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1. Introduction

In the study of turbulent flows in the atmospheric bound-
ary layer dimensional analysis is widely used. The ra-
tionale behind this use is that dimensional analysis of-
ten gives simpler relationships between properties of the
flow than would be given by the solution of the govern-
ing equations (for mean quantities, variances, fluxes etc.).
For flows in the lower part of the atmospheric boundary
layer the cornerstone of (the analysis of) experiments and
modeling is Monin-Obukhov Similarity Theory (MOST).

For MOST the list of relevant variables is rather lim-
ited, which is both its strength and its weakness. To de-
scribe a statistic of a given quantity x (temperature, wind-
speed, etc.) the only relevant variables are the surface
flux of that quantity w ′x ′, the height above the ground z,
the surface friction τ and the buoyancy parameter w ′θ′

v
g
T .

Quantities that might be relevant as well are eliminated
by a number of conditions:

• The flow should be stationary (i.e. ∂x
∂t is not relevant);

• The flow (or the surface) is horizontally homoge-
neous (i.e. horizontal derivatives of either x or w ′x ′

are irrelevant);

• One should restrict the analysis to the region close
to the ground: only the height z is relevant, not the
distance to the top of the boundary layer; or alter-
natively: only the surface flux of the quantity under
consideration is relevant, not the entrainment flux.

Unfortunately, reality is not as ideal as the assumptions
mentioned above require. Therefore MOST is often ap-
plied in situations where one or more of the conditions
are violated. The condition of stationarity is easily vio-
lated if one applies MOST during the period of sunrise
and sunset. Horizontally homogeneous surfaces hardly
exist, but it is often not clear whether the surface proper-
ties are so heterogeneous that this poses a problem for
the application of MOST. Andreas et al. (1998) show that
vegetation heterogeneities with a spatial scale of the or-
der of a meter, influence the variance MOST relationships
for humidity. de Bruin et al. (1993) report measurements
in a semi-arid region. They suggest that, given the small
surface flux for water vapour, the entrainment flux might
become relevant, even at the surface.

One thing that both effects appear to have in com-
mon is that the similarity of temperature statistics is af-
fected much less than the statistics of humidity. For the
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FIG. 1: Impression of distribution of trees in the sa-
vanah around the eddy-covariance mast in Ghana. The
gray scales indicate the stem diameter in meter.

effect of entrainment this is not unlikely, since the en-
trainment ratio for temperature (or more precisely, poten-
tial virtual temperature) is bound within a narrow range:
even if the entrainment flux of temperature would have
an influence at the surface, that influence will scale well
with the surface flux. On the other hand, one would ex-
pect that horizontal heterogeneity of evapotranspiration
would be visible (through the Bowen ratio) in heterogene-
ity in the sensible heat flux as well. Andreas et al.
(1998) however, state that the surface heat sources are
-for their dataset- more homogeneously distributed than
the sources of moisture. They attribute this -in part- to
the homogeneity of the radiative forcing.

When one finds that certain scalar statistics do not
obey MOST, this may be due to a violation of one or more
of the conditions mentioned above. If it is obvious that
both the condition of homogeneity and the condition re-
garding the absence of entrainment effects are violated,
it remains to be seen which of those effects causes the
deviations of the scalar statistics from MOST.

In this study we use two datasets of eddy-covariance
data. One is gathered in Ghana (West-Africa) over a sa-
vannah landscape during the drying phase of the season
(Schüttemeyer et al., 2006). Within one month the evap-
otranspiration decreases dramatically: at the start grass,
bushes and trees transpire nearly unrestricted, whereas
toward the end the grass has died, and only the trees are
able to transpire without restrictions (figure 1 gives an im-
pression of the tree density around the eddy-covariance
mast). This data set comprises -possibly- two violations
of the conditions for MOST:



• The distribution of moisture sources becomes in-
creasingly heterogeneous during the observation pe-
riod

• The surface fluxes of water vapour and CO2 de-
crease significantly, to the extent that the entrain-
ment flux may become a relevant parameter in the
surface layer as well.

The other data set was gathered during the CASES-99
experiment over relatively flat and homogeneous terrain
in Kansas (Hartogensis et al., 2002). One property both
the CASES dataset has in common with the data from
Ghana is that the Bowen ratio increases considerably
within a period of one month. Thus, although the first
violation of MOST will not play a role in the CASES data,
the second violation might.

The objective of this paper is to first determine to
what extent statistics of temperature, humidity and CO2

obey MOST, and whether this changes during the obser-
vation period. Secondly, we will identify whether devia-
tions from MOST are attributable to surface heterogeneity
or to entrainment effects.

The paper is organized as follows. In section 2
MOST is shortly reviewed and methods are presented
that can be used to identify whether deviations from
MOST are attributable to surface heterogeneity or to en-
trainment effects. In section 3 the data set is discussed
as well as some details regarding the data analysis tech-
niques. In section 4 the changes in surface fluxes and
similarity functions during the observation period are pre-
sented. Furthermore, the causes for non-MOST be-
haviour are identified using the methods presented in
section 2. Section 5 summarizes the conclusions of this
study.

2. Theory

. In this section we will first present the similarity rela-
tionships for scalar fluctuations that are the subject of this
paper. Then, the causes for the correlation coefficient
between scalars to deviate from one will be investigated.
Those deviations can be seen as an indicator of viola-
tions of the assumptions underlying MOST. Finally, we
will present a number of quantities, derived from surface
layer scalar measurements, that can be used to decide
which violation of the assumptions of MOST is occurring.

2.1 Monin-Obukhov Similarity Theory

As stated in the introduction, MOST assumes that to de-
scribe a statistic of a given conserved quantity x (tem-
perature, windspeed, etc.) the only relevant variables are
the surface flux of that quantity w ′x ′, the height above the
ground z, the surface friction τ and the buoyancy param-
eter w ′θ′

v
g
T . The leads to the follow expression for the

standard deviation of a scalar (σx ):

σx

|x∗|
= fx

(

z − d
L

)

, (1)

where

x∗ ≡
w ′x ′

u∗

, u∗ ≡

√

τ

ρ
, L ≡

Tu2
∗

kgθv∗
,

d is the displacement height and ρ is the density of the
air, T is the air temperature, g is the gravitational accel-
eration and k is the Von Karman constant. On the basis
of dimensional analysis the limits for large (negative or
positive) z−d

L and small z−d
L can be derived. For large

negative values (free convection), the friction at the sur-
face is no longer a relevant quantity, which leads to the
prediction that

σx

|x∗|
= Axu

(

z − d
L

)

−1/ 3

for z−d
L ≪ −1 (2)

For strongly stable conditions, the vertical motion is sup-
pressed to that extent that the turbulence is not longer
dependent on the distance to the wall. This eliminates z
as a relevant parameter, predicting:

σx

|x∗|
= Axs for z−d

L ≫ 1. (3)

Finally, for near-neutral conditions the buoyancy flux be-
comes irrelevant, which leads to

σx

|x∗|
= Axn for

∣

∣

z−d
L

∣

∣ ≪ 1. (4)

Based on the asymptotic behaviour presented
above, the following interpolation formulae are used for
σx :

σx

|x∗|
= cxu1

(

1 − cxu2
z − d

L

)

−1/ 3

, for z−d
L < 0 (5)

σx

|x∗|
= cxs , for z−d

L > 0 (6)

2.2 Origins of decorrelation of temperature with
scalar

One general observation regarding the validity of MOST
is that the absolute value of the correlation coefficient be-
tween different conservative scalars should be very close
to one for MOST to be valid (Hill, 1989). The rationale
behind this is that the scalar should be transported by
the same motions, and if the conditions of MOST are
obeyed, there is no mechanism that could decorrelate the
two scalars. Conversely, if the correlation coefficient dif-
fers from one, it can be assumed that one or more of the
conditions for MOST are violated. Most cited violations
are surface heterogeneity and the influence of entrain-
ment in the surface layer (Roth and Oke, 1995; Katul
et al., 1995; Andreas et al., 1998; Beljaars et al., 1983;
de Bruin et al., 1993; de Bruin et al., 1991). Figure 2
illustrates those two mechanisms. In figure 2a, vegetated
and non-vegetated patches are mixed. The vegetated
patches are relatively wet (in terms of q-fluctuations) and
cool, whereas the bare soil patches are dry and hot. This
implies that in rising eddies, temperature and humidity
will be anti-correlated. If we assume that the sinking ed-
dies originate from a level where the horizontal inhomo-
geneities have vanished (i.e. above the blending height),



temperature and humidity will be positively correlated for
downward motion. In figure 2b the effect of a difference
in the entrainment regimes of temperature and humidity
is depicted. The entrainment ratio for temperature (ratio
of entrainment flux to surface flux, denoted by Rθ) is fixed
within a limited range (approximately [-0.4,-0.2]). For that
entrainment regime, the mean potential temperature ap-
pears to be a well-mixed quantity, giving a nearly constant
value with height. Other scalars, however, may have com-
pletely different entrainment ratios (Druilhet et al., 1983;
Sorbjan, 1991; Michels and Jochum, 1995; de Arellano
et al., 2004). For entrainment ratios considerably larger
than say 0.2 (in absolute value), the concentration of the
scalar under consideration will not be well-mixed in the
mixed-layer (see figure 3a, derived from LES results of
Moeng and Wyngaard (1989)). This is due to the fact
that the amount the scalar entering or leaving the bound-
ary layer is so large, that the convection is not efficient
enough to spread this local increase (or decrease) over
the depth of the entire boundary layer. A consequence is
that if large downdrafts enter the surface layer from within
the mixed later (say from z/zi > 0.1), they will cause a
temperature fluctuation that is independent of the height
from which the downdraft originates (because of constant
θ with height). On the other hand, the magnitude of the
fluctuation of a scalar with a large entrainment ratio will
depend on the origin of the downdraft. Thus, under con-
vective conditions, a dissimilarity in entrainment regime
of temperature and humidity will cause a decorrelation of
θ and q.

From the LES results of Moeng and Wyngaard
(1989), the dependence of the correlation coefficient be-
tween two scalars in the surface layer (i.e. at z

zi
= 0.01

can be estimated. Figure 3b shows rθq for a number of
realistic entrainment ratios for temperature. rθq is only
close to one if the entrainment ratio for moisture is close
to that of temperature. For a boundary layer drying by
entrainment (see Mahrt (1991)), rθq can drop to 0.6.
Whereas for moisture the entrainment ratio will usually be
positive (positive surface flux and dry air aloft), for other
scalars negative entrainment ratios may occur as well. In
that case the decrease of rθx with Rx is even more pro-
nounced.

2.3 Consequences of decorrelation of temperature
with scalar

Katul and Hsieh (1999) show that in the case that rθq < 0,
and when humidity is treated as a passive scalar, the di-
mensionless moisture variance will always be larger than
the dimensionless temperature variance. This asymme-
try (i.e. that σθ

θ∗
6>

σq
q∗

) is due to that fact temperature is an
active scalar and humidity a passive scalar. Only under
extreme conditions the buoyancy effect of humidity would
become relevant. Quantitatively, Katul and Hsieh (1999)
predict that σθ

θ∗
= 1

rθq

σq
q∗

. On the other hand, Lamaud

and Irvine (2006) show that the asymmetry could also
be reversed, for Bowen ratio’s below 0.1. In that case
σθ

θ∗
= rθq

σq
q∗

. The result of Lamaud and Irvine (2006) is

FIG. 2: Causes for decorrelation of temperature and
humidity. a) Inhomogeneity in the presence of vegetation
at the surface causes a decrease in rθq in rising air. b)
Large humidity entrainment flux causes specific humidity
to be not well-mixed, resulting in decorrelation of θ and
q in sinking air (Note that a) only comprises -part of- the
surface layer, whereas b) depicts the entire mixed layer)



purely based on observations, and corresponds to the re-
sults of Katul and Hsieh (1999) for Bowen ratios above
1. Lamaud and Irvine (2006) also provide an interpo-
lation between the wet regime (low Bowen ratio) and dry
regime (high Bowen ratio). This interpolation suggests
that for a Bowen ratio of around 0.3 the dimensionless
standard deviations of temperature and humidity will be
equal, irrespective of the magnitude of rθq .

We can conclude that although |rθq | < 1 is a clear
indication of a violation of one or more of the conditions
for MOST, it is not possible to separate the influence of
surface heterogeneity and entrainment.

2.4 How to identify the influence of entrainment and
surface heterogeneity

2.4.1 SCALAR SKEWNESS

Under unstable conditions the skewness of temperature
is positive, reflecting the fact that updrafts with large pos-
itive temperature perturbations occur only during a small
fraction of the time, whereas slow downdrafts are dom-
inating. Tillman (1972) shows an upper limit of 1 for
strongly convective conditions and a proportionality of the
skewness to ln

(

z
L

)

. This upper limit is confirmed by An-
dreas et al. (1998), whereas Ohtaki (1985) shows a lim-
iting values of 0.5. He also shows that the skewnesses of
humidity and CO2 have the same absolute values as that
of temperature, where the humidity skewness is positive
and the carbon dioxide skewness is negative.

Mahrt (1991) analysed variances obtained from low-
level aircraft observations. He shows that for drier sur-
faces the humidity skewness can deviate considerably
from 1, decreasing with increasing dryness and even be-
coming negative. This negative skewness is associated
with occasional patches of dry air originating from higher
levels in the boundary layer (not necessarily from above
the boundary layer, see figure 3a).

2.4.2 TIME SCALE OF SCALAR FLUCTUATIONS

As long as processes in the surface layer dominate the
scalar fluctuations, the time scale of those fluctuations will
be limited to the time scale of the surface layer turbulence.
The spectral peak for the temperature spectrum under
unstable conditions is roughly located at fz

u ≈ 0.02−0.05,
where f is the frequency and u is the mean wind speed
(Kaimal et al., 1972). With a mean wind speed of 5 ms−1

and an observation height of 10 m this yields characteris-
tic time scale of the order of 40-100 seconds.

On the other hand, if fluctuations in the surface layer
are originating from higher levels in the boundary layer,
or even from the entrainment layer, they may have a time
scale of the order of the convective time scale zi

w∗
where

xi is the boundary layer height and w∗ is the convective
velocity scale ( g

θ
w ′T ′zi )1/ 3. With a surface heat flux of

200 W m−2 and a boundary layer height of 2000 m this
would give a time scale of 900 seconds, i.e. an order of
magnitude larger than the surface layer time scale.
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FIG. 3: Influence of entrainment on scalar correlation
as derived from Moeng and Wyngaard (1989) a): dimen-
sionless mean scalar concentration profiles for a range of
scalar entrainment ratios, derived from the expressions in
figure 11 in Moeng and Wyngaard (1989). b): Relation-
ship between the entrainment ratio for a scalar, Rc and
the correlation coefficient for θ and the scalar concentra-
tion c within the surface layer, i.e. z/zi = 0.01.



3. Data

The analysis presented in this paper is mainly based
on data from eddy-covariance stations. Those are dis-
cussed, together with characteristics of the two sites, in
section 3.1. Some additional data is discussed in section
3.2.

3.1 Eddy-covariance data

The characteristics of the two sites, as well as the equip-
ment employed, is given in table 1.

Although the instrumentation of the two experiments
differed slightly, the processing of the eddy-covariance
data was identical for both sites. From the raw data half-
hourly fluxes have been computed taking into account the
following corrections:

• the raw data have been linearly detrended;

• the mean signal of the Krypton hygrometer (CASES-
99) has been adjusted using the humidity measure-
ments of a slow-response sensor;

• axis rotation using the planar fit method, with planar
fit angles determined on a 5-daily basis (see Wilczak
et al. (2001)). The bias in the vertical velocity was
was set to zero;

• sonic temperatures were corrected for humidity (see
Schotanus et al. (1983));

• the oxygen-sensitivity of the Krypton hygrometer was
corrected for using the coefficients found by van Dijk
et al. (2003).

• corrections for frequency response and path averag-
ing according to Moore (1986);

• the Webb-term for the water vapour flux (and CO2

for Ghana) is taken into account (see Webb et al.
(1980)).

For all computed quantities, the statistical error (toler-
ance) has been estimated using the method described
in van Dijk et al. (2004). Assuming a normal distribu-
tion of the statistical errors, the real value of a quantity
should be within the range of the computed value plus or
minus the tolerance. This information on the statistical er-
ror will be used in the selection of reliable data, as well as
in the fitting of similarity relationships. More details and
software can be found in van Dijk et al. (2004) and at
http://www.met.wau.nl/projects/jep.

Both data sets suffer from some data loss, albeit
for different reasons. In the case of the Ghana dataset,
power failures caused data loss, mostly during the night,
in the last 2 weeks of the experiment. The CASES-99
dataset misses some daytime data, because all main-
tenance was done during the day since the experiment
was focused on the stable boundary layer. Furthermore,
instrumental problems caused missing samples. One
cause was that during the first week the data logger pro-
gram had to finish too many instructions. After removal

of one thermocouple, this problem disappeared. Further-
more, the sonic anemometer exhibited some intermittent
problems that later were solved by recalibration.

3.2 Additional data

In order to check the possible influence of entrainment
processes, additional data regarding the boundary layer
characteristics are needed. Since no radio soundings
were available for the Ghanean data set, we have used
profiles from the operational ECMWF model runs. The
data (temperature, humidity and pressure) were down-
loaded from the MARS archive at the native model levels
and interpolated vertically to a dense vertical grid.

4. Results

4.1 Changes in fluxes during the observation period

Figure 4 shows the change of the midday Bowen ratio for
both sites. For Ghana the increase is from around 0.5 to
around 3, whereas the CASES data already start out drier
with a Bowen ratio equal to 1 and end at a value of around
4. Due to the fact that data loss in the CASES data was
mainly occurring during daytime, the CASES data are a
bit more scarce.

4.2 Changes in the correlation coefficients

The deviations from MOST which are the subject of this
paper are caused by differences in source areas for the
different scalars. As pointed out in section 2.2 those dif-
ferences will lead to a decorrelation of the scalars. Fig-
ure 5 shows that rTq during daytime decreases from 0.9
to 0.25 between the start and the end of the season.
For rqqCO2 a similar tendency can be found (except for
the sign of the correlation coefficient). For stable condi-
tions there is no clear trend through the season in terms
of a decrease of the magnitude of the correlation coeffi-
cient. But what can be seen is that in the drier part of
the season stronger stability occurs at night (a shift from
z/L ≈ 0.01 − 0.1 to z/L ≈ 1.

4.3 Changes in similarity functions

Since the similarity relationships are defined in terms
of the dimensionless group (z − d)/L, first the displace-
ment height d needs to be determined. Especially for
the Ghana data, gathered over savannah with scattered
trees, this might be relevant. However, using the method
of de Bruin and Verhoef (1997) it appears that the dis-
placement height is negligible.

In order to reduce any unneeded scatter in the simi-
larity relationships, a rather strict selection has been ap-
plied to the data:

• only data with a wind direction that is within ±120◦ of
the orientation of the sonic anemometer is allowed;

• the tolerance in the wind direction should be less that
±90◦ (in order to make the former restriction mean-
ingful);



Table 1: Main characteristics of the two datasets used.
Ghana CASES-99

coordinates 9◦29’ N, 0◦55’ W 37◦39’ N, 96◦43’ W
time (date) November 4, 2002 - December 10, 2002 September 30, 1999 - October 28, 1999
time (DOY ) 308-340 273-301
vegetation savannah with bushes and trees grassland
installation height 10 meter 3 meter
sonic anemometer CSAT-3D (Campbell Scientific) idem
hygrometer IrGA 7500 (LiCor) Krypton hygrometer (Campbell Scientific)
CO2 sensor IrGA 7500 (LiCor) -
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FIG. 5: Correlation coefficient between temperature and humidity (left), temperature and CO2 (centre) and humidity
and CO2 (right) for unstable (top) and stable (bottom) conditions. Gray scale of dots indicates the daynumber of the
observation. Data have been filtered to have a maximum error in both rxy and z/L of 50%. Data are from the Ghana
data set
.
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FIG. 4: Long term development of the Bowen ratio for
the Ghana data (left) and CASES-99 data (right). Based
on half-hourly fluxes, points indicate mean of Bowen ra-
tios between 10 and 14 GMT (Ghana) or CDT (CASES),
and the error bars indicate the standard deviation.

• the relative tolerance in the dimensionless groups
occurring in the similarity relationships should be
less that 20%. This tolerances is determined, based
on the tolerances of the different quantities compris-
ing a dimensionless group;

Figures 6 and 7 show the similarity relationships
for both sites, for temperature, humidity and CO2 (only
Ghana). For both datasets, the similarity for σT shows
least scatter, whereas the CO2 data from Ghana shows
most scatter. However, all unstable data exhibit the pre-
dicted − 1

3 power dependence on z/L. Furthermore, the
scatter for the stable side is more or less the same for all
scalars.

In order to be able to compare the relationships for
the different scalars and to quantify the scatter, the ex-
pressions of 5 and 6 were fitted to the data. The fitting
was done using orthogonal distance regression. This
method takes into account the tolerances of both two
variables that are fitted by weighting the contribution of
a given observation with a weight that is inversely pro-
portional to the square of its error. Because the data do
not cover near-neutral data, the transition between neu-
tral and free-convection (i.e. z

L ≈ C−1
xu2 could not be deter-

mined accurately). Therefore, Cxu2 was fixed to a value of
28.4 (de Bruin et al., 1993).

To investigate a possible relationship between the
scatter in the relationships for q and qC and the change
in surface fluxes, the data was split into two periods: a
relatively wet and a dry period (period 1 and period 2).
The results can be found in table 2 and are also given as
regression lines in figures 6 and 7. From the numbers in
the table, a number of conclusions can be drawn:

• The values for CTu1 are close for both experiments
and both periods, but for the CASES dataset the first
period differs significantly from the other period.

• For the Ghana data, Cqu1 changes significantly be-
tween the two periods, from a value close to CTu1 to
a value 23% higher.

• The value of CCu1 for Ghana is much higher than CTu1

for both periods.

• For the stable part of the Ghana data, Cqs and CCs

are close, and higher than CTs. In the second period
the difference between CTs on the one hand, and Cqs

and CCs on the other is larger.

• In the CASES data Cqu1 increases from period 1 to
period 2, but this change is not statistically signifi-
cant.

• For all data, the coefficients for water vapour and
CO2 are higher than those for temperature.

The parameterization of Lamaud and Irvine (2006)
(as well as the analysis of Katul and Hsieh (1999)) sug-
gest that for β > 1 the ratio of

Cqu1
CT u1 = r−1

Tq . However, in

our data
Cqu1
CT u1 = 1.23 whereas r−1

Tq is of the order of 2-4



(see figure 5). Thus estimation of
Cqu1
CT u1 from r−1

Tq would
overestimate the effect of decorrelation on the similarity
relationships.

4.4 Indications for causes for non-MOST behaviour

Since the largest non-MOST behaviour in the similarity
relationships has been observed for the Ghana dataset,
this section will focus on those data only.

4.4.1 SCALAR SKEWNESS

Figure 8 shows the variation through the day and through
the season of the skewnesses of vertical wind speed and
the scalars under consideration for the Ghana data set.
It appears that the skewness for the vertical wind speed
is well-defined and varies in a limited range. The tem-
perature skewness has a larger diurnal cycle, but does
not change through the season. On the other hand, the
skewness for humidity and CO2 do change through the
season. For both scalars, the absolute value decreases
with day number (and so with drying conditions). This
indicates that the humidity and CO2 fluctuations become
more and more normally distributed and do not show that
large skewness of temperature that is indicative of the
convective motions. The low values for the skewnesses
of q and qc could be interpreted as an increased impor-
tance of entrainment processes (Mahrt, 1991).

4.4.2 TIME SCALE OF SCALAR FLUCTUATIONS

Figure 9 shows that the character of the scalar fluctua-
tions differs considerably between a day in the wet period
and a day in the dry period (days 308 and 340, respec-
tively). Whereas the fluctuations of vertical wind speed
and temperature look similar, the fluctuations of q and qc

go from fluctuations with a short time scale (comparable
to that of T ) to fluctuations with a long time scale.

This observation can also be quantified by looking at
the integral time scales of the fluctuations. Here we have
computed that integral timescale from the ogives (Oncley
et al., 1996) of the different quantities. We defined the
integral scale is as that timescale where 50% of of the
variance has been covered by the ogive. The resulting
time scales are shown in figure 10. During daytime the
vertical wind speed fluctuations have a typical time scale
of the order of one minute. The temperature signal has a
somewhat larger time scale of about 100 seconds. At the
start of the observation period, humidity and CO2 have
timescales very similar to those of temperature. How-
ever, when the drying of the surface progresses, the time
scales of humidity and CO2 increase to values close to
1000 seconds. Especially for humidity the trend is clear.
The increase of the timescale can be interpreted as an
increasing importance of large scale fluctuations orginat-
ing from the upper part of the boundary-layer or perhaps
from in or above the entrainment zone. This tendency fits
very well with the examples shown in figure 9.
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FIG. 9: Ghana data: fluctuations of vertical wind speed,
temperature, specific humidity and specific CO2 on days
308 (top) and 340 (bottom).
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FIG. 6: Ghana data: similarity relationship for scalar standard deviation for unstable (left) and stable (right) situations,
for temperature (top), specific humidity (middle) and CO2 (bottom). The gray scale bar indicates that DOY of the
observation. The lines are fits to the data for the period until DOY 325 (full line) and after DOY 325 (dashed line).



Table 2: Coefficients in the similarity relationships for the scalar standard deviations (equation 5). The coefficient Cxu2

has been kept constant at a value of 28.4, since near-neutral data were scarce. For Ghana periods 1 and 2 refer to DOY
308-325 and 326-340. For CASES this is: DOY 273-285 and 286-301. Also given is the free-convection coefficient Axu ,
used in equation 2.

Period 1 Period 2
dataset coefficient value tolerance N value tolerance N
Ghana CTu1 3.05 (ATu = 1.00) 0.04 149 3.11 (ATu = 1.02) 0.08 205

Cqu1 3.17 (Aqu = 1.04) 0.07 135 3.83 (Aqu = 1.26) 0.14 121
CCu1 3.76 (ACu = 1.23) 0.15 131 6.19 (ACu = 2.03) 0.30 81
CTs 2.35 0.06 179 2.48 0.09 161
Cqs 2.72 0.12 120 3.36 0.21 60
CCs 2.81 0.11 142 3.55 0.18 117

CASES CTu1 3.19 (ATu = 1.05) 0.09 72 3.01 (ATu = 0.99) 0.05 87
Cqu1 3.46 (Aqu = 1.13) 0.12 69 3.56 (Aqu = 1.17) 0.10 84
CTs 2.56 0.09 156 2.80 0.10 225
Cqs 3.12 0.11 98 3.34 0.16 111
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FIG. 7: CASES data: similarity relationship for scalar standard deviation for unstable (left) and stable (right) situations,
for temperature (top), specific humidity (middle) and CO2 (bottom). The gray scale bar indicates that DOY of the
observation. The lines are fits to the data for the period until DOY 285 (full line) and after DOY 285 (dashed line).
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FIG. 8: Variation of the skewness of vertical wind speed (upper left), temperature (upper right), specific humidity
(lower left) and specific CO2 concentration (lower right) during the day and through the season (indicated by the colours,
signifying the day number). Data are from the Ghana data set.
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4.4.3 ENTRAINMENT RATIO FOR HUMIDITY

In the previous sections it was shown that it is likely that
entrainment processes are at least in part responsible
for the decorrelation of T and q fluctuations. We have
derived the entrainment Bowen ratio (βentr , ratio of en-
trainment heat flux to entrainment latent heat flux) as ∆θ

∆q
where ∆θ and ∆q are the temperature and humidity jump
at the top of the boundary layer. Those were determined
from the ECMWF-model profiles by combining the model
profiles with a mixed-layer template: extrapolate the con-
stant mixed layer concentration upward, extrapolate the
free-atmosphere concentration gradient downward, and
determine the jump from the distance between both lines
at z = zi (zi determined by lifting an air parcel with an ex-
cess temperature of 1 K from 20 meters). For the Ghana
data this yielded for the 12 GMT field an entrainment
Bowen ratio between -0.15 and -0.25 throughout the en-
tire experiment, without a clear trend in time.

The entrainment ratio for humidity Rq can be deter-
mine from βentr , the surface Bowen ratio β and the en-
trainment ratio for heat Rθ in the following way:

Rq = Rθ

β

βentr
(7)

Given the fact that the entrainment ratio for heat has a
limited range and it was observed above that the en-
trainment Bowen ratio is also constant in time, 7 implies
that the entrainment ratio for water vapour varies accord-
ing to the surface Bowen ratio. With Rθ ≈ −0.2 and
βentr = −0.2, Rq varies from 0.5 to 3 (with β according to
figure 4). This indeed indicates a transition from a surface
flux dominated regime to an entrainment flux dominated
regime.

For the CASES-99 data (where we used the 18 GMT
fields) the βentr is more variable between days with values
ranging roughly from -0.5 to -1.5. These larger values
imply that the the entrainment ratio for moisture is smaller
and of the order of 0.2 to 0.6 (using Rθ = −0.2, βentr =
−1 and the range of β shown in figure 4). These lower
entrainment ratio for moisture may explain the fact that in
the CASES-99 data no MOST-deviations are found, even
though the drying up is comparable to that in the Ghana
data.

5. Conclusion

The influence of non-ideal conditions on the similarity re-
lationships for scalar variances has been investigated us-
ing data from two different sites. Both datasets have in
common that the surface Bowen ratio increases strongly
in one month time. The data differ with respect to the
homogeneity of the surface: the CASES-99 data refer to
a homogeneous case, whereas the Ghana data have a
surface heterogeneity that increases in time as the grass
between the trees dies.

Only the data from Ghana show deviations from
MOST for q (and qCO2) in the dry period, whereas the
CASES-99 data show MOST-behaviour both in the moist
part of the data set and in the dry part, both for θ and

for q. Based on the development of the time scale of the
scalar fluctuations, as well as on the development of the
scalar skewness there are strong indications that entrain-
ment influences the scalar turbulence in the surface layer.
This is consistent with the increasing entrainment ratio for
humidity that is derived from ECMWF-model fields. How-
ever, deviations from MOST at night suggest that the sur-
face heterogeneity causes non-MOST behaviour as well.
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