coefficient—
a bulk-aerodynamic estimate. The latent heat flux de-
rives from H; = H,/Bo, where the Bowen ratio Bo
= pc, AT/ L, AQ comes from measurements of the ver-
tical temperature and humidity differences, AT and
AQ, at a single location. '
Wyngaard and Clifford (1978) developed formulas
for calculating the turbulent surface fluxes from mea-
surements of velocity (C?), temperature (C?), and hu-
midity (C?) structure parameters. Kohsiek (1982a,
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1982b) showed how to relate H, and H; in free con-
vection to C? and C? and to C,,, the temperature-hu-
midity structure parameter. Turbulent refractive index
fluctuations » are related to temperature and humidity
fluctuations by (e.g., Andreas 1987a, 1988¢)

n=ANP,T,Q)t+ B\ P, T,Q)q, (14)

where 4 and B are known functions of the electro-
magnetic wavelength A, the atmospheric pressure P,
and the ambient temperature 7 and humidity Q.
Therefore, the desired structure parameters are related
to the refractive index structure parameter C? by

C2 = A°C? + B>C? + 24BC,,. (1.5)

Although Wyngaard and Clifford and Kohsiek sug-
gested that path-averaging electro-optical (E-O) in-
struments could be used to obtain C2, C?, C2, and C,,
by measuring C2, they did not explain how to separate
the combined effects -of temperature and humidity
fluctuations on C2.

In this paper I describe a two-wavelength method of
measuring path-averaged sensible and latent heat fluxes
that overcomes the previous problems of mixing point
and path-averaged measurements and of separating
temperature and humidity effects on the measured pa-
rameter, C2. Hill and Ochs (1983), Kohsiek and Her-
ben (1983), and Herben and Kohsiek (1984) had an-
ticipated this approach but discussed it only qualita-
tively. As I will explain later, others have solved the
problem of electro-optically measuring a path-averaged
value of u,, required in (1.2) and (1.3) (Hill and Ochs
1978; Ochs and Hill 1985; Hill 1982, 1988a). I will
show here how to obtain path-averaged values of ¢,
and ¢, by using the propagation of two E-O instru-
ments operating at distinct wavelengths; one wave-
length that is sensitive primarily to turbulent temper-
ature fluctuations, the other, to humidity fluctuations.
Although the method does have an ambiguity in the
signs of t,, and g, , one way to overcome this is by using
two vertically spaced E-O instruments to estimate the
Obukhov length L (Andreas 1988a). Hill et al. (1988)
also discussed this sign ambiguity while presenting two
examples of heat fluxes estimated from C2 measure-
ments at two wavelengths.

The key element in the present work is a sensitivity
study that identifies the wavelength pairs most useful
for measuring f, and g,. I find that the best sensitivity
results when an E-O device operating in the visible (to
near-infrared ) or in the infrared window (7.8-19 um)
is combined with a near-millimeter or radio wavelength
instrument. The sensitivity analysis also shows that the
measurement scheme does not have the same accuracy
under all meteorological conditions. In the interval
[—10, 10], two values of the Bowen ratio always exist
for which the uncertainties in the measured ¢, and ¢,
values become unacceptably large. One value depends
on the quantity being estimated, 7, or g,; the other,
on ambient meteorological conditions.
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2. Mathematical foundation
a. The refractive index structure parameter

The refractive index structure parameter C2 is de-
fined either from

[n(x) — n(x + r)]* = C3r*”?

2.1)
or from
®,(k;) = 0.249C2k7%3, 2.2)

Here x and x + r are two points in space, r is the
magnitude of the vector r, &, is the one-dimensional
refractive index spectrum in the inertial-convective
subrange, and k, is the one-dimensional turbulence
wavenumber (e.g., Andreas 1987a).

Propagating electromagnetic (EM) waves of all
wavelengths are, in one way or another, sensitive to
C2. Thus, a variety of electro-optical instruments has
been developed to measure C%. For example, for 15
yr G. R. Ochs has been designing devices called scin-
tillometers that find path-averaged values of C2 for vis-
ible or near-infrared wavelengths by measuring the
scintillation (i.e., the intensity variations) of a propa-
gating EM wave (Ochs et al. 1977; Ochs and Wang
1978; Hill and Ochs 1978; Wang et al. 1978; Ochs and
Cartwright 1985). Propagation measurements using
EM waves of longer wavelengths also yield C2 values
(Ho et al. 1978; Helmis et al. 1983; McMillan et al.
1983; Kohsiek 1982b, 1985), because the EM intensity
variance is always related to a path-averaged value of
C? (Lawrence and Strohbehn 1970).

It is thus assumed that we can electro-optically obtain
path-averaged values of C? at several wavelengths in
the visible-to-radio region. Because of technological and
mathematical difficulties associated with some wave-
lengths, we focus on four specific EM regions: 1) visible
(to near-infrared), 0.36-3 um; 2) a mid-infrared win-
dow, 7.8-19 um; 3) near-millimeter, 0.3-3 mm; and
4) radio waves, 3 mm and longer. The 4 and B values
in (1.4) are different in each EM region; measuring
C? in two different regions thus lets us separate the
temperature and humidity contributions to refractive
index fluctuations. Elsewhere I derived how the 4 and
B values depend on A, P, T, and Q (Andreas 1988c);
appendix A summarizes those results for the four
wavelength regions.

b. Surface-layer similarity of C3

The measurement scheme developed here is good
only in the atmospheric surface layer, where Monin-
Obukhov similarity is valid. In the surface layer, the
velocity, temperature, and humidity scales u,, 4, and
g, are constants with height. Using the definitions of
ty and g,, (1.2) and (1.3), we see that on multiplying
(1.4) by w, averaging, then dividing by u,, it is also
possible to define a refractive index scale that is likewise
constant with height,
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wh/u, = n, = Aty + Bq,. (2.3)

In another publication (Andreas 1988c), I showed
how this scale is useful for making C? nondimensional
in the surface layer and reviewed the literature relevant
to this nondimensional structure parameter. It was
concluded that

2232
— = &(£),

s

(2.9)

where z is the measurement height, and g is a universal
function that depends on the stability parameter {
= z/L. Here L is again the Obukhov length,

0.61T
p+0-61Qq*)’ (2'5)

where v is the acceleration of gravity, and « is von
Karman’s constant [0.4]. Implicit in (2.4) is the resuit
|Cyyl = (C3C%)'/2, which is difficult to refute with the
data currently available (Andreas 1987a, 1988c).

For g(¢{) in (2.4), the form with the best experi-
mental support is the one originally proposed by Wyn-
gaard et al. (1971), later revised by Wyngaard (1973),
and modified by me to reflect a value of 0.4 for the
von Karman constant (Andreas 1988c),

g() =49(1 —6.15)723 §{=<0,
=49(1 +2.2¢%3) §=0.

Figure 1 shows g as a function of ¢.

The reader may be doing a double take about now.
I have implied that making path-averaged E-O mea-
surements is a remedy for the nonrepresentativeness
of point measurements in mildly nonhomogeneous
terrain. Yet horizontal homogeneity is fundamental to
the assumptions of Monin-Obukhov similarity. That
is, if we require horizontal homogeneity to analyze the
path-averaged measurements, what advantage does
path-averaging have? Although any proposed path-av-

L_l = "‘_uZ*KT' (t* +

for (2.6a)

for (2.6b)
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F1G. 1. The similarity function g({) given by (2.6).
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eraging system must first be tested for accuracy in hor-
izontally homogeneous conditions, there are at least
two reasons to continue exploring path-averaging
techniques in nonhomogeneous terrain with the above
formalism.

The first is that Monin—-Obukhov similarity is the
only theoretical framework we have for treating tur-
bulence statistics in the atmospheric surface layer. We
must simply try pushing it into the unknown realm of
nonhomogeneous conditions and then test experimen-
tally whether and how its predictions fail. Secondly,
some experimental evidence already suggests that the
predictions of Monin~Obukhov similarity are fairly
accurate over nonhomogeneous surfaces. The g func-
tion in (2.4) is essentially derivable from the flux-gra-
dient relations (Andreas 1988c)—equations expressing
the surface-layer profiles of wind speed, temperature,
and humidity in terms of u,, ¢,, and g, (e.g., Businger
et al. 1971; Dyer 1974; Yaglom 1977). Recent work
has shown that these flux-gradient relations are accurate
and thus useful even over nonuniform surfaces. Bel-
jaars (1982) and Beljaars et al. (1983) found that they
could fit velocity and temperature profiles measured
in mildly nonhomogeneous terrain with existing flux-
gradient relations if they used a u, value properly re-
flecting some areal averaging. Smiith et al. (1983) and
Andreas and Murphy (1986) had good success using
flux-gradient relations to explain momentum and heat
transfer over Arctic leads and polynyas, surfaces that
have severe thermal inhomogeneity. Using the flux-
gradient relations, I also obtained reasonable fluxes over
a snow field that was horizontally homogeneous in the
near field (150-600 m) but had severe topographic
inhomogeneities in the far field (>600 m) (Andreas
1987b). Finally, Kunkel et al. (1981) corroborated
(2.4) with a g({) similar to (2.6) for unstable conditions
in a desert basin with “significant inhomogeneities.”
In summary, experimental evidence suggests that as
long as a surface does not have marked undulations,
extreme roughness changes, or large variations in ob-
stacle height, judiciously applied flux-gradient relations
should still model the turbulence over it, regardless of
mild inhomogeneities in the surface heat and moisture
fluxes. Equation (2.4) is thus justifiable for investigating
path averaging in nonhomogeneous conditions.

3. Obtaining 7, and ¢,

Suppose we can measure the scintillation, i.e., C2,
of two electromagnetic waves of wavelengths A, and
A\, propagating over coincident or close paths at height
z above the surface. Each scintillation device will yield
a C? value that from (2.3) and (2.4) is given by

C2, = 27 3g({)(AYE + Big + 24, Biteay), (3.12)
Ch, = 223g($)(A33 + B3gS + 24, Byteqy), (3.1b)

where 4; = A(N;, P, T, Q) and B; = B(\;, P, T, Q).
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Take square roots of each of (3.1):

sign,z*/3C,
_g_jé‘n/T'ﬂ = Aty + Big., (3.2a)
sign,z'/3C,

gl/z""—2 = Ayty + Bag,. (3.2b)

Here sign, and sign, remind us that the square-root
operation introduces a sign ambiguity; we must set
sign; and sign, to make the equalities correct.

We now see how the two-wavelength technique, at
least formally, yields measurements of ¢, and ¢

_ z'[(sign,C,,/ B,) — (sign,C,,/ B>))

WS T4 By = (B O
_ 2! [(signy G, / A1) — (sign,Co,/ 42))
D= TG TE(B,JAy) — (BalA2)] (3.30)

Clearly, we must iterate to solve these equations, be-
cause g depends on {, which in turn depends on u,,
ty,and g,.

An earlier article (Andreas 1988a) anticipated the
need for finding sign; and sign, independently of the
measurements being discussed here. There I showed
that by virtue of (2.4) we can estimate the Obukhov
length L by measuring C% with two identical scintil-
lometers operating over the same horizontal path, ex-
cept one path is at height z; and the other, at height
z;. These measurements should yield the stability pa-
rameter §{ = (2,2,)"'/?/L with factor-of-2 accuracy in
the ranges —3 < { < —0.015 and 0.02 < { < 10, the
stability ranges most often encountered in the surface
layer. Near neutral stability the method is not very
accurate, but under most conditions should, at least,
yield the sign of L.

Since ¢, generally dominates L, these measurements
give us an independent means of finding sign, and
sign,. Rewrite (2.5) in terms of contributions due to
tegmperature ({r) and moisture ({p) fluxes (Busch
1973):

_ _ YKZly 0.61T 1
(=(T+ =7 (1 »+0610  KBo)' C¥
0.61T 1
_g.T(l+p+O.6leKBo)’ (3:3)
where Bo is the Bowen ratio,
Bo=—Lolals _ b 3.6)

—L,usqy Kaqy'’

and K, for a given set of meteorological conditions, is
a constant, near 2100 m* K kg ~*. From (3.4) and (3.5)
we can derive

$o__061T % 1

$r p+0.61Q0° KBo’

3.7
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which gives the relative importance of humidity fluc-
tuations in determining {. Figure 2 plots this ratio as
a function of Bo. To continue on my earlier work (An-
dreas 1987b, 1988c), meteorological conditions typical
over a snow or sea ice surface are used here and hence-
forth when making computations. Therefore, for Fig.
2, P=1000 hPa, T = —10°C, and Q = 1.93 X 1073
kg m~3 (i.e., relative humidity of 90%). (Here and
later, none of the calculations are especially sensitive
to T or Q for the range of normal atmospheric values;
thus, essentially the same results would obtain at other
temperatures and humidities.)

In a previous review of measurements of the Bowen
ratio over snow and sea ice (Andreas 1988c), I con-
cluded that Bo is commonly in the vicinity of —1 and
1 for snow-covered ground and for sea ice, respectively.
Philip (1987) considered the Bowen ratio above both
saturated and unsaturated surfaces and offered some
additional guidelines on its value, none incompatible
with the conclusions of my review. Figure 2 thus im-
plies that, because {,/ {7 is near zero for most com-
monly encountered values of Bo, ¢ and {7 will almost
always have the same sign. Only when | {p/ 7| > 1,
which occurs in the interval —0.06 < Bo < 0.06, will
{o dictate the sign of {. Consequently, by finding the
sign of ¢, we generally know the sign of ¢,.

Can we thus identify sign, and sign,? Rewrite (3.2)
as

sign,z'/3C, B
—g—;m—'=A1t*(l +A,KIBO)’ (3.82)
sign,z'3C, B
g 2 Azt,.(l 3 KZBO>. (3.8b)

Figure 3 shows a plot of the function in parentheses in
(3.8) for four EM wavelengths. Again P = 1000 hPa,

= —10°C, and Q = 1.93 X 107> kg m > were used
in computing K and the 4 and B values (see appendix
A). Without loss of generality, we can assume that in
(3.8)z'”?, C,,, Cyy, and g'/* are all positive roots; con-

T T (v Tt Jr_ Tt 1 T L LA B A B
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FI1G. 2. {o/ {7, which shows the relative importance of humidity
fluctuations in determining ¢, as a function of the Bowen ratio.
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FIG. 3. The quantity 1 + B/(AKBo) in (3.8) as a function of the
Bowen ratio. Atmospheric conditions are typical for a snow or sea
ice surface: P = 1000 hPa, T = —10°C, Q@ = 1.93 X 10~ kg m~?
(i.e., relative humidity of 90%). Note that the ordinate changes scale
at +10.

sequently, sign, and sign, are the same as the signs on
the right-hand sides of (3.8a) and (3.8b), respectively.

From Fig. 3 we see that if C3 is obtained from an
E-O sensor operating at a wavelength that is sensitive
primarily to temperature fluctuations, such as 0.55 or
10.6 um, 1 + B/(AKBo) is almost always positive; sign;
is thus the same as the sign of 4,t,. If C%, comes from
an E-O sensor that is especially sensitive to humidity
fluctuations—i.e., near-millimeter or radio wave-
lengths—sign, will generally have the same sign as Az,
over snow-covered ground (Bo < 0) but may well have
the opposite sign over sea ice (Bo > 0). If over sea ice
Bo is larger than 2, which is a distinct possibility (An-
dreas 1988c), the signs will be the same again. Hence,
over sea ice especially, some ambiguity in sign, may
persist. The best way to handle this is to check whether
(3.3) yields consistent estimates of ¢z, and g, for the
assumed values of sign; and sign, and then from ¢,
and g, to compute Bo and check whether the value
warrants concern over the assumptions made in inter-
preting Figs. 2 and 3.

An alternative way to determine sign, and sign; is
to determine the signs of 7, and g, by measuring the
vertical temperature and humidity differénces, A7 and
AQ, between two heights at a single location. Since
according to Monin-Obukhov similarity the surface-
layer flux is always down the gradient, AT and AQ give
the signs of ¢, and g,, respectively. This procedure,
. unfortunately, reintroduces the problem of mixing
point and path-averaged measurements, which I have
been trying to avoid. Hill et al. (1988) also presented
some ideas for resolving the sign ambiguity.

Although the two-wavelength method of finding ¢,
and g, yields path-averaged values that should be more
representative than point measurements, the measure-
ments cannot be made any more quickly than, say,
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eddy-correlation measurements. Wyngaard (1973) ex-
plained that because large low-frequency eddies dom-
inate the vertical turbulent transfer process, eddy-cor-
relation sensors must sample several cycles of these to
produce stable statistics. Eddy-correlation averaging
times are, thus, nominally an hour. Since the physics
of the transfer is the same regardless of the observing
system, scintillometers must also sample for roughly
an hour to produce physically and statistically mean-
ingful ¢, and g, values (Andreas 1988b).

4. Sensitivity analysis

To evaluate how good (3.3a) and (3.3b) are for es-
timating ¢, and g,, we must know how sensitive ¢,
and g, are to the required measurements of Cﬁ,,
C%,, z and u,. From (3.3a) we see that differential
changes in z, {, C,,, and C,, produce a differential

change in ¢, that obeys
dty = (8ty/8z)dz + (3t4/88)dS + (8t4/8C,,)dCy,

+ (3t4/8C,,)dCy,. (4.1)

Such a differential change can be interpreted as an error
in the 7, measurement resulting from measurement
errors in z, §, C3,, or C%,. Therefore, it is more mean-
ingful to discuss a relative change in #, or the relative
error; (4.1) thus becomes

dig_ 2o ds £ O d

e 10z z  t,00 ¢ _
Gy Oty 4Gy, | Cry 9ty dCy, @2)
t* aCnl Cn. t* aan an ’ )

where the terms on the right-hand side now also reflect
relative errors.

Recall that {is a function of z, u,, ¢,, and g,.. Hence,
in (4.2) we must substitute

9 _z90dz uy O duy
¢ - ¢0z z ¢ Ouy U,
te 05 dty | gu OF dg,
==+ ===, (43
$ Oty ty $ 0qy qu “.3)
The result is
(l_éﬁﬁ)éﬁ_ﬁéﬁéﬁ%
of Oty) 1ty te OF 0gx gs
_z ét_*_+§t_*if_)£%+&%is“_%
T (82 8¢ 3z) z  t, B¢ Ou, u,
C,, 3ty dC, = C., 8t, dC,,
% 9Cr G T 7 0C, C, = Y

Notice, none of the products of partial derivatives re-
duces. That is, (3¢, /3¢)(8¢/dt, ) # 1, for instance, be-
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FIG. 4. The sensitivity coefficients S; and S, in (4.6)
and (4.7) as functions of the stability.

cause (3.3a) gives the dependence of ¢, on { (d¢,/85),
while (2.5) gives the dependence of { on ¢, (3¢/dt,).

On inspecting (3.3b), it is easy to write down an
analogous equation for g,:

(10 ) it 30 28
Of 0gy/ dx  gn O Oty 1y

=i(%+%§)£+ﬁ%ﬁ%
9z 0% 8z) z gy O Ou, u,
+ _Ci aq* dC”l 93 a‘.h dC"z (4 5)
q‘ aCn, Cm q# aan Cn; ’ ’

We can now solve (4.4) and (4.5) simultaneously
for the relative errors dt, /t, and dq,/gs in terms of
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the relative errors in the true measured quantities z,
Uy, C3,, and C2,. This derivation is finished in appen-
dix B. The resulting sensitivity equations are

dty/ty = S:(dz/z) + Su‘(du*/u.)

+ 8,(dCo/ Co) + S,(dCpy/ Cry),  (4:6)

day/ax = S:(dz/z) + S, (dus/uy)
+ 8, (dCni/ Cry) + Sey(dCrf Co). (4.7

S denotes a sensitivity coefficient; appendix B gives the
functional forms of these.

The meaning of sensitivity coefficients defined as in
(4.6) and (4.7) has been interpreted elsewhere (An-
dreas 1988a). Briefly, a large S value magnifies the
relative uncertainty in the measured quantity and leads
to large uncertainty in the f, or g, measurement. A
small S value, on the other hand, means that ¢, or g,
is nearly independent of the measured quantity. Con-
sequently, for predicting ¢, and g, from C2 and C,,
optimal values for S, S,, S;,, and S, should be near
1 or —1. Then the estimated quantity is, respectively,
directly or inversely proportional to the measured
quantity. Of course, in practice, measurement uncer-
tainties usually dictate acceptable sensitivity levels.
With a precise measurement we can tolerate a large
sensitivity coefficient; with an imprecise measurement,
even a small sensitivity coefficient might lead to an
unacceptably uncertain ¢, or g, estimate.

Figure 4 shows the sensitivity coefficients S; and
Sy, computed from (B22), (B23), (B28), and (B29).
Note that these are independent of meteorological
conditions or surface parameters and, therefore, should
be appropriate anywhere (2.6) and (3.1) are. According
to the figure, neither S, or S, is ever large enough that

TABLE 1. Values of 4,B, /A, B, for the indicated wavelength pairs. Atmospheric conditions are P = 1000 hPa, T = —10°C, Q = 1.93
X 1072 kg m~3 (i.e., relative humidity of 90%). Numbers in parentheses are 4, B, /4, B, for T = 20°C and Q = 13.9 X 10~% kg m (relative
humidity of 80%) to show that the essential results demonstrated by the table do not depend strongly on T and Q.

A
(um)
A\
(um) 0.55 0.94 10.6 114 15.0 337 2143 radio
0.55 1.00 0.97 0.38 0.34 0.21 -0.0071 —0.0088 —0.0088
(0.38) (—0.0107) (—0.0123)
0.94 1.00 0.39 0.35 0.22 -0.0073 —0.0091 —0.0091
10.6 1.00 0.90 0.57 -0.019 -0.023 -0.023
(—0.028) (—0.033)
11.4 1.00 0.63 -0.021 -0.026 -0.026
15.0 1.00 —0.033 —0.041 —0.041
337 1.00 1.24 1.25
(1.15)
2143 1.00 1.00
radio 1.00
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uncertainty in the z or ¥, measurement is detrimental
t0 measuring Z, OF g,.

At neutral stability, g({)'/?in (3.3) becomes a con-
stant, 4.9'/2; it is then simple to derive neutral-stability
values for S, S,,, S,,, and S,,. Carrying out the math-
ematics, we find that the neutral-stability sensitivity
coefficients are just (B12-B15)—hence, the definitions
there of S,,,, Si,ns Sqx> and Sy, ‘

Because these neutral-stability sensitivity coefficients
set the basic level of the sensitivity, it is worthwhile to
consider what affects them. Each has a denominator
containing the term 1 — (4,B,/A4,B,). If we want
Stins Stuns Sans and S, to be of order one, this term
must not be near zero. Since the 4 and B values depend
predominantly on the EM wavelength—and only
weakly on meteorological conditions (Table 1)—op-
timizing this term provides a way of selecting potential
wavelength pairs. Table 1 lists 4, B,/ A, B, computed
with the formulas in appendix A for some wavelengths
that we might consider using for flux measurements.
Clearly, to minimize A4,B,/A,B, we must choose
wavelengths from different EM regions. For example,
a visible wavelength paired with a near-millimeter or
radio wavelength is a good combination; so is a wave-
length from the infrared window when paired with a
near-millimeter or radio wavelength.

Figure 5 reiterates these conclusions by showing
Stys Siuns Sayne and S, for four combinations of
wavelengths. For the wavelength pairs chosen, scintil-
lometer-1 (the 0.55 um or 10.6 um instrument) will
provide the primary measurement of ¢, since S,,, is
near 1 for most Bowen ratios that will be encountered,
while S;,, is near zero. Scintillometer-2 (the 337 ym
or radio-wavelength instrument) will provide the pri-
mary data for measuring g,, since S, ,, is near zero for
most Bowen ratios, while S,,, is near 1. According to
the figures, | S, | and |S,,| get large as | Bo| gets
small; it will therefore be difficult to measure ¢, ac-
curately for small | Bo|. Similarly, | S,,, | and [ S, |
get large as | Bo| gets large; measuring g, here will be
difficult. Fortunately, over snow, sea ice, the ocean at
high latitude, and land surfaces with adequate soil
moisture, | Bo| values much below 0.1 and much
above 10 are rare. Over the tropical and subtropical
ocean, however, | Bo| values below 0.1 are common.
For measuring ¢, , the pairs 0.55-337 um and 0.55 pm-
radio provide the best Bowen ratio range and the best
discrimination (i.e., smallest |S,,,|). For measuring
gy, the pairs 0.55-337 um and 10.6-337 um are mar-
ginally better than 0.55 ym-radio and 10.6 um-radio.

With this background we can look at the stability-
dependent sensitivity coefficients given by (B24-B27).
Figures 6 and 7 contain these for two wavelength pairs,
0.55-337 um and 10.6 um-radio. Here each sensitivity
coeflicient depends on ¢ = z/ L. The figures show three
situations, { = 0, { = —1, and { = 1. (Clearly, the {
= 0 curve is the same one plotted for the given wave-
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FIG. 5. The neutral-stability sensitivity coefficients S,,,, Sy,
Saws and S, ., (B12-B15), for the wavelength pairs 0.55-337 um,
0.55 um-radio, 10.6-337 um, and 10.6 um-radio. Atmospheric con-
ditions are P = 1000 hPa, T = —10°C, Q = 1.93 X 10 kg m™3
(i.e., relative humidity of 90%).
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length pair in Fig. 5.) These three curves are an ap-
proximate envelope for the values of the sensitivity
coeflicients for all stabilities.

From Figs. 6 and 7 it is obvious that the neutral-
stability values set the general level of the sensitivity
coefficients; introducing stability effects alters these
levels somewhat but, in general, not markedly—except
near a simple pole in each function. That pole, which
results because of (3.4) and (3.5), is at

Boyoe = —0.61T/[K(p + 0.61Q)]. 4.8)
Near it, the absolute values of all the sensitivity coef-
ficients approach infinity, Consequently, in this Bowen
ratio region, measuring ¢, and ¢, will be impossible.

The location of the pole varies little with meteoro-
logical conditions. The Q term in (4.8) is approxi-
mately negligible in comparison to p; therefore, since
K = L,/pcp, Bopoe =~ —0.61¢,T/L,. Consequently,
over a surface above 0°C, Bopye =~ —2.5 X 107*T;
over a frozen surface Bopge ~ —2.2 X 107*T. Thus,
between —40°C and 40°C, the very narrow pole ranges
only between Bo values of —0.08 and —0.05.

In summary, Figs. 5-7 show that the two-wavelength
method of measuring heat fluxes has a wide operational

~ range but will not be accurate under all conditions. For

Bowen ratios in the vicinity of the pole, which the me-
teorological conditions position, it will be impossible
to measure either z,, or g, accurately. For | Bo| small,
the accuracy of the ¢, measurement degrades, with
measurements based on a mid-infrared wavelength suf-
fering more than those based on a visible or near-in-
frared wavelength. For | Bo| large, the g, measurement
loses accuracy, with measurements based on a radio
wavelength marginally worse than those based on a
near-millimeter wavelength.

Finally, let us demonstrate the use of the sensitivity
coefficients for estimating the uncertainty in ¢, and g,
measurements. Suppose we are using the 0.55-337 um
wavelength pair (Fig. 6) and ambient conditions are
those that have been used throughout, P = 1000 hPa,
T =—10°C,and Q = 1.93 X 1073 kg m™>. Let the
uncertainty in the C,, and C,, measurements be +5%
(ie., dCp,/Cy, = dCpy/ Cp, = £5%), a value certainly
attainable with careful calibration (G. R. Ochs 1987,
personal communication ); let the uncertainties in the
z and u, measurements be +2% and +10%, respec-
tively, (i.e., dz/z = 2%, du,/u, = £10%). Suppose
the calculations or other measurements show that
z/L =~ —0.1 and Bo ~ —1. From Fig. 4, S, = 0.5 and
Sy, = —0.3; from Fig. 6, using the { = —1 curve,
S, =14,5,=0,8, =02, and §,, = 1.3. Thus,
from (4.6), dt,/t, = (0.5)(£2%) + (—0.3)(=10%)
+ (1.4)(£5%) + (0)(£5%) = +11% is the uncer-
tainty in the ¢, measurement. From (4.7), dq./q.
= (0.5)(£2%) + (—0.3)(£10%) + (0.2)(£5%)
+(1.3)(£5%) = £12% is the uncertainty in the g,



288

Sai

Vo .
- I S - I IR S

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

.
L - N AT I S

& G &

L

10,6 pom -Rodio

3
)

T
10.6 um - Radio

S b G N Lo =N W s N
T

T

T T T T TT T

10.64m - Rodio

T

2
(=]

o .
- - T R TIE  |

(=]

LANER B B

[ 10.6um-Radio

I‘I*I‘V—!"ITI T

IﬁlT'r
NS

.
-

-0

Bo

FIG. 7. As in Fig. 6, but for the wavelength pair 10.6 um-radio.

VOLUME 6

measurement. These uncertainties are roughly what is
possible with eddy-correlation measurements of the
fluxes. Of course, the two-wavelength method has the
advantage of yielding path-averaged fluxes.

4. Conclusion

Although the idea of making electro-optical, path-
averaged measurements of the turbulent surface fluxes
has been around for more than a decade, to my knowl-
edge this is the first anyone has formally considered its
potential accuracy and set down some practical guide-
lines. '

Of primary concern is making totally path-averaged
measurements at all stabilities. Others have already de-
scribed how to measure a path-averaged value of u,.
Here we focused on path-averaged ¢, and g, measure-
ments, showing that by measuring C2 at two wave-
lengths we can separate the temperature and humidity
fluxes. Although the method is ambiguous as to the
signs of ¢, and g, I had anticipated this and earlier

"~ developed a one-wavelength, two-level method for

electro-optically obtaining the Obukhov length (An-
dreas 1988a), which usually has the same sign as .
Consequently, a full-blown path-averaging system re-
quires four scintillometers, at minimum. Three are
necessary to obtain ¢, and g,: two identical ones op-
erating at wavelength A, but with path heights z, and
Z,, and a third at z, operating at ). For obtaining u,,
we can make use of the A\; — z, scintillometer but will
also need a second A — z, scintillometer that is different
from the first either by having a smaller aperture (Hill
and Ochs 1978) or a coherent light source (Ochs and
Hill 1985).

A sensitivity analysis, the crux of the paper, devel-
oped an objective method for selecting A; and ;. The
best sensitivity results when a wavelength from the vis-
ible, near-infrared, or infrared-window region is paired
with a near-millimeter or radio wavelength. The shorter
wavelengths are sensitive primarily to turbulent tem-
perature fluctuations, the longer wavelengths, to hu-
midity fluctuations. From the computed sensitivity
coeflicients, the two-wavelength rnethod appears to be
capable of roughly the same accuracy as eddy-corre-
lation measurements, which, when made carefuily, are
the most accurate of the point flux measurements
(Blanc 1983, 1985).
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APPENDIX A

The Functions A(\, P, T, @) and B(\, P, T, Q)

It is possible to derive analytical expressions for the
A\ P, T, Q)and B(A, P, T, Q) functions defined in
(1.4) for four useful wavelength regions from equations
for the atmospheric refractive index set down by Bean
and Dutton (1966), Owens (1967), Hill et al. (1982),
Hill and Lawrence (1986), and Hill (1988b). Because
those derivations are published elsewhere (Andreas
1988c¢), here I just summarize the functions. P, T, and
Q are, respectively, the average atmospheric pressure,
kelvin temperature, and absolute humidity. All quan-
tities, including 4 and B, are in mks units unless stated
otherwise.

a. Visible (wavelengths of 0.36-3 um)

A=—10"m,(A\)(P/T?), (A1)
B =4.6150 X 1075[my(A) — m(M)], (A2)
where
my(\) = 23.7134 + ?;3)9;3372 3;'_ 59.4—73.;2 , (A3)
my(X\) = 64.8731 + 0.580580% — 0.00711500*
+ 0.00088516%, (A4)
and
o=\, (AS)

with the wavelength A in micrometers.

b. Infrared window (wavelengths of 7.8-19 um)

A= Ayu+ A, (A6)
B = B,;+ B,,, (A7)

where (Al) gives 4,4 and
B,; = —4.6150 X 1075m,()). (A8)

For the water-vapor contributions in (A6) and (A7),
A= 1075Q{—1.3590%¢(x — NH!

— [0.61356079%% + 0.59496 %43 (x — 1)]H?}, (A9)
B, = 107°[957 — 9286%4(x — 1)]H ™!

+3.747/(12 499 — x?), (A10)

where
6 =.T/273.16, (A11)
H=1.030%7 — 19.8x2 + 8.2x* — 1.7x%, (A12)
X = 10/}, (A13)

with A again in micrometers.
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TABLE Al. The coefficients in (A18) and (A19).
J Q 4 B;
1 1.382221 x 10° 1.650000 0.1993324
2 —0.2135129 x 10° 0.1619430 3.353494
3 ~0.1485997 % 10° 0.1782352 3.100942
4 —0.1088790 X 10° 0.1918662 3.004944

¢. Radio (wavelengths > 3 mm) v
A=—(77.6 X 107°P + 1.73Q)/T?, (Al4)

B=173/T. (A15)

d. Near-millimeter (wavelengths of 0.3-3 mm)
A=A4,+ Any, (A16)
B = B, + B, (A17)

where A4, and B, are the nondispersive radio-wave con-
tributions given by (A14) and (A15), respectively. The
dispersive water vapor contributions to (A16) and
(A17) are

4
A =107%(Q/ T) T ;(296/ T)%(0.303/2)%

J=1

X [—a; + 8;(296/T)(1 + a))], (Al8)
4
By =107 3 @;(296/T)%(0.303/\)%
Jj=1
X [1 = ,(296/T)), (A19)

where now A is in millimeters. Table A1 gives the coef-
ficients «;, a;, and g;.

Note that because of some approximations necessary
to obtain analytical expressions, (A16) and (A17) are
not accurate at all wavelengths within the millimeter-
wave region. In particular, because of unmodeled water
vapor resonances, (A16) and (A17) should not be used
in the wavelength bands 0.30-0.31 mm, 0.34-0.42
mm, and 0.44-0.83 mm.

APPENDIX B
Derivation of the Sensitivity Equations

Solving (4.4) and (4.5) for the relative errors
dty/t, and dg,./q, requires evaluating several partial
derivatives. As an example, (3.3a) yields

9
dty /05 = &(5)'*ts a [g()~'%],

- _ L -2 988
= 550 - 5207 £,
t« 92(%)

2g(5H o

(B1)
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and
Oty /0z = ty/3z.
Similarly, from (3.3b) we can show

x ag
2g ¢’

0G4 /02 = g/ 3z.

0q /9§ = —

From (2.5),
a¢/oz = §/z,
0%/ duy = 2/ Uy,
o/ 0ty = $r/ta,

05/0q = S0/ ax- -
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(B2)

(B3)

(B4)

- (BS)

(B6)
(B7)
(B8)

Lastly, consider the terms in (4.4) and (4.5) involv-

ing C,, and C,,. From (3.3a),

oy _ sign,z'/?
8C,, &'*[(4,/B)) — (42/By)]1B; "
Or ’
Co ot 1
ty 9C,, _ Bysigny G,
B, sign, C,,
From (3.8) we see that
1 KBOAz
B, sign,C,, _ B, .
Bz sign.C,,l KBOAl ’
+ —
B,
therefore,
B,
_Cﬂ O _ L +KBoA. =
tx 0Cr | _ AB o
A, B,

Similarly, we derive

A?'Bl(l+ B, )

gﬂ at* __ A]Bz KBOAZ _s

ty 8C, L _AB e
A, B,

s 9Cy, B, ) ty 8C,, -V

Cry 8y _ _ KBoA.)% Oty =5

4* aan Bl t* aCn2 7Nt

(B9)

(B10)

(B11)

(B12)

(B13)

(B14)

(B1S5)
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Substituting (B1-B8), (B14), and (B15) into (4.4)
and (4.5) gives

(, LT ag)dtws.«z_zg_«zgt:(z_u_g)@
2g9¢ 2895 gy 3 2gd¢
+£a_g_d_u*- gﬁ‘. at* dC"l an at* dC (B16)
g 0¢ Uy ty 0C,, C,, ty 0C,, Cy, °
Hw_g)iq_ug_a_g@:(z_ﬂ_g)dz
2g 0¢ 2g9¢ t, 3 2g9¢) z
§ dgduy (KBoAz) Cp, 0ty 4G,
g0¢ uy B, ty, 9C,, C,

C, dc,
_(KBoA;)__zat* : @17)

B, ty 0C,, Cp,’

Solving these simultaneously for dt, /¢, and dq./qx
and using (B12) and (B13) yields

ﬂﬁ=<1+ I ag)-'[(z_ug)dusa_g%
te 2g d¢ 3 2g46¢ g0¢ uy
§'Q dg KBoA, dc,,
+[ 2gar(‘+ )] e
s°Q dg KBoA dc,,
+[ 2g6§‘(l + )]Stm C. } (B18)
dqx _ (1+i {(l_ig) $ 9g duy
dx 2 2g ¢ g0 uy
§T ag an;
+[1 +2 a;( KBoA )} aw C,,,

ir og B, 4G,
[1 + 2g d¢ (1 +KB0A])]S"2N Cy,

Notice, (B18) and (B19) have several terms in com-
mon. Rewrite these as

}. (B19)

dty/ty = S:(dz/z) + S, (dus/uy)

+ 8,(dC,,/ Cp,) + S,(dCoy/ Cry),  (B20)
dax/as = S:(dz/z) + S, (dus/uy)
+ Sq,(dcn;/cnl) + qu(dcnz/cn2)9 (le)
where S denotes a sensitivity coefficient and
1_1¢ %
s, s;(3 2ga§), (B22)
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S, = s;i -“:—‘?_’, (B23)
r ) KBoA,\ 1
S, = s 1+2%a—§(1 +—1—;-:—-2) S, (B24)
3 KBoA,\1
S,z—s;L1+§an—§(l+ = ') Su  (B25)
6 B \1
Sy =8| 1+ 223‘5(1 +KB;A2) Sy (B26)
- $r % IR
S, s;[l 2ga;(l +KBoA,)iS""“’ (B27)
with
-1
S¢ = (1 +2—§-gg—§) (B28)

In (B22-B28) we still need to know g~'dg/d¢. From
(2.6), this is

- 3—;‘5 = ’1‘§£6_6112? for ¢<O0, - (B29a)
(2.2
- ,3(5 : 2_)2 gy for £>0. (B29b)
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