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ABSTRACT

Data collected in the surface layer in a northern suburban area of Nanjing from 15 November to 29
December 2007 were analyzed to examine the Monin-Obukhov similarity for describing the turbulent fluctu-
ations of 3D winds under all stability conditions and to obtain the turbulence characteristics under different
weather conditions. The results show that the dimensionless standard deviations of turbulent velocity com-
ponents (σu/u∗, σv/u∗, σw/u∗) and dimensionless turbulent kinetic energy (TKE) can be well described by
“1/3” power law relationships under stable, neutral, and unstable conditions, with σu/u∗ > σv/u∗ > σw/u∗.
Land use and land cover changes mainly impact dimensionless standard deviations of horizontal component
fluctuations, but they have very little on those of the vertical component. The dimensionless standard devi-
ations of wind components and dimensionless TKE are remarkably affected by different weather conditions;
the deviations of horizontal wind component and dimensionless TKE present fog day > clear sky > overcast
> cloudy; the trend of the vertical wind component is the reverse. The surface drag coefficient at a Nan-
jing suburban measurement site during the observation period was obviously higher than at other reported
plains and plateau areas, and was approximately one order larger in magnitude than the reported plains
areas. Dimensionless standard deviation of temperature declined with increasing |z′/L| with an approximate
“−1/3” slope in unstable stratification and “−2/3” slope in stable stratification.
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1. Introduction

Since Monin and Obukhov (1954) proposed the
boundary layer similarity theory (M-O similarity here-
after), the M-O similarity has been extensively in-
vestigated under unstable stability; however, progress
under stable stratification has been relatively slow
(Caughey et al., 1979; Nieuwstadt, 1984a, b; Smed-
man, 1988; Dias et al., 1995; Dias and Brutsaert,
1996; Forrer and Rotach, 1997; Howell and Sun, 1999;
Mahrt, 1999). Carson and Richards (1978) suggested
that the formulation of Hicks (1976) is the most com-
patible to modeling the surface turbulent fluxes of the
stable boundary layer. Simpson et al. (1998) validated
that the M-O similarity can be used within the rough-

ness sublayer. Pahlow et al. (2001) investigated the
applicability of the M-O similarity for stable condi-
tions, based the measurements from several field ex-
periments. Using the data collected in the Cooperative
Atmosphere-Surface Exchange Study-99 (CASES-99),
the M-O similarity function of the dissipation rate of
turbulent kinetic energy and the structure parameter
of temperature were determined (Hartogensis and De
Bruin, 2005). Cheng et al. (2005) investigated the per-
formance of the M-O similarity in the stable noctur-
nal boundary layer during the CASES-99 and found
that the M-O similarity holds when a new equilibrium
is reached or recovered, especially during the entire
process of the nonbreaking internal gravity waves and
the well-developed stages both of the density current
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and of the low-level jet. Zilitinkevich and Esau (2007)
revised the similarity for the stably stratified atmo-
spheric boundary layer and gave an analytical formu-
lation for the wind velocity and potential temperature
profiles. Foken (2006) reviewed the development of
the M-O similarity in the past 50 years, and proposed
that the application of the Monin-Obukhov Similar-
ity Theory is limited to the surface layer above the
roughness sublayer, to a range of |z/L|61 ∼ 2, and
over homogeneous surfaces.

Due to the great importance of the turbulence
structure under stable atmospheric conditions for ap-
plication in air pollution, heat and momentum calcula-
tions, and numerical modeling of the boundary layer,
it is necessary to devote more effort to studying the
turbulence structure in a stable atmospheric stratifi-
cation.

Furthermore, urban agglomeration and human ac-
tivities remarkably impact the dynamic and thermo-
dynamic processes in urban boundary layers (Mar-
tilli, 2002). Expansion of urban environments has in-
creased common concern from social communities. Re-
searchers have performed field experiments (Rotach,
1995; Grimmond and Oke, 1999; Wilson et al., 2002;
Hammerle et al., 2007; Hiller et al., 2008) and model-
ing studies (Masson et al., 2002; Grimmond and Oke,
2002) and have discussed the characteristics of eddy
kinetic energy in the urban boundary layer and the
energy budget. However, due to the scarcity of mea-
surements and the complexity of turbulence motion in
the boundary layer and differences among cities, many
issues regarding interactions between the urban under-
lying surface and the boundary layer have remained
elusive.

Additionally, accurate depiction of the standard
deviations of turbulent velocity components is required
for the modeling of the dispersion of air pollutants in
the planetary boundary layer (PBL). The behavior of
dimensionless standard deviations of turbulent veloc-
ity components under unstable (Kaimal et al., 1976;
Panofsky et al., 1977) and neutral (Deardorff, 1970)
conditions has been well established; however, no ob-
vious conclusion has been revealed about the behavior
of dimensionless standard deviations of turbulent ve-
locity components in the stable boundary layer (Sorb-
jan, 1987; Sharan and Gopalakrishnan, 1999). And the
PBL parameterization not only plays a critical role in
simulating the heat, moment, and moisture exchange
in the boundary layer, but it also has an important
influence on climate studies (Argüeso et al., 2011) and
simulations of tropical cyclones (Braun and Tao, 2000;
Srinivas et al., 2007; Hill and Lackmann, 2009). Thus,
effort still needs to be focused on the behavior of tur-
bulent motion in the boundary layer, especially under

stable conditions.
Despite the progress, our understanding of turbu-

lence over suburban areas under different stabilities
and weather conditions is still far from complete be-
cause of the complexity of turbulent motion. Nanjing
lies in the western part of the Changjiang Delta and
is one of the high-frequency areas for winter fog. In
this study, we focused on two objectives: (1) to ex-
amine the M-O similarity for describing the turbulent
fluctuations of 3D winds under all stability conditions
over suburban areas to provide a basis for boundary-
layer modeling and parameterizations, (2) to analyze
the turbulence characteristics under different weather
conditions to provide a basis for studies on the forma-
tion and dissipation of fogs and the diffusion of atmo-
spheric pollutants.

2. Experiment, data, and analysis

2.1 Site description and instrumentation

A field-observation experiment examining the
boundary-layer atmosphere was conducted at a site in
Nanjing University of Information Science and Tech-
nology (NUIST) from 15 November to 29 December
2007, the site is a flat at ∼25 m above sea level,
open, suburban grassland area with sparse buildings
and trees located ∼20 km north of Nanjing City, and
this area is representative of Nanjing suburban areas.

A three-dimensional (3D) sonic anemometer-
thermometer instrument (CSAT3，Campbell，USA)
was used in the experiment to measure the fluctuations
of three directional velocity components (u, v, w) and
acoustic virtual temperature. A LiCor7500 gas ana-
lyzer (LiCor Inc, USA) was used to measure the fluc-
tuations of CO2 and moisture. The instruments were
mounted at 2.0 m above ground level (median rough-
ness length z0 = 0.02 m), giving a relatively small foot-
print. The measurements were sampled at 10 Hz, and
data were stored in a Data Logger CR5000 (Camp-
bell，USA): a total of 37 975 800 groups of samples
were acquired.

Additionally, we ran an EnviroStation (ICT Inter-
national Pty Ltd, Australia) during the same period in
which eddy-covariance (EC) measurements were per-
formed. The station was equipped with the following
sensors: air temperature (TA) and relative humidity
sensors (HU), solar radiation sensor (SR2), photosyn-
thetically active radiation sensor (PR1), anemometer
(AN2), wind direction sensor (WD2/3), and barome-
ter (BP). All variables were measured in 1-s intervals
and afterward were averaged to 1-min values, which
were then stored on a smart logger (SL5-1L).
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2.2 Data analysis

The quality control of raw observational data was
similar to that of Vickers and Mahrt (1997). First,
data spikes in the raw data were removed. The lo-
cal averaging scale was chosen to be 5 min, then we
computed the mean and standard deviation for a se-
ries of moving windows of 5 min. The window moved
one point at a time through the series. If the difference
between a point and the 5-min average was > 3.5 stan-
dard deviations, the point was considered a spike and
was replaced using linear interpolation between data
points. When four or more consecutive points were
detected, they were not considered as spikes and were
not replaced. This process was repeated until no spikes
remained. Second, for 30-min observation, if the to-
tal number of spikes replaced exceeded 1% of the total
number of data points, the data during this period was
removed. Third, the data during periods with precip-
itation, before and right after rainfall within an hour,
were also removed. Then the skewness and kurtosis of
each variable were computed for every 30 min of data.
When the skewness was outside the range (−3.6, 3.6)
or the kurtosis was >10 for the 30-min data, the 30-
min data were removed.

According to Foken and Wichura (1996), the sta-
tionary coefficient (∆st) and the integral turbulence
characteristics coefficient (ITC) were used to assess the
fulfillment of the theoretical requirements for represen-
tative EC measurements. The stationary coefficient
(∆st) was defined as the relative deviation between
the 30-min flux value of each component and the re-
spective average of the 5-min flux values for the same
period. The integral turbulence characteristics coeffi-
cient (ITC) was defined as the relative deviation be-
tween the measured and theoretical flux-variance sim-
ilarity (σw/u∗), which was estimated by an empirical
model using the Monin-Obukhov length. For these two
parameters, while the values were <30%, the measure-
ment was tagged as high-quality data. Measurements
with the values of 30%–100% were flagged as being of
good quality, whereas measurements with the values of
>100% were not considered to meet the requirements.

After quality control, the data from the eddy-
covariance system were processed using the Planner-
Fit method (Wang et al., 2007), and the turbulent pa-
rameters and fluxes were calculated following the rules
of Reynolds’ averaging (Stull, 1988). Then the differ-
ence of the measurements between the sonic anemome-
ter and the weather station were calculated. If the
difference of air temperature and water vapor concen-
tration exceeded 5◦C and 100 mmol m−3, the data
from the sonic anemometer were removed (Hiller et
al., 2008). The last steps were the damping loss cor-
rection (Eugster and Senn, 1995) and the Webb cor-

rection (Webb et al., 1980) for the flux data.

3. Results

3.1 Standard deviations of turbulent velocity

According to classical M-O similarity theory, the
dimensionless standard deviations of velocity compo-
nents σi/u∗ (i = u, v, w) in the surface layer in un-
stable stratification should be functions of only the
dimensionless length scale z′/L, given by the so-called
“1/3” power-law (Panofsky et al., 1977)

σi

u∗
= A

(
1−B

z − d

L

) 1
3

= A

(
1−B

z′

L

) 1
3

, i = u, v, w, (1)

where A and B are empirical coefficients,

L ≡ −u3
∗

k(g/Tv)(w′θ′)s

is the Monin-Obukhov length, g is the acceleration due
to gravity, Tv is the virtual temperature, the subscript
s denotes at the surface, z′ = z − d is the adjusted
height that takes into account the surface roughness
length, z is the height above the surface, and d = 0.02
is dynamic zero displacement.

The preprocessed data were used to calculate the
dimensionless standard deviations of velocity compo-
nents in the northern suburban area of Nanjing in dif-
ferent stratifications; the results are plotted in Fig. 1.
The results show that the dimensionless standard devi-
ations of velocity components basically do not change
with stability when |z′/L| < 0.1, and they follow the
1/3 power law when|z′/L| > 1. And the optimum
similarity functions of σu/u∗, σv/u∗, and σw/u∗ are
as follows:




σu/u∗ = 3.73 (1 + 3.39z′/L)1/3

σv/u∗ = 3.49 (1 + 1.86z′/L)1/3

σw/u∗ = 1.62 (1 + 0.25z′/L)1/3

, z′/L > 0 , (2a)





σu/u∗ = 3.73 (1− 3.78z′/L)1/3

σv/u∗ = 3.49 (1− 3.12z′/L)1/3

σw/u∗ = 1.62 (1− 0.15z′/L)1/3

, z′/L < 0 . (2b)

The scatter may arise from the impacts of local
terrain (including buildings, etc.) and low-frequency
eddies on horizontal wind component fluctuations (Liu
et al., 2002). From Fig. 1 it can be seen that under
unstable and stable conditions the σw/u∗ changes are
very small with stability and can be regarded as an ap-
proximate constant, which is similar to the conclusion
of Panofsky and Dutton (1984) that under a stable
stratification condition.
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Fig. 1. Dimensionless standard deviations of velocity components σi/u∗ (i = u,v,w) as a
function of z′/L.

Fig. 2. Turbulence heat flux w′T ′ as a function of z′/L.

Figure 2 shows the variation of w′T ′ with stabil-
ity (z′/L). w′T ′ and z′/L in stable stratification ex-
hibit a down pointing triangle distribution, i.e., w′T ′

decreased when the stability gradually increases from
the near-neutral stratification, but after z′/L>0.1, it
increased with increasing stability (Fig. 2b). How-
ever, in an unstable stratification w′T ′ and z′/L dis-
play an upward pointing triangle distribution, i.e.,
w′T ′ increased with decreasing stability at first, af-
ter z′/L<−0.1, it decreased with decreasing stability
(Fig. 2a).

Based on Figs. 1 and 2, we divided turbulent
motions in the boundary layer into three stability
regimes: a stable regime (z′/L>0.1) wherein inter-
mittent turbulences, meandering motions, and wave
motions occur, “nonturbulent” motions develop, and
dimensionless standard deviations of wind components
increase with increasing stability; an unstable regime
(z′/L<−0.1), with stability decreasing, convection be-
ginning to develop, velocity of the air movement be-

coming stronger; and a near-neutral regime (−0.1 6
z′/L 6 0.1) wherein the turbulent motion is mostly
mechanically generated and appears to be in a classic
state of turbulence and the similarity law is applica-
ble. Notably, the different values of z′/L that divided
the stratification were used by other researchers [e.g.,
z′/L= 0.02 in Malhi (1995), and z′/L= 0.06 in Mahrt
et al. (1998)].

Table 1 gives dimensionless standard deviations
of velocity components in near-neutral stratification
(taken as −0.16z′/L60.1 in this study) for different
areas. From Table 1 it can be seen that the general
trend of the dimensionless standard deviations over
different underlying surfaces in the Nanjing region is
σu/u∗>σv/u∗>σw/u∗. The values of dimensionless
standard deviations of horizontal velocity components
are obviously larger than those in other reported cities
in China and those over the flat terrains in other re-
ported counties; the value of σw/u∗ is slightly larger
than those in other reported places. Therefore, the
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terrain around the observational site has little impact
on vertical turbulences but has a great impact on hori-
zontal turbulent motions. From Table 1 it can be con-
cluded that the values of dimensionless standard de-
viations increase with increasing altitude and surface
roughness. However, it is difficult to make a quan-
titative analysis because of the difference of the un-
derlying surface, season, and the height of the sensor.
In this experiment, the observation site was selected
at an open suburban area, and the instruments were
mounted at 2.0 m above ground level. These two fac-
tors led to large surface roughness. This may explain
the large dimensionless standard deviations in Nan-
jing.

3.2 Dimensionless turbulent kinetic energy
(TKE)

Turbulent kinetic energy (TKE)

e =
1
2
(u′2 + v′2 + w′2) =

1
2

(
σ2

u + σ2
v + σ2

w

)

is a measure of turbulent intensity and larger value of
TKE indicates a greater intensity of the microscale
turbulence. For convenience, dimensionless TKE
(e/u2

∗) is introduced by referring to the dimensionless
standard deviations of velocity components. The rela-
tion between dimensionless TKE (e/u2

∗) and stability
parameter z′/L is plotted in Fig. 3; it can be observed
from the figure that the variation of TKE with stabil-
ity exhibits a similar characteristic in comparison with
dimensionless velocity standard deviations, i.e., it con-
forms to the 1/3 power law in both stable and unstable
stratification. Their optimum similarity functions are
as follows:

e/u2
∗ =





12.85 (1 + 51.49z′/L)1/3
, z′/L > 0

12.85 (1− 46.85z′/L)1/3
, z′/L < 0

(3)

3.3 Turbulence characteristics in different
weather

The field observational experiment was performed
in November–December, a transition time period from
autumn to winter seasons, when cold activities are fre-
quent and fogs are also the most frequent of the year.
To analyze the turbulence characteristics under differ-
ent weather conditions, the observational data were
first sorted by daily mean cloud cover into four cat-
egories: clear sky (cloud cover <30%), cloudy (cloud
cover between 60% and 80%), overcast (cloud cover
>90%), and fog days (i.e., where fogs lasted for >6 h
in one day). Data for partial days, i.e., when the time
period of usable data was <12 h, were removed from
the observation record.

Table 2. Dimensionless standard deviations of velocity
components and dimensionless TKE in near-neutral strat-
ification in different weather.

σu/u∗ σv/u∗ σw/u∗ e/u2
∗

Clear sky 3.778 3.696 1.594 16.579
Cloudy 3.665 3.423 1.648 14.823
Overcast 3.730 3.494 1.617 16.093
Fog day 5.383 4.728 1.545 30.327

The neutral, stable, and unstable stratification
were defined in this study as −0.16z′/L60.1, z′/L >
0.1 and z′/L<−0.1, respectively. The dimensionless
standard deviations of three wind components and di-
mensionless TKE under neutral stratification in dif-
ferent weather were analyzed (Table 2). From Table 2
it can be seen that for various weather conditions the
order σu/u∗>σv/u∗>σw/u∗ is valid. Under different
weather conditions the deviations of horizontal wind
component and dimensionless TKE were the largest
in fog days, the next largest in clear-sky days, and the
smallest in cloudy days. Conversely, the vertical wind
component was largest in cloudy days, the next largest
in overcast days, and the smallest in fog days. The
horizontal wind component and TKE in fog days were
obviously larger than other counterparts; this suggests
that the horizontal turbulence was very strong; it is
propitious to the horizontal exchange of moisture and
heat.
3.4 Drag coefficient

Drag coefficient CD = u2
∗/u2 reflects the rough-

ness state of underlying surface. Many studies on
CD have been performed in China and other coun-
tries. Davidson (1974) summarized the CD in plains
areas and pointed out that CD usually ranged from
1.4×10−3 to 2.6×10−3. Zhou et al. (1998) analyzed the
surface-layer observation data of the second Tibetan
Plateau Experiment of Atmospheric Sciences (TIPEX)
at Gaize, Dangxiong, and Changdu during May–July
1998, and reported that CD ranged between 10−3 and
10−2. Yao (2005) analyzed the variation of CD with
height of instrument in Beijing, and found that CD

increased dramatically with the lowering height, and
the value of CD could reach 100 near the surface. CD

is affected by viscous drag and form drag; the value of
CD increases with the increasing surface layer rough-
ness or lowering instrument height. Figure 4 shows
the CD values derived from the sonic anemometer-
thermometer observations in the surface layer in the
northern Nanjing suburban area. From the figure it
can be seen that CD tends to slightly increase when
z′/L transits from negative value to positive value. In
neutral stratification, the CD mainly concentrates in
the range of 0.005 to 1, especially in the vicinity of
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Fig. 3. Dimensionless TKE as a function of stability.

0.01. Therefore, the CD values at the northern Nanjing
suburban measurement site in the observation period
are comparable with Beijing but are obviously higher
than at other reported areas, and are approximately
one order larger in magnitude than the reported plains
areas. The value of CD at the northern Nanjing subur-
ban area during the observation period is higher than
at other reported plains and plateau areas for three
probable reasons. First, the roughness of underlying
surface in a suburban area is much larger than in an
open field. Second, in spite of the fact that the ob-
servation site is located in an open suburban area, the
form drag generated by pressure gradients upwind and
downwind of buildings and trees is relatively large.
Third, the low height (2.0 m) of the instrument can
also contribute to the large CD, as shown by results in
Beijing (Yao, 2005).

3.5 Dimensionless standard deviations of
temperature

Figure 5 shows the plots of the variation of dimen-
sionless temperature standard deviation with z′/L.

Fig. 4. Drag coefficient as a function of stability.

Their fitted optimum similarity functions in unstable
and stable stratification are:

σT /|T∗| =




5.98 (−z′/L)−1/3
, z′/L < 0

0.82 (z′/L)−2/3
, z′/L > 0

, (4)

where T∗ = −w′T ′/u∗ is the characteristic tempera-
ture.

Figure 5 shows that, in unstable and stable strati-
fication, σT / |T∗| decreases with increasing |z′/L| with
an approximate “−1/3” and “−2/3” slope, respec-
tively. And σT / |T∗| changes slightly when |z′/L| >
0.1. This is because in stable stratification, ther-
mal turbulences are suppressed, therefore the heat ex-
change between land and atmosphere is slow; whereas
in unstable stratification, upper and lower air mix ad-
equately, and the distribution of temperature verti-
cally tends to be homogeneous. Mahrt et al. (1998)
analyzed turbulence observations at heights of 3 m
and 10 m in stable stratification conditions and found
that σT / |T∗| increased with increasing z′/L when
z′/L<0.06 and decreased with increasing stability
afterz′/L>0.06. This is thought to occur because w′T ′

increases with increasing stability when z′/L>0.06,
considering that w′T ′ is negative in the stable regime,
meaning that the absolute value of w′T ′ decreases with
increasing stability. Similarly, w′T ′ decreases with in-
creasing stability when z′/L<0.1 and increases with
increasing stability after z′/L>0.1 (Fig. 2b). But
σT / |T∗| changes slightly when |z′/L|>0.1, because
both the absolute value of w′T ′ and u∗ decrease with
increasing stability after z′/L>0.1. This indicates that
dynamic and thermal processes near the underlying
surface in the northern Nanjing suburban area may
differ from those in plains areas, which leads to differ-
ent trends of change in σT / |T∗| with stability.
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Fig. 5. Dimensionless temperature standard deviation as a function of stability.

4. Summary

The turbulent characteristics in the northern Nan-
jing suburban area were obtained using observational
data. σu/u∗, σv/u∗, and σw/u∗ in the surface layer
in stable (z′/L>0.1), neutral (−0.16z′/L60.1), and
unstable (z′/L<−0.1) stratification in the Najing sub-
urban area all follow the 1/3 power law; and dimen-
sionless TKE in unstable and stable stratification both
obey the 1/3 power law. Different characteristics of the
underlying surface mainly impact dimensionless stan-
dard deviations of horizontal components of wind ve-
locity, but they may also slightly impact those of the
vertical component. The dimensionless standard devi-
ations of wind components and dimensionless TKE in
the boundary layer of the northern Nanjing suburban
area are remarkably affected by different weather con-
ditions. The order σu/u∗>σv/u∗>σw/u∗ is valid in
neutral regime under various weather conditions; the
deviations of horizontal wind component and dimen-
sionless TKE present fog day > clear sky > overcast
> cloudy; the trend of the vertical wind component is
reverse.

The value of drag coefficient at the Nanjing sub-
urban measurement site during the observation pe-
riod is obviously higher than at other reported plains
and plateau areas, and it is approximately one order
larger in magnitude than that reported in plains areas.
Dimensionless standard deviation of temperature de-
clines with the increase of |z′/L| with an approximate
“−1/3” slope in unstable stratification and “−2/3”
slope in stable stratification. The different change
trends of σT / |T∗| with stability indicate that dynamic
and thermal processes near the underlying surface in
the northern Nanjing suburban area may differ from
those in plains areas.
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