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1) Foreward 

This work is comprised of a comprehensive investigation of the evolution and stability of, and the 
turbulent mixing and fluxes within, the stable nocturnal boundary layer (NBL) using the Cooperative 
Atmosphere-Surface Exchange Study (CASES) instrumented site in south central Kansas and the greatly 
enhanced in-situ instrumentation to be deployed during CASES-. It was motivated by the need to 
establish the role of the NBL and phenomena within the NBL in surface and boundary layer heat and 
momentum fluxes. It is known that a variety of atmospheric phenomena influence these fluxes, such as 
gravity wave propagation, shear instability, gravity currents, stratified turbulence, mesoscale motions, and 
strong radiative effects. Various combinations of these phenomena likely account for turbulence 
intensities and intermittency, and the corresponding fluxes, within the stable NBL, and therefore its 
complicated scalar dispersion. We have used the correlative high-resolution measurements of turbulence 
generation and mixing during CASES-99 to 1) understand the dynamics and characteristics of turbulence 
in the NBL, 2) identify the dominant sources of turbulence, and 3) quantify the heat and momentum 
fluxes, for the improvement of existing parameterization. 

The CASES-99 field program was held in October 1999 east of Wichita, Kansas. CASES-99 
instrumentation defined the meso-γ and micro-α scale boundary layer evolution and structure. Existing 
data sources in and around the field site provided enhanced ground-based and surface flux 
instrumentation. In-situ boundary-layer instrumentation defined the evolving temperature, wind, and 
constituent profiles and the wave, eddy, and turbulence fluxes of heat and momentum. In addition to 
ARO contributions, instrumentation was supplied by, 1) an NCAR facility request and 2) Argonne 
National Laboratory, 3) NOAA, 4) European organizations, 5) Universities, and 6) other organizations. 

During the 2 year period of the contract we completed extensive observational analyses and 
quantification of NBL flux, including data analysis from the Intensive Observational Periods (IOPs). By 
correlating the measurements from relevant platforms and using those instruments that directly measure 
fluxes (the airborne instruments, lidar, the 60 m and other towers), we have quantified the impact of 
various phenomena on NBL fluxes. In the second year we focussed on dynamical causes of intermittency 
and the development of quantitative representation of NBL flux evolution. Our research has been 
extensive and significantly progressed the atmospheric science field’s knowledge of the processes 
contributing to turbulent mixing and transport in the stable NBL and has specifically enabled their more 
quantitative parameterization. 

2) Table of Contents (if more than 10 pages) 

Report Documentation Page   0 
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3) List of Appendices, Tables and Illustrations (illustrations only) 

Figure 1: a) σH and σHp (Louis 1981 [dots] and Delage 1997 [stars]) versus Rib and b) H and Hp (Louis 
1981 and Delage 1997) versus Rib. Insufficient data does not allow the drawing of a meaningful line 
beyond Rib = 2.0 in b). Standard deviation ranges are also shown in b) for some of the data. 

Figure 2: a) σu* and σu*p (Louis 1981 [dots] and Delage 1997 [stars]) versus Rib and b) u* and u*p (Louis 
1981 and Delage 1997) versus Rib. Insufficient data does not allow the drawing of a meaningful line 
beyond Rib = 2.0 in b). Standard deviation ranges are also shown in b) for some of the data. 

Figure 3: Ensemble fluxes versus individual fluxes for sensible heat at the 5 m level on the central 60 m 
tower from CASES-99. The text correlation values show that the 5 m heat flux for this particular night 
(as was typical) is correlated less with the average fluxes aloft (0.59) than with fluxes taken at the same 5 
m level from towers at 100 m radii (0.71) but greater than from towers at 300 m radii (0.54). 

4) Statement of the problem studied 

 The intent of our investigation, as proposed, is to: 1) understand the dynamics and characteristics of 
turbulence in the NBL, 2) identify the dominant sources of turbulence, and 3) quantify the heat and 
momentum fluxes with the intent of devising a revision to existing surface layer theory. We have made 
significant progress toward each of these goals. 

5) Summary of the most important results 

We have used CASES-99 nighttime observations to, 1) calculate the sensible heat flux and u*from 
two surface layer formulae (Louis 1981, Delage 1997) and compare the parameterized fluxes to those 
observed, 2) investigate the ‘constant flux’ assumption and the implications of that for the implementa-
tion of surface layer formulae, and 3) characterize the basic statistical behavior of heat and momentum 
fluxes for statically stable conditions, particularly large dynamic stability. Our results suggest that surface 
temperature numerical prediction errors, such as cold bias or occasional unrealistic cooling, over flat ter-
rain can be ascribed to the inadequate representation of the impact of non-local NBL phenomena on local 
fluxes at high Rib, the placement of z1 at high levels compared to the actual surface layer height in the 
clear sky NBL, and over prediction of cooling fluxes at relatively low Rib. We find that the Louis (1981) 
and Delage (1997) formulas predict zero or near-zero sensible heat fluxes for all Rib > ~ 2.0 and Rib > 
1.0, respectively, whereas observations show considerable average negative heat flux for all Rib. For 
momentum flux, the Delage formula predicts near zero values for large Rib, while the Louis formula 
predicts more reasonable mean values. As a result cold air would be generated at the ground surface in a 
numerical model by radiational cooling, but not transferred to the first model grid level above ground, if 
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model Rib became large. Thus, unrealistic vertical temperature gradients could be created which may not 
be adequately balanced by a radiative parameterization, or otherwise create numerical instability. 

We have also investigated the constant flux assumption based on profiles of heat and momentum 
flux. Using a threshold value of 10% and we find that the average surface layer in the NBL for Rib > 0.2 
is either a few meters deep or undefined. These results suggest that it may be difficult to prescribe a fixed 
surface layer height in a numerical model, as is currently the practice, and to also expect exclusively 
similarity-based surface layer formulae to perform adequately at large stability. The near surface heat 
fluxes were found, in the mean for Rib > 0.2, to be reasonably constant and non-monotonic with height up 
to 55 m, making the boundary layer difficult to define, in part because of the influence of increasing 
intermittency between 20 and 55 m above ground. The u* profile for Rib > 0.2 was consistent with 
‘upside-down’ boundary layer concept (Vickers and Mahrt 2002), making the surface layer undefinable, 
whereas the mean sensible heat flux profile exhibited a ‘mirrored’ boundary layer shape. 

We also found (Figures 1 and 2) that the Louis (1981) and Delage (1997) formulae overpredicted the 
magnitude of negative sensible heat flux for 0.1 < Rib < 1.0 and 0.1 < Rib < 0.6, respectively, with this 
overprediction becoming worse and tending towards higher Rib with greater altitude. Momentum flux 
was also overpredicted by these formulas for most Rib < 0.5. As a result, at low but positive Rib these 
formulae will transfer cool air at too great a rate to the first model grid point above ground. This behavior 
can lead to excessive cooling at z1 if flux divergence is negligible above the surface layer. 

CASES-99 observations, and indicated by the scatter, magnitude and standard deviation of H and 
u*for large Rib, (Figures 1 and 2) clearly indicate a wide variety of non-local sources of potential mixing. 
Our results make it tempting to re-propose (Kondo et al. 1978) that the drag coefficient be a constant or 
nearly constant value for high Rib, allowing continued down-gradient transfer for all variables for Rib > 0. 
We propose instead a more physically realistic and comprehensive concept on the basis of the routine 
occurrence of various external atmospheric phenomena inducing fluxes. This approach introduces to sur-
face layer formulae a random component of a defined probability function that would by physically 
bounded by far more comprehensive field observations and practically implemented with additional 
requirements based on model configuration. Further details can be found in Poulos and Burns (2003). 

In addition to the above results, in summary we have found (see details in Fritts et al. 2003, Poulos et 
al. 2002, Blumen et al. 2001, Balsley et al., 2002, ) 

• CASES-99 data led to characterization of large-scale KH instabilities that appear to play a large, 
transient role in NBL mixing. This turbulent exchange can frequently, particularly in regions 
where nocturnal, low-level jets are present, lead to a restructuring of the atmospheric profile, with 
subsequent influence on inversion strength prediction and surface low temperature prediction. 

• CASES-99 data permitted an assessment of ducted structures that appear to be a persistent 
feature of NBL dynamics. Generally, thought to be gravity waves, these features propagate 
through the evolving NBL with some significant effects if subjected to shear. In general, these 
features are responsible of NBL oscillations in pressure, temperature and momentum, as would be 
expected from gravity wave propagation. 

• CASES-99 data led to the discovery of surface flow impacts on NBL wave structure, suggesting 
a mechanism for wave excitation and contaminant dispersal. In particular, body-forcing has been 
found to create conditions conducive to vertical wave propagation from an otherwise unknown 
source: local, small-scale terrain variation with coincident wind direction change. This mechanism 
would operate over much of the Earth’s surface which is characterized by terrain features 
somewhat similar to the rolling flatlands of southeastern Kansas where CASES-99 was held. 
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• A catalog of CASES-99 fluxes, intermittency statistics and horizontal correlations has also been 
produced which will lead to additional publications upon further examination. This archive can be 
found at  http://www.co-ra.com/~shane/ As is clear from the statistics shown therein, the stable 
NBL fluxes are rather well correlated over many nights, ensembled, but on any given night, poorly 
correlated even within 100 m radii (e.g. Figure 3). 

In summary, the CASES-99 field experiment, which was organized by the co-I’s, was an 
extraordinarily successful investigation of the stable nocturnal boundary layer. Thus, far we have 
produced and co-edited two Special Issues (Boundary Layer Meteorology and the Journal of 
Atmospheric Sciences) and generated innumerable publications which describe expanded understanding 
of the stable and very stable (Ri > 1.0) NBL. 

The CASES-99 Special Issue of the Journal of Atmospheric Sciences was presented to the scientific 
community in honor of our co-I Dr. William Blumen, Professor Emeritus in the Program of Atmospheric 
and Oceanic Sciences at the University of Colorado at Boulder and initiator of CASES-99, who died on 
23 April 2002 at the age of 70.  We would like to take a couple paragraphs in this summary to honor 
Bill’s contributions. 

Through his involvement with the overarching Cooperative Atmosphere-Surface Exchange Study 
(CASES), Bill was the progenitor of CASES-99, an investigation of these exchanges under statically 
stable near surface conditions. He was dedicated to formulating CASES-99 from the ground up, starting 
with an assessment of interest within the atmospheric science community through announcements at 
Boundary Layer and other conferences. Scientific goals were crystallized in a concise series of meetings 
and communications, and Bill either led or directed much of the CASES-99 effort with aplomb. 

Some knew Bill most for his achievements in theoretical atmospheric physics, but we recall with 
fondness his ability to dirty his hands in the months approaching and during the CASES-99 field 
experiment. We spent many days driving around the countryside of southeastern Kansas with Bill in 
search of the central site for CASES-99, in search of landowners to obtain permission, in negotiations to 
see if cattle could be removed from the premises (e.g. the photo above, courtesy Dr. Julie Lundquist), 
waiting at the offices of the local county seat for the maps required, setting up instrumentation and finally 
spending many cold, nighttime hours directing aircraft and remote sensing field observation. During those 
days and nights, in addition to typical banter, we would encourage Bill to discuss his early days in the 
Navy and at MIT. For the younger researchers, this was like reviewing a portion of the more recent 
foundations of atmospheric science. As the hours passed so did Bill’s wisdom, along with cautionary tales 
of maintaining standards and honor. 

6) Listing of publications 

Papers published in peer reviewed journals 

Poulos, G. S. and S. P. Burns, 2003:An evaluation of bulk Ri-based surface layer flux formulae for stable 
and very stable conditions with intermittent turbulence. J. Atmos. Sci. (in press). 

Poulos, G. S., 2002: Preface - CASES-99 Special Issue. Bound.-Layer Meteor., 105, 197-198. 

M. LeMone, R. L. Grossman, R. L. Coulter, M. L Wesely, G. E. Klazura, G. S. Poulos, W. Blumen, J. 
K. Lundquist, R. H. Cuenca, S. F. Kelly, E. A. Brandes, S. P. Oncley, R. T. McMillen and B. B. 
Hicks, 2000: Land-atmosphere interaction research, early results and opportunities in the Walnut 
River Watershed in southeast Kansas: CASES and ABLE. Bull. Amer. Meteor. Soc., 81, 757-779. 



6 

Blumen, W., R. Banta, S. P. Burns, D. C. Fritts, R. Newsom, G. S. Poulos, and J. Sun, 2001:Turbulence 
statistics of a Kelvin-Helmholtz billow event observed in the nighttime boundary layer during the 
CASES-99 field program. Dyn. Atmos. Oceans , 34, 189-204. 

Balsley, B. B., D. C. Fritts, R. G. Freligh, M. Jones, S. L. Vadas, and R. Coulter, 2002: Up-gully flow in 
the Great Plains region: A mechanism for perturbing the nighttime lower atmosphere? , Geophys. Res. 
Lett., 20 (19), 10.1029/2002GL015435. 

Poulos, G. S., W. Blumen, D. C. Fritts, J. K. Lundquist, J. Sun, S. P. Burns, C. Nappo, R. Banta, R. 
Newsom, J. Cuxart, E. Terradellas, B. B. Balsley, and M. Jensen, 2002: CASES-99: A comprehensive 
investigation of the stable nocturnal boundary layer. Bull. Amer. Meteor. Soc., 83, 555-581. 

Fritts, D. C., C. Nappo, D. M. Riggin, B. B. Balsley, W. E. Eichenger, and R. Newsom, 2003: Analysis 
of ducted motions in the stable nocturnal boundary layer during CASES-99, J. Atmos. Sci., in press. 

Papers published in conference proceedings 

Poulos, G. S., D. F. Fritts, W. Blumen and W. D. Bach, 2000: CASES-99 field experiment: An overview. 
American Meteorological Society - Preprints 15th Conference on Boundary Layers and Turbulence, 
Snowmass, Colorado, 7-11 Aug, 618-621. 

Kosovic, B. and G. S. Poulos, 2002:  Toward large-eddy simulations of strongly-stratified atmospheric 
boundary layers. American Meteorological Society - Preprints 15th Symposium on Boundary Layers 
and Turbulence,Wageningen, The Netherlands, 15-19  July. 

Poulos, G. S., J. K. Lundquist, W. Blumen and S. Neuville, 2002: Shallow slope density currents during 
CASES-99: observations and modeling. American Meteorological Society - Preprints 15th 
Symposium on Boundary Layers and Turbulence,Wageningen, The Netherlands, 15-19  July. 

Poulos, G. S., W. Blumen and D. C. Fritts, 2000: CASES-99: An Investigation of the Stable Boundary 
Layer. American Geophysical Union - Abstracts, 2000 Fall Meeting, San Francisco, California, 
December 15-19, 2000. 

Poulos, G. S., 2000: Stable Boundary Layer Heterogeneity. American Geophysical Union - Abstracts, 
2000 Fall Meeting, San Francisco, California, December 15-19, 2000 

Papers presented at meetings, but not published in conference proceedings 

Cohen, E. and G. S. Poulos, 2000: The evolution of two CASES-99 intermittent turbulence events: 
Fluxes and spectra. American Meteorological Society - Poster session, 15th Conference on Boundary 
Layers and Turbulence, Snowmass, Colorado, 7-11 Aug, 618-621. 

Manuscripts submitted, but not published 

Poulos, G. S. and LeMone, M. A., 2003: Preface - William Blumen Memorial CASES-99 Special Issue. 
J. Atmos. Sci. (accepted). 

Balsley, B. B, R. Frelich, M. Jones, D. C. Fritts, and S. Vadas, 2003: 3D terrain effects on the stable 
nocturnal boundary layer, part 1: Observations of gully flows and their impact on vertical motions and 
wave generation, J. Geophys. Res., to be submitted. 



7 

Vadas, S., D. C. Fritts, B. B. Balsley, R. Frelich, and M. Jones, 2003: 3D terrain effects on the stable 
nocturnal boundary layer, part  2: Vertical body forcing and wave generation, J. Geophys. Res., to be 
submitted. 

Technical Reports submitted to ARO 

N/A 

7) Listing of participating scientific personnel 

Dr. Gregory S. Poulos, Colorado Research Associates 
Dr. William Blumen, University of Colorado, Boulder 
Dr. David C. Fritts, Colorado Research Associates 
Dr. Dennis Riggin, Colorado Research Associates 
Elisabeth Cohen, Cornell University (summer intern at Colorado Research Associates) 
Shane Neuville, University of Colorado, Boulder 

8) Report of Inventions 

N/A. 

9) Bibliography 

Acevedo, O. C., and D. R. Fitzjarrald, 2001: The early evening surface layer transition: temporal and spa-
tial variability. J. Atmos. Sci., 58, 2650-2667. 

Andreas, E. L., 2002: Parameterizing scalar transfer over snow and ice: A review. J. Hydrometeor., 3, 
417-432. 

Arya, S. P. S., 1972: The critical condition for the maintenance of turbulence in stratified flows. Quart. J. 
Roy. Meteor. Soc., 98, 264-273. 

Arya, S. P. S., and E. J. Plate, 1969: Modeling of the stably stratified atmospheric boundary layer. J. 
Atmos. Sci., 26, 656-665. 

Banta, R. M., R. K. Newsom, J. K. Lundquist, Y. L. Pichugina, R. L. Coulter and L. Mahrt, 2002: 
Nocturnal low-level jet characteristics over Kansas during CASES-99. Bound.-Layer Meteor., 105, 
221-252. 

Barnard, J. C., Intermittent turbulence in the very stable Ekman layer. Dissertation, University of Wash-
ington, Mech. Eng. Dept. 153 pp. 

Belair, S., P. Lacarrere, J. Noilhan, V. Masson, and J. Stein, 1998: High-resolution simulation of surface 
and turbulent fluxes during HAPEX-MOBILHY. Mon. Wea. Rev., 126, 2234-2253. 

Beljaars, A. C. M. and Holtslag, A. A. M., 1991: Flux parameterization over land surfaces for atmo-
spheric models. J. Appl. Meteor., 30, 327-341. 

Blumen, W., and R.L. Grossman, and M. Piper, 1999:Analysis of heat flux, dissipation and frontogenesis 
in a shallow density current. Bound.-Layer Meteor., 91, 281-306. 

Blumen, W., R. Banta, S. P. Burns, D. C. Fritts, R. Newsom, G. S. Poulos and J. Sun, 2001: Turbulent 
statistics of a Kelvin-Helmholtz billow event observed in the nighttime boundary layer during the 
CASES-99 field program. Dyn. Atmos. Oceans, 625, 1-16. 



8 

Businger, J. A., 1973: Turbulent transfer in the atmospheric surface layer. in D. H. Haugen (ed.), Work-
shop on Micrometeorology, American Meteor. Soc., Boston, MA, pp. 67-100. 

Businger, J. A., J. C. Wyngaard, Y. Izumi, and E. F. Bradley, 1971: Flux-profile relationships in the 
atmospheric surface layer. J. Atmos. Sci., 28, 181-189. 

Carson, D. J. and Richards, P. J. R., 1978: Modelling surface turbulent fluxes in stable conditions. 
Bound.-Layer Meteor., 14, 68-81. 

Caughey, S.J., and C.J. Readings, 1975: An observation of waves and turbulence in the Earth’s boundary 
layer. Bound.-Layer Meteor., 9, 279-296. 

Chen, F., Z. Janjic and K. Mitchell, 1997: Impact of atmospheric surface-layer parameterization in the 
new land-surface scheme of the NCEP mesoscale Eta Model. Bound.-Layer. Meteor., 85, 391-421. 

Cheney, N.R., and J. A. Businger, 1990: An accurate fast response temperature system using thermocou-
ples. J. Atmos. Ocean. Tech. 7, 504-516. 

Chimonas, G., 1985: Apparent counter-gradient heat fluxes generated by atmospheric wave. Bound. 
Layer Meteor., 31, 1-12. 

Coulter, R., 1990: A case study of turbulence in the stable nocturnal boundary layer. Bound. Layer 
Meteor., 52, 75-92. 

De Baas, A. F. and A. G. M. Driedonks, 1985: Internal gravity waves in a stably stratified boundary 
layer. Bound. Layer Meteor., 31, 303-323. 

Delage, Y., 1997: Parameterising sub-grid scale vertical transport in atmospheric models under statically 
stable conditions., Bound. Layer Meteor., 82, 23-48. 

Derbyshire, S. H., 1994: A ‘balance’ approach to stable boundary layer dynamics. J. Atmos. Sci., 51, 
3486-3504. 

Derbyshire, S.H., 1995: Stable boundary layers: Observations, models and variability Part I: Modeling 
and measurements. Bound.-Layer Meteor., 74, 19-54. 

Derbyshire, S.H., 1999: Boundary-layer decoupling over cold surfaces as a physical boundary instability. 
Bound.-Layer Meteor., 90, 297-325. 

De Silva, L.P.D., Fernando, H.J.S., Eaton, F, Hebert, D.,1996: Evolution of Kelvin-Helmholtz billows in 
nature and laboratory. Earth and Plan. Sci. Lett. 143, 217-231. 

Dubrulle, B., J.-P. Laval, P. P. Sullivan, and J. Werne, 2002a: A new dynamical subgrid model for the 
planetary surface layer. Part I. The model and a priori tests. J. Atmos. Sci., 59, 861-876. 

Dubrulle, B., J.-P. Laval, and P. P. Sullivan, 2002b: A new dynamical subgrid model for the planetary 
surface layer. Part II. Analytical computation of fluxes, mean profiles and variances. J. Atmos. Sci., 59, 
877-891. 

Elliott, W.P. 1964: The height variation of vertical heat flux near the ground. Quart. J. Roy. Meteor. 
Soc., 90, 260-265. 

Ellison, T. H., 1957: Turbulent transport of heat and momentum from an infinite rough plate. J. Fluid 
Mech., 2, 456-466. 



9 

Fernando, H.J.S., 1991: Turbulent mixing in stratified fluids. Ann. Rev Fluid Mech. 23, 455-493. 

Finnigan, J., 1979: Turbulence in waving wheat. Bound. Layer Meteor., 16, 181-211. 

Finnigan, J., 1999: A note on wave-turbulence interaction and the possibility of scaling the very stable 
boundary layer. Bound. Layer Meteor., 90, 529-539. 

Finnigan, J.J., F. Einaudi and D. Fua, 1984: The interaction between an internal gravity wave and turbu-
lence in the stably-stratified nocturnal boundary layer. J. Atmos. Sci., 41, 2409-2436.  

Fritts, D. C., C. Nappo, D. M. Riggin, B. B. Balsley, W. E. Eichinger, and R. K. Newsom, 2002: 
Analysis of ducted motions in the stable nocturnal boundary layer during CASES-99. J. Atmos. Sci., 
this issue. 

Funk, J.P., 1960: Measured radiative flux divergence near the ground at night. Quart. J. Roy. Meteor. 
Soc., 86, 382-389.  

Galmarini, S., C. Beets, P. G. Duynkerke and J. Vila-Guerau de arellano, 1998: Stable nocturnal 
boundary layers: A comparison of one-dimensional and large eddy simulation models. Bound. Layer 
Meteor., 88, 181-210. 

Gopalakdrishnan, S. G., M. Sharan, R. T. McNider and M. P. Singh, 1998: Study of radiative and turbu-
lent processes in the stable boundary layer under weak wind conditions. J. Atmos. Sci., 55, 954-960. 

Hanna, S. R. and R. Yang, 2001: Evaluations of mesoscale models’ simulations of near-surface winds, 
temperature gradients, and mixing depths. J. Appl. Meteor., 40, 1095-1104. 

Hartel, C. and L. Kleiser, 1998: Analysis and modeling of subgrid-scale motions in near-wall turbulence. 
J. Fluid Mech., 356, 327-352. 

Herbert, F. and Panhans, W.-G., 1979: Theoretical studies of the parameterization of the non-neutral sur-
face boundary layer. Bound. Layer Meteor., 16, 155-167. 

Hill, R. J., 1997: Applicability of Kolmogorov’s and Monin’s equations of turbulence. J. Fluid. Mech., 
353, 67-81. 

Holton, J. R.: 1967, The diurnal boundary layer wind oscillation above sloping terrain. Tellus, 19, 199- 
205. 

Hooke, W. H., F. F. Hall, and E. E. Gossard, 1973: The observed generation of an atmospheric gravity 
wave by shear instability in the mean flow of the planetary boundary layer. Bound. Layer Meteor., 5, 
29-41. 

Holtslag, A. A. M. and DeBruin, H. A. R., 1988: Applied modeling of the nighttime surface energy bal-
ance over land. J. Appl. Meteor., 27, 689-704. 

Holtslag, A. A. M. and Ek, M., 1996: Simulation of surface fluxes and boundary layer development over 
the Pine Forest in HAPEX-MOBILHY. J. Appl. Meteor., 35, 202-213. 

Howell, J. and L. Mahrt, 1997: Multiresolution flux decomposition. Bound.-Layer Meteor., 83, 117-137. 

Howell, J. and J. Sun, 1997: Surface layer fluxes in stable conditions. Bound.-Layer Meteor., 90, 495-
520. 



10 

Hunt, J. C. R., G. J. Shutts and S. H. Derbyshire, 1996: Stably stratified flows in meteorology. Dyn. 
Atmos. Oceans, 23, 63-79. 

Katul, G. G., J. Albertson, M. Parlange, C.-R. Chu, and H. Stricker, 1994: Conditional sampling, bursting 
and the intermittent structure of sensible heat flux. J. Geophys. Res., 99, 22869-22876. 

Kim, J. and L. Mahrt, 1992: Simple formulation of turbulent mixing in the stable free atmosphere and 
nocturnal boundary layer. Tellus, 44A, 381-394. 

Kondo, J., Kanechika, O., and Yasuda, N., 1978: Heat and momentum transfers under strong stability in 
the atmospheric surface layer. J. Atmos. Sci., 35, 1012-1021. 

Kot, S. C. and Y. Song, 1998: An improvement to the Louis scheme for the surface layer in an atmo-
spheric modeling system. Bound. Layer Meteor., 88, 239-254. 

Kosovic, B., and J. A. Curry, 2000: A large eddy simulation of quasi-steady, stably stratified atmospheric 
boundary layer. J. Atmos. Sci., 57, 1052-1068. 

Kunkel, K.E., and D.L. Walters, 1982: Intermittent turbulence in measurements of the temperature struc-
ture parameter under very stable conditions. Bound.-Layer Meteor., 22, 49-60.  

Launiainen, J., 1995: Derivation of the relationship between the Obukov stability parameter and the bulk 
Richardson Number for flux-profile studies. Bound.-Layer Meteor., 76, 165-179. 

LeMone, M., R. L. Grossman, R. L. Coulter, M. L Wesely, G. E. Klazura, G. S. Poulos, W. Blumen, J. 
K. Lundquist, R. H. Cuenca, S. F. Kelly, E. A. Brandes, S. P. Oncley, R. T. McMillen and B. B. 
Hicks, 2000: Land-atmosphere interaction research, early results and opportunities in the Walnut 
River Watershed in southeast Kansas: CASES and ABLE. Bull. Amer. Meteor. Soc., 81, 757-779. 

Lenschow, D.H., X.S. Li, C.J. Zhu, and B.B. Stankov 1988a: The stably stratified boundary layer over 
the Great Plains. Part I: Mean and turbulence structure. Bound.-Lay. Meteor., 42, 95-121. 

Lenschow, D.H., S.F. Zhang, and B.B. Stankov 1988b: The stably stratified boundary layer over the 
Great Plains. Part II: Horizontal variations and spectra. Bound.-Lay. Meteor., 42, 123-135. 

Louis, J. F., 1979: A parametric model of vertical eddy fluxes in the atmosphere. Bound.-Layer Meteor., 
17, 187-202. 

Louis, J. F., 1982: Parameterisation in weather prediction models. Rivista di Meteorologia Aeronautica, 
42, 219-255. 

Louis, J. F., M. Tiedtke, and J. F. Geleyn, 1981: A short history of the operational PBL - 
Parameterization at ECMWF. Workshop on Planetary Boundary Layer Parameterization, November 
25-27, 1981, European Centre for Medium Range Weather Forecasts, Reading, England, 59-79. 

Mahrt, L., 1998a: Flux sampling errors for aircraft and towers. J. Atmos. Oceanic Tech., 15, 416-429. 

Mahrt, L., 1998b: Stratified atmospheric boundary layers and breakdown of models. J. Theor. Comp. 
Fluid Dyn., 11, 263-280 

Mahrt, L., 1999: Stratified atmospheric boundary layer. Bound.-Layer. Meteor., 90, 375-396. 

Mahrt, L. and D. Vickers, 2002: Contrasting vertical structures of nocturnal boundary layers. Bound.- 
Layer Meteor., 105, 351-363. 



11 

Mahrt, L., J. Sun, W. Blumen, T. Delany, and S. Oncley, 1998: Nocturnal boundary-layer regimes. 
Bound.-Layer Meteor., 88, 255-278. 

McNider, R. T., D. E. England, M. J. Friedman, and X. Shi, 1995: Predictability of the stable 
atmospheric boundary layer. J. Atmos. Sci., 52, 1602-1623. 

McVehil, G. E., 1964: Wind and temperature profiles near the ground in stable stratification. Quart. J. 
Roy. Meteor. Soc., 90, 136-146. 

Merrill, J. T., 1977: Observational and theoretical study of shear instability in the airflow near the ground. 
J. Atmos. Sci., 34, 911-921. 

Monin, A. S. and A. M. Obukov, 1954: Basic laws of turbulent mixing in the surface layer of the atmo-
sphere. Akad. Nauk. S. S. S. R. Trud. Geofiz. Inst. Tr., 24, 163-187. 

Nappo, C., 1991: Sporadic breakdowns of stability in the PBL over simple and complex terrain. Bound.- 
Layer Meteor., 54, 69-87.  

Nappo, C. J., and P.-E. Johansson, 1998: Summary report of the Lovanger international workshop on 
turbulence and diffusion in the stable planetary boundary layer. Bull. Amer. Met. Soc., 79, 1401-1405. 

Newsom, R. K. and R. M. Banta, 2001: Shear-instability gravity waves in the stable nocturnal boundary 
layer as observed by doppler lidar during CASES-99. J. Atmos. Sci. (in press). 

Nieuwstadt, F. T. M., 1984: Some aspects of the turbulent stable boundary layer. Bound. Layer Meteor., 
30, 31-55,  

Obukov, A. M., 2001: Turbulence and Atmospheric Dynamics. Center for Turbulence Research Mono-
graph, November, Stanford University Press, 514 pp. 

Oke, T. R., 1970: Turbulent transport near the ground in stable conditions. J. Appl. Meteor., 9, 778-786. 

Oettl, D., R. A. Almbauer, and P. J. Sturm, 2001: A new method to estimate diffusion in stable, low-wind 
conditions. J. Appl. Meteor., 40, 259-268. 

Panofsky, H. A. and J. A. Dutton, 1984: Atmospheric Turbulence: Models and Methods for Engineering 
Applications. John Wiley & Sons, New York, 397 pp. 

Pielke, R.A., W.R. Cotton, R.L. Walko, C.J. Tremback, M.E. Nicholls, M.D. Moran, D.A. Wesley, T.J. 
Lee, and J.H. Copeland,  
1992: A comprehensive meteorological modeling system - RAMS. Meteor. Atmos. Phys., 49, 69-91. 

Pleune, R., 1990: Vertical diffusion in the stable atmosphere. Atmos. Env., 24A, 2547-2555. 

Poulos, G. S., 1996: The interaction of mountain waves and katabatic flows. Dissertation [Available from 
Colorado State University, Department of Atmospheric Sciences, Fort Collins, Colorado, 80523] 399 
pp. 

Poulos, G. S., W. Blumen, D. C. Fritts, J. K. Lundquist, J. Sun, S. P. Burns, C. Nappo, R. Banta, R. 
Newsome, J. Cuxart, E. Terradellas, B. Balsley and M. Jensen, 2002: CASES-99: A comprehensive 
investigation of the stable nocturnal boundary layer. Bull. Amer. Meteor. Soc., 83, 555-581. 

Poulos, G. S., and J. E. Bossert, 1995: An observational and prognostic numerical investigation of com-
plex terrain dispersion. J. Appl. Meteor., 34, 650-669. 



12 

Revelle, D. O., 1993: Chaos and “bursting” in the planetary boundary layer. J. Appl. Meteor., 32, 1169- 
1180. 

Rider, N.E., and G.D. Robinson, 1951: A study of the transfer of heat and water vapor. Quart. J. Roy. 
Meteor. Soc., 77, 375-401. 

Riley, J. J. and M.-P. Lelong, 2000: Fluid motions in the presence of strong stable stratification. Ann. 
Rev. Fluid Mech., 32, 613-657. 

Saiki, E. M., C-H. Moeng, and P. P. Sullivan, 2000: Large eddy simulation of the stably stratified plane-
tary boundary layer. Bound.-Layer Meteor., 95, 1-30. 

Schubert, J. F., 1977: Acoustic detection of momentum transfer during the abrupt transition from a lami-
nar to a turbulent atmospheric boundary layer. J. Appl. Meteor., 16, 1292-1297. 

Sorbjan, Z., 1989: Structure of the Atmospheric Boundary Layer. Prentice Hall, 317 pp. 

Stewart, R. W., 1969: Turbulence and waves in a stratified atmosphere. Radio Science, 4, 1269-1278. 

Sun, J., S.P. Burns, D.H. Lenschow, R. Banta, R. Newsom, R. Coulter, S. Frasier, T. Ince, C. Nappo, W. 
Blumen, X. Lee, X.Z. Hu, 2002: Intermittent turbulence associated with a density current passage in 
the stable boundary layer. Bound.-Layer Meteor., 105, 199-219. 

Thorpe, S. A., 1973: Experiments on instability and turbulence in stratified shear flow. J. Fluid Mech., 
61, 731-751. 

Thorpe, A.J., and T.H. Guymer, 1977: The nocturnal jet. Quart. J. R. Met. Soc.,103, 633-653. 

van den Hurk, B. J. J. M. and A. A. M. Holtslag, 1997: On the bulk parameterization of surface layer 
fluxes for various conditions and parameter ranges. Bound.-Layer Meteor., 82, 119-134. 

van Doorn, E., B. Dhruva, and K.R. Sreenivasan, 2000: Statistics of wind direction and its increments. 
Phys. Fluids, 12, 1529-1534. 

Viterbo, P., A. Beljaars, J.-F. Mahfouf, and J. Teixeira, 1999: The representation of soil moisture freezing 
and its impact on the stable boundary layer. Quart. J. Roy. Meteor. Soc., 125, 2401-2426. 

Webb, E. K., 1970: Profile relationships: the log-linear range and extension to strong stability. Quart. J. 
Roy. Meteor. Soc., 96, 67-90. 

Weber, A.H. and R.J. Kurzeja, 1991: Nocturnal planetary boundary layer structure and turbulence epi-
sodes during the Project STABLE field program, J. Appl. Meteor., 30, 1117-1133. 

Werne, J., and D. C. Fritts, 1999. Stratified shear turbulence: Evolution and statistics. Geophys. Res. 
Lett. 26, 439-442. 

Werne, J., and D. C. Fritts, 2001: Anisotropy in a stratified shear layer. Phys. Chem. Earth (B), 26, 263- 
268. 

Woods, J. D., 1969: On Richardson’s number as a criterion for laminar-turbulent-laminar transition in the 
ocean and atmosphere. Radio Science, 4, 1289-1298. 

Wyngaard, J. C., 1975: Modeling the planetary boundary layer - Extension to the stable case. Bound. 
Layer Meteor., 9, 441-460. 



13 

Wyngaard, J. C. and L. J. Peltier, 1996: Experimental micrometeorology in an era of turbulence simula-
tion. Bound. Layer Meteor., 78, 71-86. 

Yaglom, A. M., 1977: Comments on wind and temperature flux-profile relationships. Bound.-Layer 
Meteor., 11, 89-102. 

Yamada, T., 1975: The critical Richardson number and the ratio of the eddy transport coefficients 
obtained from a turbulence closure model. J. Atmos. Sci., 32, 926-933. 

 

10) Appendixes (Figures 1-3) 

 
Figure 1: a) σH and σHp (Louis 1981 [dots] and Delage 1997 [stars]) versus Rib and b) H and Hp (Louis 
1981 and Delage 1997) versus Rib. Insufficient data does not allow the drawing of a meaningful line 
beyond Rib = 2.0 in b). Standard deviation ranges are also shown in b) for some of the data. 
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Figure 2: a) σu* and σu*p (Louis 1981 [dots] and Delage 1997 [stars]) versus Rib and b) u* and u*p (Louis 
1981 and Delage 1997) versus Rib. Insufficient data does not allow the drawing of a meaningful line 
beyond Rib = 2.0 in b). Standard deviation ranges are also shown in b) for some of the data. 
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Figure 3: Ensemble fluxes versus individual fluxes for sensible heat at the 5 m level on the central 60 m 
tower from CASES-99. The text correlation values show that the 5 m heat flux for this particular night 
(as was typical) is correlated less with the average fluxes aloft (0.59) than with fluxes taken at the same 5 
m level from towers at 100 m radii (0.71) but greater than from towers at 300 m radii (0.54). 




