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PREFACE

This 1889 Annual Report trom Pagcific Northwest Laboratory (PNL) to the U.S. Department of Energy
{DOE) describes research in environment, safety, and health conducted during fiscal year 1989, The
report again consists of five parts, each in a separate volume.

The five parts of the report are oriented to parlicular segments of the PNL program. Parls 110 4 report on
research performed for the DOE Office of Health and Environmental Research in the Office of Energy
Research. Pan 5 reports progress on ail research pertormed for the Assistant Secretary for Environment,
Safety and Health. In some instances, the volumes report on research funded by other DOE components
or by other governmental entities under interagency agreements. Each part consists of project reperis
authored by scientists from several PNL research depariments, reflecting the muitidisciplinary nature of
the research effort.

The parls of the 1889 Annual Report are:

Part 1. Biomedical Sciences
Program Manager; J.F. Park . Park, Reporl Coordinator

J. F
S. A. Kreml, Editor

Part 2. Environmental Sciences
Program Manager: R. E. Wildung M. G. Hefty, Repert Coordinator and Editor

Part 3: Atmospheric Sciences
Program Manager: C. E. Elderkin C. E. Elderkin, Report Coordinator
E. L. Owczarski, Editor

Part 4: Physical Sciences

Program Manager: L. H. Toburen L. H. Toburen, Reponrt Coordinator
K. A. Parmell, Editor
Part 5. Environment, Safety, Health,
and Quaiity Assurance
Program Managers: L. G. Faust S. K. Ennor, Report Coordinator and Editor
P. G. Doctor
J. M. Selby

Activities of the scientists whose work is described in this annua!l repon are broader in scope than the
articles indicate. PNL staff have responded to numerous requests from DOE during the year for planning,
for service on various task groups, and for special assistance.

Credit for this annual reporl goes to the many scientists who performed the research and wrote the indi-
vidual project reports, to the program managers who directed the research and coordinated the technical
progress reports, to the editors who edited the individual project reperts and assembled the five pans.
and to Ray Baalman, editor in chiet, who directed the total eHort.

W. J.Bairand T. S. Tenforde

Environment, Health and Safety
Research Program
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FOREWORD

The Atmospheric Sciences Program at PNL has been studying atmospheric transport and processing of
materials since the days of the Atomic Energy Commission {AEGC). Early tracer developments were used
in dispersion experiments to produce an extensive data base defining instantaneous and continuous
plumes diffusing over a limited, relatively flat portion of the Haniord Site. Plume characteristics for a uni-
form surface in steady-state conditions were evaluated as a function of meteorological parameters. In fall-
out studies, very sensitive radiological detection methods permitted detailed characterization of seasonal
and year-to-year variations in air concentrations of radionuclides over western North America.

As the program evolved, early research also dealt with wet and dry scavenging of nuclear contaminants.
Much of the field experimentation on scavenging processes involved simulation of nuclear particulates
with tracers. Releases of tracers at the surface investigated dry removal and below-cloud wet removal
processes and, later in our initial research aircraft operations, tracers were released into clouds to study
in-cloud scavenging processes. As energy development was undertaken more broadly, our research
extended beyond nuclear concerns to include the transpor, transiormation, and wet removal of fossil
energy contaminants on a iocal to multistate basis, preceding by severaf years the recognition of acid rain
as a national problem.

Currently, the broad goals of atlmospheric research al PNL are to describe and predict the nature and fate
of atmospheric contaminants and to develop an understanding of the atmospheric processes contributing
to their distribution on local, regional, continental, and global scales in the air, in clouds, and on the sur-
face. For several years, studies of transporl and diffusion have been extended to mesoscale areas of
complex terrain, Atmospheric cleansing research has expanded 10 a regional-scale, multilaboratory inves-
tigation of precipitation scavenging processes involving the transformation and wet depositicn of chemni-
cals composing "acid rain." In addition, the redistribution and long-range iransport of transformed
contarninants passing through clouds is recognized as a necessary extension of our research to even
larger scales in the future. Eventually, large-scale experiments on cloud processing and redistribution of
contaminants will be integrated into the national program on global change, investigating how energy
pollutants affect aerosols and clouds and the transfer of radiant energy through them. As the signiticance
of this effect becomes clear, its global impact on climate will be studied through experimental and
modeling research.

The description of ongoing atmospheric research at PNL is organized in terms of the following study
areas:

* Atmospheric Studies in Complex Terrain

* Large-Scale Atmospheric Transport and Processing of Emissions

* Climate Change.

This report describes the progress in FY 1989 in each of these areas. A divider page summarizes the
goals of each area and lists project titles that suppoert research activities.
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29 Atmospheric Studies
“in Complex Terrain



ATMOSPHERIC STUDIES IN COMPLEX TERRAIN

The Atmospheric Studies in Complex Terrain {ASCQOT) program investigates the role of energy exchange,
terrain configuration, and scale interactions for coupled flows (e.g., slope, valley, and gradient) in develop-
ing and destroying boundary-iayer circulations and in dispersing contained contaminants. Research
consists of both field experiments and modeling studies. :

Experiments are conducted at sites with prominent terrain features where strong diurnal variations in
energy fluxes can be well documented. Temperature, wind, and turbulence fields in the thermally gen-
erated mesoscale circulations are measured in situ and remotely. The general flow features over the
region to which the terrain-induced circulations and contaminant plumes are periodically linked are char-
acterized with soundings and tracers.

Numerical computer models are used to help analyze the results of measurement programs and to carry
out numerical experiments that extend the range of conditions being studied. These investigations are
systematically increasing the reliability of thecretical descriptions and models. Such models hold the
promise of translating descriptive and forecasting capabilities to the great number of other locations where
boundary-layer flow and contaminant dispersion are significantly influenced by terrain features and surface
energy exchange processes.

While maintaining their longer-term commitment to basic research in complex terrain meteoroleogy, ASCOT
program participants are atso focusing more closely on applications of the understanding of complex
meteorology; in particular, problems of emergency preparedness relevant io DOE needs. PNL is par-
ticipating in an ASCOT field experiment at the Oak Ridge National Laboratory (ORNL) in early 1930. The
improved understanding of the wind, temperature, and turbutence fields in the vicinity of ORNL and in the
Tennessee Valley will improve transpor and dispersion forecast tools for the region. Resulis from meas-
urements and numerical models will be combined to provide a clearer picture of the interaction among
ambient winds aloft, thermal forcing in the valley, channeling by nearby mountains, and the effects of
smaller scale ndges within the Tennessee Valley. PNL will work closely with other ASCOT investigators to
analyze the data collected during this measurement program as well as to integrate the results of a meso-
scale modeiing program into a study of the mechanisms responsible for the observed wind characteristics.

Three projects at PNL investigate related aspects of the ASCOT research and are closely coordinated with
ASCOT projects at other DOE laboratories:

* Atmospheric Baundary-Layer Studies

* Atmospheric Diffusion in Complex Terrain

®* Coupling/Decoupling of Synoptic and Valley Circulations.






Atmospheric Studies in Complex Terrain

Direct Numerical Simulation of
Turbulent Boundary Layer Flows

7. W. Horst and R. M. Kerra)

Horst and Doran (1388a) investigated the local
turbulence structure of nocturnai slope flow, using
both observations from the Ratllesnake Mountain
slope wind site and numerical simulations with a
turbulence covariance model that was developed
by Brost and Wyngaard (1978) for stably stratified
flow. One of the parameters of the model is a tur-
bulent iength scale, and two difierent formulations
were used to modify the length scale to account
for the change from horizontal to sloped terrain
{Horst and Doran 1988b). The model predictions
were in most cases insensitive 1o the length scale
formulation, and the predictions were found to
compare reasonably well with the observations
from Rattlesnake Mountain. The most significant
differences between the predictions of the two
model tormulations occurred ior the eddy thermal
diffusivity; the predictions of the two models were
essentially identical for small values of atmospheric
stability, but the difference increased with stability.

A mere definitive investigation of the local turbu-
tence structure of nocturnal stope flow (and deter-
mination of the proper formulation of the length
scale for turbulence covariance medeling) requires
either a more extensive data base than presently
availabie from the Rattlesnake Mountain slope
wind site or numerical simulation with a more de-
tailed turbulence model. The latter course has
been initiated over the past year, using the geo-
physical turbulence code written by Robent Kerr at
the National Center for Atmospheric Research
(NCAR).

The boundary-layer algorithms in Kerr's geo-
physical turbulence code use mesh refinement
and a sophisticated pressure elimination scheme
to directly simulate no-slip boundary layers at
moderate turbulent Reynolds numbers. The
Navier-Stokes equations, including the viscous
term, are integrated directly and thus no subgrid

{a) National Center for Atmospheric Research, Boulder,
Colorado.

scale parameterization (e.g., a turbulent length
scale) is required to account for an unresolved
furbulent portion of the flow field. it has been
shown that most of the important dynamical re-
gimes of boundary layers, such as the viscous
subrange, the transition regime, and the interior
turbulent regime, can be resolved with this ap-
proach, and the results agree with moderate
Reynolds-number experiments. Since these
regimes can generally be scaled to high- Reynoids-
number atmospheric flows, this approach provides
a basis for studying effects in geophysical bound-
ary layers that have eluded earlier modeling efforis.
it also provides simulation data that can be used for
comparison with parameterized turbulence models
when atmospheric or laboratory observational data
are not available.

Since Kerr's model had not been used previously
for shear-driven boundary-layer flows, the work
during the past year has primarily focused on be-
coming familiar with and debugging the code by
reproducing existing channel flow simulations with
a constant pressure gradient and no thermal strati-
fication. Future work will extend the simulations to
stably stratified channel flow and finally to nocturnal
slope flow.

Several calculated statistics were used 1o verify
application of Kerr's code to channel {Pousille)
flow. Simulations were run with a constant mass
flux constraint until the pressure gradient and total
turbulent kinetic energy approached a quasi-
steady-state. Statistics were then averaged for
several large-eddy turnover times. Adequate
domain size was verified by requiring that the cor-
relation coefficients approach zero at spatial sepa-
rations equal to one-half of the domain dimen-
sions. Adequate grid resolution was determined
by requiring that the energy density at high wave
numbers be several decades lower than that at low
wave numbers and that there be no evidence of
energy pileup at high wave numbers.

Physical realism of the model requires, then, that
statistics of the simulated flow field match reliable
available observations. Figure 1 shows the mean
velocity versus distance from the wall, plotted in
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wall coordinates, for a simulation on a 64 x 64 x 64
mesh with a streamwise domain equal to 6d and a
spanwise domain equal to 3d, where d is one-half
the wall separation. Also shown in Figure 1 are the
theoretical velocity profiles in the viscous sublayer
and in the inenial sublayer. The extent of the
inertial sublayer is limited by the low Reynolds
number of the simulation {(Re=1300, based on the
centerline velocity and channel half width). Fig-
ure 2 shows the root-mean-square (rms) turbulent
intensities, normalized by the wall-shear velocity,
as a function of distance from the wall. These pro-
files agree well with laboratory data and with previ-
ous direct numerical simulations of channel flow
(Kim et al. 1987).

HMS MNormalized Turtulence Inlensities

FIGURE 2. Preofiles of Root-Mean-Square Velocity
Fluctuations, Normmalized by the Wall-Shear Velacity.
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Modeling of Slope Flows in a
Simple Valley

J. C. Doran

A two-dimensional slope flow model (Doran 1989;
Doran et al. 1988) has been used in the analysis of
data coliected over the slope of a simple valley.
Observations were used to describe the ambient
environment that provided the boundary condi-
fions for the model. The model was then used to
pertorm a series of numerical experiments to
examine the mechanisms responsible for the
observed features of the slope flows.

Three sets of numerical simulations were carried
out. The first set utilized relatively simple tempera-
ture profiles to examine the basic response of the
modeled slope flows to ambient stratification in the
valley. This also allowed a comparison of the
model results with results obtained by previous
investigators. The second set of simulations used
measured temperature profiles from the valley ex-
periments in an effort to reproduce the observed
behavior of the slope flows on selected nights.



Finally, a series of sensitivity tests was carried out
to isolate those features of the ambient conditions
that were most important in determining the slope
flow charactenistics.

The model was used to compute inversion and
momentum depths, denoted h and h', respec-
lively. These depths are defined by the
expressions

T(n)=T{9m) + AT-exp(-n/h},

where n is the height above the surface, T is the
temperature, AT is the magnitude of the inversion
strength, and

o

Uh' = _[udn'
1}
and

Uh = ]:uzdn'

a

where u is the katabatic wind down the valley side-
wall and U is a scaling parameter for the wind.

The first set of simulations, which used an ambient
temperature profile with constant stratification, was
comparable to simulations carried out with another
two-dimensional model by Nappo and Rao (1987).
Resuits for the dependence of h and h' were quali-
tatively similar in the two sets of simulations. The
second set of simufations showed that the model
was capable of reproducing many of the important
features of the slope flows on the valley sidewalls.
Comparisons were made between observed and
modeled inversion depths, inversion strengths,
the product of these two quantities, and their
variation with downslope distance. Results were
generally good.

The principal finding from the third set of simula-
tions was the importance of the valley temperature
structure. The ambient temperature profile in the
valley frequently showed extended layers in which
the potential temperature was constant. Observa-
tions and numerical simulations showed that these
layers are associated with decreases in the slope
flow inversion depth scale h, but the numerical
simulations also showed that this does not neces-
sarily imply a decrease in the momentum depth

scale, h'.  Over simple slopes, the two depth
scales will generally evolve similarly with down-
slope distance, but in a valley this need not be
frue.

Model results were also consistent with the obser-
vation that as down-valley winds increase, the local
inversion strengths on the sidewall drop below the
maximum values attained during a transition period
shorly after sunset. The effect appears to be re-
lated to enhanced vertical mixing on the sidewatls
arising from the larger wind shear associated with
the stronger winds.
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Modeling and Observations of a
Valley's Atmospheric Heat Budget

D. C. Bader, T. W. Horst, and C. D. Whiteman

During the 1984 ASCOT field studies in Brush
Creek, Colorado, extensive measurements of the
nocturnal wind and temperature fields were made
that subsequently were used to develop a thermal
energy budget of the valley flow system (Horst et
al. 1987). The calculated thermal energy budgets
did not balance, however. Possible explanations
for the discrepancies are that the measurements
contained significant emors and that one or more of
the several assumptions used in computing the
budget terms was not valid. To determine the
reasons for the imbalances, valley thermal energy
budgets were calculated from numerical simu-
lations of vailey drainage flow using a three-
dimensional dynamical mesoscale model. The
model uses an idealized version of the valley
topography 1o simplify the cakulations and more



clearly reveal the smail-scale processes that deter-
mine the various contributions to the budgets.
The model simulation had no externally imposed
wind field. The modeled results were compared to
an observed case when the winds overlying the
valley were light.

Observations and Calculations

The observations used to evaluate the thermal
energy budget consisted of lidar measurements of
along-valley winds and instrumented tethered bal-
loon soundings of wind, humidity and temperature
at several locations along the valley floor. Details
about the measurements have been given by
Horst et al. (1987).

The integrated cross-valley budget terms are calcu-
lated as a function of height above the valley fioor
in the coordinate system shown in Figure 1. The
budget calculations assume three things: 1) that
the cross-valley temperature variations are unimpor-
tant, 2) that the turbulent heat fluxes are significant
only at the ground, and 3) that the ventical velocity
can be computed from the along-valley wind diver-
gence. The resulling budget can be expressed as
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where term a is the local tendency or storage term,
term b is the total advective contribution, term ¢ is
the surface turbulent heat flux component, and
term d is the contribution resulting from the radia-
tive flux divergence. Figure 2 shows the calcu-
lated thermal energy budget for one segment of
the Brush Creek valley during the 1984 ASCOT
field studies. As can be seen in the graph, the
sum of the budget terms produces a fargé residual;
this imbalance cannot be explained from analysis
of the available data.
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FIGURE 1. Cross-Valley-Integrated Thermal Energy Budget.
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FIGURE 2. Brush Creek Valley Thermal Energy Budget, 01-
06 MST September 26, 1984,

Model Simulation

The simulation was produced using the non-
hydrostatic mesoscale model described by Bader
et al. {1987) in the following configuration. The
domain was 36 km long, 4.3 km wide and 4 km
deep. An axis of symmetry was imposed at the
eastern boundary so that only half of the valley was
modeled. This symmetry condition increased the
effective domain width to 8.6 km. Grid spacing was
1000 min the along-valley direction, 100 min the
cross-valley direction and 50 m in the lowest
10 layers in the venrical direction. Above this
level, the vertical grid spacing increased logarith-
mically. The grid spacing above elevated temrain








































































































































































































































































