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Abstract. Breakdowns of stability in the PBL are examined using one-minute average horizontal wind 
speeds and temperatures observed over many nights at stations located in simple and complex terrain. 
The analysis is based on the temporal behavior of the wind speed-temperature covariance, which is 
obtained by digital bandpass filtering. It is shown that breakdowns are a common feature of the stable 
PBL over both simple and complex environments. Vertical fluxes of heat during breakdowns are 
estimated to be a significant fraction of the nighttime average heat flux. It is hypothesized that a major 
portion of the nighttime vertical transfer of heat, momentum, and atmospheric pollutants occurs during 
periods of stability breakdowns. 

1. Introduction 

It is commonly assumed that the levels of turbulence and diffusion in the stable 
planetary boundary layer (PBL) are low. This assumption strongly affects the 
modeling of the atmospheric surface layer. However, beginning with the early 
observations by Durst (1933), Gifford (1952)) and Lyons et al. (1964) and later 
by, for example, Bean et al. (1973)) Kondo et al. (1978), Mahrt (1985), and 
Gossard et al. (1985), it is now clear that sporadic outbreaks of turbulence and 
enhanced vertical diffusion are common in the stable PBL. These effects have 
not been accounted for in conventional PBL theory and because of this, model 
predictions of surface fluxes may be underestimated. For example, in a recent 
paper Tjemkes and Duynkerke (1989) compared model calculations of the evol- 
ution and structure of the nocturnal PBL with observations. The observed surface 
temperatures show fluctuations throughout each of the two nights studied, but 
these fluctuations are not simulated by the model. Also, the model consistently 
underestimates the fluxes of latent plus sensible heat, net radiation, and soil heat. 
It may be that these underpredictions are due to breakdowns of the stability which 
are not accounted for by the model. 

For long-term air quality considerations, the assumption that vertical transfer is 
small in the stable PBL is generally acceptable; however, in treating the problem 
of short-term exposure to hazardous materials, consideration of the non-stationary 
aspects of the PBL is crucial. For example, during a breakdown event, pollutants 
in the upper levels of the PBL can be brought downward to the surface layer with 
relatively little dilution. Harrison et al. (1978) and Winkler (1980) show that 
sudden increases in ozone concentration at the ground surface are correlated with 
disturbances in the stable PBL as indicated by sodar traces. They relate these 
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concentration increases to turbulent transport from higher levels, where ozone 
concentrations are higher than at the ground surface. 

The cause-and-effect relationships associated with PBL breakdowns are not yet 
clear. Businger (1973) gives a qualitative description of the breakdown process. 
As the ground cools at night, the establishment of a stable thermal stratification 
near the ground causes the Richardson number, Ri, to approach and finally exceed 
its critical value, Ri,, at some height above the ground. When this happens, 
turbulence is suppressed, a laminar layer develops, and the downward transfer of 
heat and momentum from higher layers is impeded. Hence, the wind near the 
ground surface diminishes and a near-surface calm develops. Above the laminar 
layer, momentum is still transferred downward, but little heat is transferred be- 
cause the stratification at this level is nearly neutral. The winds aloft are essentially 
disconnected from the surface, and the air aloft is free to accelerate with little 
resistance from surface friction. A strong wind shear then builds up and because 
there is not a similar increase in the heat flux, Ri must decrease and eventually 
become less than Ri,. When this happens, the laminar layer is destroyed from 
above by turbulence. The turbulence then diffuses downward, eventually reaching 
the ground as a “burst” of heat and momentum. 

Kondo et al. (1978) suggest that under very stable conditions, there exists a 
distinguishable interface dividing the active turbulent ground-based layer from a 
quiet layer above. Undulations of this interface are produced by Kelvin-Helmholtz 
billows which develop in response to the speed and density differences across this 
interface. The movement of these undulations past an instrumented tower are 
marked by periods of enhanced turbulence and negative heat flux. Kondo’s et al. 
(1978) data indicate a time scale of about ten minutes for these periods. However, 
they point out that it is not the propagation and undulations of these billows, but 
rather their breaking and consequent mixing processes that contribute to the long- 
term average heat flux. 

It is commonly accepted that surface obstacles can cause streamline deformation 
sufficient to trigger bursts of turbulence in stable stratification, but turbulence 
episodes have been observed by, for example, Debaas and Driedonks (1984) in 
areas well away from and presumably unaffected by upwind mountain ranges, etc. 
Theoretical investigations of disturbed nocturnal inversions conducted by, for 
example, Chimonas (1980), Finnigan and Einaudi (1981), Fua et al. (1982), and 
Finnigan (1988) are based on the theory of gravity wave/turbulence coupling. The 
basic hypothesis of this theory is that intermittent episodes of turbulence are 
generated by gravity-wave modulated values of the local Richardson number. A 
dynamically stable layer of air (Ri > Ri,) can be modified by a passing gravity 
wave so that Ri is lowered below Ri,, and turbulence results. With the passage 
of the wave, the layer may return to a stable state. A train of such waves can result 
in several turbulence episodes throughout a night. Thus, through this mechanism, 
turbulence can occur even though the boundary layer is observed to be dynamically 
stable in the mean. 
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The rapid destruction of the stable PBL due to internal gravity waves generated 
by distant thunderstorms has been documented by Curry and Murty (1974), Uccel- 
lini (1975), Balachandran (1980), Shreffler and Binkowski (1981), and Doviak and 
Ge (1984). The observations generally show gravity waves with amplitudes of 1 
to 2 mb, wavelengths of several hundred kilometers, and phase velocities between 
25 and50ms-‘. These waves can propagate many hundreds of kilometers. In the 
stable PBL, their passages are usually marked by intense gusts and destruction of 
the stable inversion. These disturbances typically last from 2 to 3 h and extend 
vertically upward a few kilometers. 

Regardless of the mechanisms leading to PBL breakdown events, and it is likely 
that several mechanisms can act simultaneously, it must be determined if these 
events are a significant feature of the stable PBL. If this is the case, then it will 
be necessary to modify conventional PBL theory to account for the effects of these 
breakdowns. In this paper, we shall show that breakdowns of the nighttime PBL 
are a regular feature over both simple and complex terrain. 

2. The Data 

Data which we consider representative of simple terrain environments were taken 
from the EPA Regional Air Monitoring System (RAMS) which is described in 
detail by Schiermeier (1978). These data were collected at 25 stations within and 
around St. Louis, MO from 1975 through 1977. Figure 1 shows the locations of 
these stations, which were arranged in approximate rings with average radii from 
the central station (station 1) of 5, 11, 20, and 44 km. One-minute averages of 
meteorological variables were formed at each station from half-second samples. 
In this study, we use horizontal wind speed and temperature measured at 30 m 
above the ground surface at stations 1 (urban) and 23 (rural). Station 1 was located 
north of the city center in an area of one- and two-story buildings; station 23 was 
located east of the city in open farmland. 

Data over complex terrain were taken at the Walker Branch Watershed field 
station near Oak Ridge, TN from February, 1987 to June 1988. Figure 2 illustrates 
the terrain contours in the Oak Ridge region. In this part of the eastern Tennessee 
River Valley, the terrain consists mostly of parallel ridges aligned along the valley 
axis. The ridges are typically 50 m high, 1 km wide, and 1 to 2 km apart. The 
region is mostly forested except for towns and small farms in the valleys. The 
monitoring system at the Walker Branch site consisted of a three-component Gill 
anemometer,* an aspirated bead thermistor, and a Meloy continuous-measuring 
ozone monitor all mounted at the 40 m level of the Walker Branch tower. This 

* Mention of a commercial company or product does not constitute an endorsement by NOAA. 
Information from this publication concerning proprietary products or the test of such products for 
publicity or advertising purposes is not authorized. 
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Fig. 1. Locations of the RAMS stations. 

level is some 17 m above the forest canopy. The tower is on the crest of a ridge 
which has an average elevation of about 60 m above the floor of the Tennessee 
River Valley. From observations taken every half-second, one-minute averages of 
horizontal wind speed, temperature and ozone mixing ratio were formed. In 
addition to these measurements, a monostatic sodar was in operation in a clearing 
located about 400 m away from the tower. 

All the data were screened for continuity, and only those nights with more than 
80% data recovery were used. Missing data were filled in by assigning to these 
points the most recent valid value. The number of nights of useful data are 165 
for the Walker Branch, 103 for RAMS station 1, and 76 for RAMS station 23. 
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3. Method of Analysis 

The crux of the analysis lies in the detection of a breakdown event from the 
time series of one-minute average horizontal wind speed and temperature. An 
alternative and perhaps more direct method would be to use turbulent heat flux 
data obtained using sonic anemometers and fast-response temperature sensors, 
but continuous records of such data over many nights are rare. The breakdown 
event is pictured as an overturning of the PBL air. In the presence of vertical 
wind shear and a stable thermal stratification, such an overturning transfers down- 
ward high-speed warm air toward the ground surface, and lifts low-speed cool air 
upward away from the ground. These events will appear in the individual time 
series as perturbations, which can be isolated through the use of a digital bandpass 
filter. The filtering is done using Gaussian-weighted running means of the general 
form 

(1) 

where (qi) represents the running mean value of some variable q at time ti, u is 
the scale width of the filter window, and N is the number of samples used in the 
averaging. Typically, N = 3~. The raw wind speed and temperature time series 
are first smoothed using Equation (1) with u = 5 min. This reduces the amplitudes 
of the minute-to-minute fluctuations. We consider these fluctuations too short- 
lived to be breakdown events. The smoothed time series are represented by, for 
example, (q)5. Next, we apply Equation (1) to the series (q)5, but now (+ = 30 min. 
This smoothing produces the long-term running mean of q. We represent this 
series by (q)30. Figure 3 shows the raw and smoothed wind speed and temperature 
time series for a typical night at RAMS station 23. The bandpass filtering is 
accomplished by subtracting (q)3,, from (q)5, which results in the time series of the 
perturbations we associate with the breakdowns occurring throughout the night. 
Figure 4 shows an example of these windspeed and temperature perturbations 
plotted on the same graph where U’ = (U), - (U),,, and T’ = (T), - (T)3,1. The 
wind speed and temperature fluctuations tend to occur at about the same time, 
but there are also periods when they do not. A more certain way of detecting a 
breakdown event is given by examining the time series of the wind speed-tempera- 
ture covariance, CUi7, which is obtained by forming the product of the two per- 
turbation time series, i.e., 

C UT = ((U>s - (Uho)((T>s - 6’730) . (2) 

Figure 5 shows the time series of the covariance for the case shown in Figures 3 
and 4. We see that CUT is mostly positive throughout the night, but periods of 
negative covariance also exist. Spikes of negative covariance occur at 2300, 0015, 
and 0100 h. Examination of Figure 4 shows that during those times, the tempera- 
ture perturbation lags the speed perturbation by several minutes. We attribute 
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Fig. 3. Raw and smoothed time series of wind speed (a) and temperature (b) for a typical night at 
RAMS station 23. 
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Fig. 4. Perturbation wind speed, U, and temperature, T, at RAMS station 23 for the same night as 
shown in Figure 3. 
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Fig. 5. Wind speed-temperature covariance for the case shown in Figure 3. 
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these short intervals of negative covariance to differences in response times of 
the temperature and wind speed sensors. Also, the relative sensitivities of the 
instruments will affect the covariances. We assume a breakdown begins when CLrT 
exceeds 10% of the average nighttime covariance, and ends when CUT drops below 
this value. We take the nighttime period to run from 2000 to 0600 LST; however, 
the final results do not appear to be overly sensitive to these times. The statistics 
of interest are the number of breakdowns per night, the durations of the break- 
downs, and the length of time between breakdowns. This latter quantity is signifi- 
cant because it relates to the relaxation time of the PBL. 

The results presented in this paper are obtained by examining CUT; however, 
because the ozone mixing ratio generally increases with height above the ground 
surface during stable conditions (Harrison et al., 1978), an overturning of the PBL 
air will bring high-speed ozone-rich air down toward the ground surface, and lift 
low-speed ozone-depleted air up away from the ground surface. The result is a 
positive covariance of wind speed and ozone, CUO. However, Nappo et al. (1988) 
show that the nighttime vertical distribution of ozone can have zones of significant 
depletion due to scavenging by nitrogen, sulfur or hydrocarbons. If air from these 
zones is brought downward to the ground, then a negative covariance of wind 
speed and ozone will result. Figure 6 shows an example of CUO measured at the 
Walker Branch site. The sharp negative spikes are probably due to differences 
in instrument response times. However, the time series of CUO is in general quite 
similar to that of CUT. 
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Fig. 6. Wind speed-ozone covariance for a typical night at the Walker Branch field site. 
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4. The Results 

(A) S IMPLE TERRAIN 

The relative frequencies of breakdowns per night for urban (RAMS station 1) and 
rural (RAMS station 23) locations are shown in Figure 7. The distributions appear 
somewhat Gaussian, with average values of 13 breakdowns per night for the urban 
station, and 15 for the rural one. For both locations, the distributions are slightly 
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Fig. 7. Relative frequencies of breakdowns per night at the urban RAMS station 1 (a) and rural 
RAMS station 23 (b). 
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skewed toward lower values. The range of the number of breakdowns per night 
is greater for the urban station than for the rural one, but the number of break- 
downs per night at the rural station is greater than at the urban one. The relative 
frequencies of the durations of breakdown events observed at the urban and rural 
stations are shown in Figure 8. The distributions appear somewhat lognormal. All 
breakdowns longer than 60 min are grouped into the 60-min cell. Note that because 
the resolution of the covariance time series is one minute, we cannot detect 
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Fig. 8. Relative frequencies of the durations of breakdowns at the urban RAMS station 1 (a) and 
rural RAMS station 23 (b). 
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breakdowns which last less than 2 min. The average duration of breakdowns is 
15 min for the urban station, and 19 min for the rural station. The mode of a 
probability distribution marks the most likely value of the variant, and for this 
reason is perhaps a more meaningful statistic than the average. The mode is 
estimated by inspection to be about 8 min for the urban station, and about 10 min 
for the rural station. 

Figure 9 shows the relative frequencies of the intervals between breakdown 
events for the urban and rural stations. These quiescent periods are skewed more 
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Fig. 9. Relative frequencies of the intervals between breakdowns at the urban RAMS station 1 (a) 
and rural RAMS station 23 (b). 
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Fig. 10. Relative frequencies of breakdowns per night at the Walker Branch site. 

toward higher values for the urban than for the rural station. The average interval 
between breakdowns is 21 min for the urban station, and 17 min for the rural one. 
The modes are estimated to be about 6 min for the rural station, and about 12 min 
for the urban station if we smooth over the peaks at about 8 and about 14 min. 

(B) COMPLEXTERRAIN 

The relative frequency distribution of breakdowns per night for the Walker Branch 
field station is shown in Figure 10. The distribution is Gaussian-shaped, and just 
as for the simple-terrain case, the distribution is slightly skewed toward lower 
values. The average number of breakdowns per night is 18. The relative frequency 
distributions of breakdown duration and intervals between breakdowns are shown 
in Figures 11 and 12, respectively. These distributions appear quite similar to the 
corresponding ones for the simple-terrain case. The average duration of a break- 
down event is 16min, and the average interval between breakdown events is 
14 min. The distribution of breakdown durations, Figure 11, has two peaks at 4 
and 10 min, but we do not consider this significant; thus we estimate the mode of 
the distribution to be about 6min. The mode of the distribution of intervals 
between breakdowns is estimated from Figure 12 to be about 4 min. 

5. Discussion 

The average values of the breakdown characteristics are presented in Table I. The 
average value of the covariance per breakdown is obtained by dividing the sum 
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Fig. 11. Relative frequencies of the durations of breakdowns at the Walker Branch site. 
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TABLE I 

Average values of breakdown characteristics 

RAMS #l RAMS #23 
(urban) (rural) 

Breakdowns per night 13 15 
Duration of breakdowns (min) 15(8)* 19(10) 
Interval between breakdowns (min) 21(12) 17(6) 
Covariance per breakdown (k-m s-‘) 3.2 x lo-’ 5.5 x lo-* 
Nighttime average covariance (k-m s-i) 0.6 x lo-’ 12 x lo-’ 

* Numbers in parentheses are the modal values of the distributions. 

Walker Branch 
(complex terrain) 

18 
16th) 
14(4) 
4.8 x 10-2 

-7.8 x 10-s 

of all the covariance values during breakdowns by the total number of minutes of 
breakdown. The nighttime average covariance is formed by first calculating the 
average CUT for each night, and then forming the average of these values. The 
values of the individual characteristics are seen to be not very different over the 
three sites, even though these sites are located in quite contrasting environments. 
This is significant because it suggests that breakdowns are not exceptional events 
limited to a certain terrain type, but rather are a regular feature of the stable 
PBL. This hypothesis is supported by the fact that average values of CUT during 
breakdowns at the three sites are about the same. Differences in these values can 
be explained qualitatively. At the urban station, both the heat island effect and 
the large surface roughness act to limit both the strength of the temperature 
inversion and the velocity shear near the ground surface (Arya, 1988). These 
effects will result in small values of the temperature and wind speed perturbations 
caused by the breakdowns. Thus covariances will be small as well as the number 
of breakdowns per night and the duration of the breakdowns. This effect also 
causes the large duration between breakdowns at the urban station. At the rural 
station, we can expect the nighttime PBL temperature and wind speed gradients 
to be larger than at the urban station; however, this does not automatically result 
in greater PBL stability. Thus we can expect that the number of breakdowns per 
night and their durations will be about the same as at the urban station. But 
because the gradients are larger, the perturbations near the ground surface will 
also be larger than at the urban site, and this will result in greater values of wind 
speed-temperature covariance. At the Walker Branch site, the nighttime PBL 
experiences frequent, short duration breakdowns. This is consistent with terrain- 
generated disturbances such as, for example, gravity waves, streamline deforma- 
tion, and vortex shedding. However, the covariances associated with these break- 
downs have about the same values as that for the RAMS 23 station. 

The values of nighttime average covariance in Table I for the RAMS stations 
are in accord with the characteristics of the breakdowns. For example, the average 
covariance over a night can be given by 



84 CARMEN J. NAPPO 

c,,A ‘ovariancelbreakdown)(duration of breakdown)(breakdowns/night) 

duration of night 
. (3) 

Using the average values in Table I in Equation (3) and assuming an 8 h night, 
we get CLIT = 0.13 x lop3 k m s-r for station 1 and 33 X lop3 km s-l for station 
23. However, for the Walker Branch site, we get CLIT = 29 x 10e3 km s-l, which 
is quite different from the measured value of -7.8 x 10p5. We can account for 
this difference in the following way. Recall that the Walker Branch site is located 
atop a 60 m ridge. Air flow directed over the ridge will tend to speed up as the 
flow streamlines converge above the ridge, and this will create a positive wind 
speed perturbation. However, because this flow originates at lower elevations, it 
will be colder than the ambient air at the instrument height some 100m above 
the valley floor, and this will create a negative temperature perturbation. The 
result is a negative covariance. These types of events occur throughout the night, 
and lead to the low values of nighttime average covariance. 

The relationship between breakdown events and turbulence is illustrated in 
Figure 13, where the monostatic sodar trace and CUT are plotted for one night at 
the Walker Branch site. The elevation of the tower instruments is about 40m 
above the sodar. The covariance is essentially zero until just before 2200 h when 
a sharp rise occurs. This jump in C UT corresponds with the sudden appearance of 
turbulence in the PBL as indicated by the sodar trace at the 40 m height. After 
this initial period, the covariance and the turbulence are seen to vary with time; 
however a correlation exists between these quantities if examined on the 40 m 
level sodar trace. At about 0400 h, the turbulence and CuY. both fall to zero and 
remain there. Large negative values of the covariance such as those seen at 0215 
and 0330, are attributed to the effects of flow over the ridge as described above. 

This analysis of breakdown events is based on fluctuations of 1 min averages of 
horizontal wind speeds and temperatures, which we assume to arise from over- 
turnings of the PBL air. However, we have seen that horizontal advection can 
also lead to fluctuations, but this effect may be more pronounced over complex 
terrain. If we take the covariances to represent, in some sense, a vertical flux, 
then a heat flux can be defined as - pc,C LrT, where p is the air density and cp is 
the specific heat of air at constant pressure. Using the values from Table I, and 
the standard density of air, the average heat fluxes per breakdown are -40 Wm-’ 
for the urban station, -68 Wm-’ for the rural station, and -59 Wm-’ for the 
complex terrain station. These values are greater than the heat flux values normally 
observed in the stable PBL; however, these are intermittent values which must 
be averaged, according to (3), to get the appropriate nighttime value. For example, 
at RAMS station 23, the heat flux averaged over an S-h night is about -21 Wmp2, 
which is a reasonable value, and no longer larger than normally observed. 

We have examined the wind speed-ozone covariances; however, these results 
are not easily interpreted. For example, if we associate the covariance with a 
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vertical flux of ozone, then we can define a deposition velocity as the ratio of 
the covariance to the concentration. The deposition velocities for ozone during 
breakdowns are found to be 87 cm s-l at RAMS station 1 and 83 cm s-r at RAMS 
station 23. These values are about two orders of magnitude greater than what one 
would expect from eddy correlation measurements. These results suggest that we 
cannot simply relate the covariance of horizontal wind speed and ozone concentra- 
tion to the vertical flux of ozone. Rather, we expect the true vertical flux to be 
some small fraction of the total flux. 

6. Conclusion 

The results of this study demonstrate that sporadic turbulent breakdowns are a 
consistent feature of the stable PBL over all types of terrain. We speculate that 
significant portions of the nocturnal exchanges of heat, momentum, and atmos- 
pheric pollutants between the atmosphere and the ground surface occur during 
these breakdown episodes. Conventional PBL diffusion theory does not account 
for these episodes, and because of this, model predictions of nighttime vertical 
fluxes may be inaccurate. This may not be a serious problem for long-term air 
quality considerations; however, for short-term predictions of ground surface con- 
centrations of hazardous materials, failure to account for PBL breakdowns is 
potentially dangerous. 
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