From the Editor
There
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international

activity
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development

of

numerical models for the purpose of climate simulation and for forecasting
on various

time scales.

This

publication is an attempt

interchange of information among workers in these areas.
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foster

early

The material in

the publication is the response to a "call for contributions" sent to approximately 750 scientists world-wide.
Contributions obtained in response to this circular letter are included
in the Report i f they are related to

the GARP/WCRP numerical experimental

programme, if they give new results and if they are of suitable length and
size.

Reports which are of excessive length, exceed the page size of

8~"

x

11" or 21 cm x 28 cm, have been previously published, or are purely theoretical may be rejected.

Contributors do not receive any correspondence con-

cerning the contributions.
The most appropriate reports give results of new numerical experiments
in the

form of a

diagrams.
priate.

succinct explanation accompanied by suitable tables and

The contributions are collected into subject groupings as approThe range of subjects is expected to vary with time and depends on

submissions received.
The many contributions from around the world indicate the impressive
scope of activities in numerical experimentation.
for improvement to the publication are welcomed.
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Atmospheric Environment Service
Canadian Climate Centre
4905 Dufferin Street
Downsview, Ontario
Canada
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ACTIVITIES OF THE JSC WORKING GROUP ON NUMERICAL EXPERIMENTATION
The following notes summarise the recent activities of the JSC Working
Group on Ntunerical Experimentation (WGNE), particularly the results and actions arising from the latest session of the Group which took place at Florida
State University, Tallahassee, Florida, 18-22 February 1985.
Consideration of a long-term strategy for the development of climate modelling
Ntunerical modelling and experimentation will play a major role in
achieving the objectives of the World Climate Research Programme, and much
effort is necessary in order to develop more realistic climate models. Attention must first be given to the outstanding linked problems of "climate drift"
and "systematic errors". At present, these problems cannot be traced to any
specific cause:
many processes, which may be incompletely and inaccurately
modelled, are likely to be involved.WGNE laid out a series of questions that
should be tackled;
influence of model resolution, orography, upper atmospheric boundary condition, ocean-atmosphere interaction, radiation and clouds,
convective processes. WGNE is already undertaking studies on ocean-atmosphere
interaction and radiation and clouds (see following paragraphs) and will frame
new initiatives on other topics in due time.
Your participation in these
studies as they are developed is naturally invited and will be important to
their success. In the meantime, reports of developments of interest in these
subjects would be very much welcomed.
Ocean-atmosphere interaction and the development of coupled ocean-atmosphere
models
WGNE is paying considerable attention to the need to improve the
treatment of the ocean/atmosphere interface in atmospheric models to enable
the development of coupled models for the Tropical Ocean and Global Atmosphere
Programme (TOGA) and the World Ocean Circulation Experiment (WOCE).
At its
latest session, results of a comparison over a period of several days of surface flux quantities derived from analyses produced by data assimilation
systems in use at ECMWF and the United Kingdom Meteorological Office were presented.
Substantial differences were found sufficient to be important in
driving ocean models, particularly in the tropics. WGNE examined the possible
causes for the differences, attributing them to:
(i)

different
formulations
of
surface
exchange
computations
(e. g. ECMWF uses a sea surface roughness which increases with
wind speed);

(ii)

systematic model differences leading, inter alia, to different·
lapse rate conditions in the planetary boundary layers,
especially in the tropics:

(iii)

different treatment of adjustment to observations during data
assimilation.

WGNE will attempt to determine the relative importance of the three factors
noted above, for example, by applying the algorithm from one model to the
analysis of the other, by detailed study of the tropical surface winds and
stabilities, and by carrying out comparisons based on ensembles of short-range
forecasts.
The work will also be extended to other periods, notably for the
FGGE re-analyses, and other modelling centres will· also be invited to contribute results.
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1.1

Monitoring of observational data received at ECMWF
F. Delsol
ECMWF, Reading, U.K.

In view of the importance of adequate data availability and quality for medium
range forecasting, ECMWF has enhanced its efforts in monitoring the global
observational data set used as the basis of its operational forecasting
activity.

Initially, the main elements of this data monitoring were the

availability of data and areal coverage, the timeliness of arrival,
completeness of reports and adherence to standard coding practices; however,
increasing efforts are being spent on monitoring the quality and
representativity of the data.

The accuracy of the analyses and 6-hour forecast fields produced within the
Centre's data assimilation system is sufficiently high to allow these fields to
be used as reference for the evaluation of the quality of observations when
they are compared with these fields.

Systematic deviations of individual

observations from 6-hour forecast fields can in most cases be largely
attributed to instrument errors.

Random deviations can be compared for

different observation platforms or observing systems.

Statistics on

availability and quality are being evaluated for several observation types and
analysed on a quarterly and monthly basis. These regular monitoring exercises
have helped in identifying problems with individual data sources.
Monthly values of standard deviation, root mean square differences and biases
are calculated for either individual upper air or 'surface stations or specified
latitude/longitude boxes of 1 to 5 degrees for aircraft and space-based
observations.

Quarterly reports of monitoring results are made available to the WMO
secretariat for information and further distribution.

It is also envisaged

that monitoring results will be exchanged with other forecasting centres.
Data producers can be provided with summaries of' monitoring results relating to
their data upon agreement.

1.2
MONITORING OF OBSERVATION AND ANALYSIS QUALITY
BY A DATA ASSIMILATION SYSTEM
A. Hollingsworth, D.B. Shaw, P. Lonnberg
L. Illari, K. Arpe, A.J. Simmons
European Centre for Medium Range Weather Forecasts
Reading, U.K.
The purpose of the above paper (Hollingsworth et al., 1985) is to demonstrate
the ability of a modern data assimilation system to provide long-term
diagnostic facilities to monitor the performance of the observational network.
Operational data assimilation systems use short range forecasts to provide the
background, or first-guess, field for the analysis.

we

make a detailed

study of the apparent or perceived error of these forecasts when they are
verified against radiosondes.

Assuming that the observational error of the

radiosondes is horizontally uncorrelated, the perceived forecast error can be
partitioned into prediction error, which is horizontally correlated, and
observation error, which is not.

The calculations show that in areas where

there is adequate radiosonde coverage, the prediction error is comparable with
the observation error (Fig. 1).

This statement is discussed from a number of viewpoints.

We demonstrate in

the Northern Hemisphere mid-latitudes for example, that the forecasts account
for most of the eVOlution of the atmospheric state from one analysis to the
next (Fig. 2), so that the analysis algorithm needs to make only a small
correction to an accurate first-guess field.

If the doubling time for small

errors is two days, then analysis error will amplify by less than 10% in
6 hours.
.I

This being the case, the statistics of the forecast/observation differences
have a simple statistical structure.

Large variations of the statistics from

station to station, or large biases, are indicative of problems in the data or
in the assimilation system.

Case studies demonstrate the ability of simple

statistical tools to identify systematically erroneous radiosonde wind data in
data sparse as well as in data rich areas, errors which would have been
difficult to detect in any other way.

The statistical tools are equally

effective in diagnosing the performance of the assimilation system.

These developments have been made possible by progress in the technology of
data assimilation and numerical weather prediction over the last ten years.
Fig. 3 compares the perceived rms forecast errors of 6-hour forecasts of

i

I
':

1.3

height and wind for a state of the art system in 1974 (Hollett, 1975) and
the ECMWF operational system in 1984, both verified against the North American
radiosonde network.

The improvement over the last decade is striking.

The results suggest that it is possible to provide regular feedback on the
quality of observations of winds and heights to the operators of radiosonde
networks, and other observational systems (Delsol, 1985).

References
Delsol, F., 1985: Monitoring the availability and quality of observations
at ECMWF.
In proceedings of ECMWF Workshop on the Use and Quality Control of
Meteorological Observations. Soon available from ECMWF.
Hollingsworth, A., D.B. Shaw, P.Lonnberg, L.Illari, K.Arpe, A.J. Simmons,
1985: Monitoring of observation and analysis quality by a data assimilation
system in Proceedings of ECMWF/WMO 1984 seminar on Data Assimilation Systems
and Observing System Experiments with particular emphasis on FGGE,
pp. 293-347.
Hollett, S.R., 1975: Three-dimensional spatial correlations of primitive
equation forecast errors. M.Sc. Thesis, Dept. of Meteorology, McGill
University, 73 pp.
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Fig. 1

For each of the three areas North America (top left), Europe (top right),
and the Tropics (bottom), the plots show the total perceived 6-hour
forecast error for the vector wind using screened data, and the calculated
prediction error and observation error as indicated in the legend. The
unit is m/so
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A New Global Data
Assimilation System
Joseph P. Gerrity, Jr.
National Meteorological Center/USA

Progress has been made on the construction of a new global
data assimilation system built about the new NMC/GFDL global
spectral model (see item elsewhere).
Several enhancements to the
objective analysis portion of the system have been made. The analysis
technique is similar to that described by Dey and Morone (1985) but
the solution of the 01 problem has been vectorized for the Cyber 205
using a technique developed by R.·Wessel of Control Data Corporation.
The resulting efficiency of computation has permitted an increase to
33 of the number of data used in the multivariate analysis at each
analysis point. The selection of observations to be employed is done
by a new algorithm based on the use of all 9- multivariate covariance
functions. Preference in data selection is given to 'profile' data
as against single-level reports to enhance the vertical consistency
of the analysis. Plans call for the use of the new system with portions
of the "final" FGGE lIb data set, recently obtained from ECMWF.
We
seek to establish a benchmark for use in evaluating future changes to
the global analysis system.

Dey C. H. and L. L. Morone, 1985: Evolution of the
NMC Global Data Assimilation System: Jan. 82 Dec. 83. Monthly Weather Review, February issue,
in-press.

1.8

COMPARATIVE REAL DATA TESTS OF SOME
OBJECTIVE ANALYSIS METHODS BY WITHHOLDING OBSERVATIONS
R.S. Seaman

I

and

M.F. Hutchinson:l,

1.

Bureau of Meteorology, Melbourne, Australia.

2.

CSIRO, Canberra, Australia.

Several objective analysis methods were tested using 20 years
of surface pressure data over southeastern Australia. The
methods were assessed by withholding observations from a few
stations, and comparing the analysed and observed values at the
locations of the withheld stations. The methods evaluated were
(i) statistical interpolation, (ii) successive correction (Cressman
method), (iii) successive correction (Barnes method), (iv) two
dimensional Laplaciansplines with generalised cross validation (GCV),
and (v) statistical interpolation with GCV. A dependent data subset
of five randomly selected years provided the prior information for
parameter specification, and the remaining 15 years of independent
data were used for the comparative testing. Best results were obtained
by statistical interpolation with either an exponentially damped cosine
correlation function or a second order autoregressive function.
However, the Cressman successive correction method was only slightly
less accurate than statistical interpolation with the best functions,
and was better than statistical interpolation with a Gaussian correlation
function. There is some suggestion that when the co variance structure
is not well known, a modest improvement in statistical interpolation
may be achievable by changing the "noise to signal" parameter from case
to case, using GCV.

1.9

Robust Data Quality Control in an Optimal Interpolation Scheme*

W. J. Gutowski and R. N. Hoffman
Atmospheric and Environmental Research, Inc., Cambridge, MA 02139, U.S.A.

An important part of objective analysis is the quality control of
observational data.
A way of estimating the quality of an observation is to
compute the difference ~ between the observation and a reference field
evaluated at the observation point. The reference field may be climatology, a
forecast or the statistical interpolation of. available data near the point in
question.
An observation is considered suspect if ~ exceeds a critical value
~ , and suspect data are typically rejected from the analysis scheme.
The
r~sults of an analysis can be sensitive to the choice of reference field and
~c; different forecasting centers often produce different analyses from the
same set of observations simply because each accepts different data into the
analysis (Hollingsworth et al., 1985).
We are studying a modification of the quality control described above
which is designed to lessen the sensitivity of the analysis to the choice of
~c'
In our method, a suspect observation which is otherwise acceptable (i.e.
has no coding error and is climatologically reasonable) is retained in the
analysis, but the error variance associated with the observation is increased
by an adjustment factor f(~) (Fig. 1).
Suspect data are thus included in the
statistical interpolation, but with reduced weight.
An observation with very
large ~, however, is still ignored.
This method of adjusting the influence of an observation is a form of
robust statistical analysis (Andrews, 1974; Huber, 1977).
Robust here means
that the analysis is relatively insensitive to assumptions made about the
statistics of the data, e.g. the analysis is not sensitive to small changes in
~ near ~ •
c
To gain a better understanding of the principles of robust estimation we
have been examlnlng some very simple cases.
In Fig. 2 we show a onedimensional array of geopotential heights Z as increments from a first guess
field.
The conventional 01 analysis of this data (following Lorenc, 1981) is
also shown (curve labeled 20).
The other two curves correspond to changing
the value of the observation at the central point from 20 m to 40 m and then
to 41 m; everything else is held fixed. Past 40 m the observation is suspect
and is discarded.
In Fig. 3 these experiments and others are summarized by
the curve labeled CUT-OFF. In this figure only the analyzed value of Z at the
central point (X=O) is shown as a function of the observed value of Z.
The
curve labeled ROBUST in Fig. 3 shows the results of parallel experiments using
a robust estimation technique.
Note that changes in the analysis as the
observation· changes are smooth:
the robust estimation analysis is not
sensitive anywhere in the range of observed Z to small changes in the
observation.
We are currently testing the robust technique in simulation on
one- and ·two-dimensional height fields using noisy observations and first
guess fields.
*This work was supported by Air Force Geophysics Laboratory, Air Force
Systems Command, Contract No. F19628-83-C-0027.
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Moisture Analysis Using AFGWC 3D Nephanalysis
and Surface Inferred Upper Air Moisture*
D. C. Norquist

Systems and Applied Sciences Corporation, Lexington, MA 02173, USA
R. N. Hoffman, W. J. Gutowski and J. F. Donahue
Atmospheric and Environmental Research, Inc., Cambridge, MA

02139, USA

A global optimum interpolation (01) analysis procedure has been
developed based on methodology used in a similar analysis scheme at NMC.

The

analysis procedure is designed work in tandem with a global spectral model
(GSM) and non1inear normal mode initialization in a 4D assimilation scheme at
the Air Force Geophysics Lab.

The emphasis of our research is to generate

improved 3D global cloud forecasts, so special effort has been put into the
moisture physical processes in the GSM and the generation of more accurate
initial moisture conditions by the 01.

Rather than attempting to develop a

more sophisticated multivariate analysis of moisture, we have placed emphasis
on supplementing the rather sparse conventional upper air moisture
observations with non-conventional sources.
Currently, research on the use of FGGE II-b satellite layer precipitab1e
water profiles, upper air humidities inferred from surface observations and
upper air humidities converted from 3D nephanalysis (cloud amount) fields is
being conducted.

Thus far, each of the types of humidities has been compared

against co-located rawinsonde moisture observations over a winter and summer
month, and on that basis the satellite layer precipitab1e water values have
been rejected because of excessive differences with the conventional humidity
values.

Four experiments, based on FGGE SOP-1 data, are planned to evaluate

means of using the other supplementary sources of moisture information.
experiments are described in the accompanying table.

These

The impact of these

different moisture analyses on the 12-72 hour forecast cloudiness will be
evaluated.

*This work was supported by Air Force Geophysics Laboratory, Air Force Systems
Command, Contract Nos. F19628-82-C-0023 and F19628-82-C-0027
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Experiment

Moisture Analysis

CONTROL

or

of conventional upper air moisture profiles

ALL H20

or

of conventional, surface observation-inferred, and

nephanalysis-inferred upper air moisture profiles.

NEPH & or

Cloudy volumes:

nephanalysis converted to moisture values.

Cloud-free volumes:

or

of conventional and surface

observation-inferred upper air moisture profiles.

NEPH & FG

Cloudy volumes:

nephanalysis converted to moisture values.

Cloud-free volumes:

forecast first guess moisture retained.
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Variational. Data Assimilation
E~uations

using Adjoint
by

o.
Laboratoire de

Talagrand

M~t~orologie

Dynamique, Paris, France.

and
P.
Direction de la

Courtier

M~t~orologie,

Paris, France.

The p~oblem of assimilation of meteorological observations is
approach from a variational point of view. We attempt to determine the solution
of the assimilating model which minimizes a given scalar functional measuring the
"distance" between a model solution and the available observations. The gradient
of the functional with respect to the model initial conditions is computed by
using the adjoint equations of the model (see, e.g. Kontarev(1980)). This
gradient is then introduced in an iterative descent process which converges to
the minimizing initial conditions.
Numerical experiments have been performed with the vorticity
equation and radiosonde observations of wind and geopotential height at 500 mb
(about 1800 individual observations of each field distributed over the 24-hour
period starting at 00Z,26 April 1984). The functional to be minimized was a
weighted sum of square differences between observations and model values.
2
2
J = C L (Z d- Z b)
+ L (V d- Vb)
. -2 -2
.. mo
0 s
mo
0 S
where C
3.10 s
The figure shows the geopotential field for 00Z,26 April 1984,
as produced by the French operational analysis and by the variational algorithm.
It is seen that the main features of the flow are reconstructed by the latter.
This is true, among others, of the Aleoutian low which was not directly observed
by the radiosondes on that particular day and which is reconstructed through the
time continuity imposed by the variational approach. The root-mean-square
difference between the observations and the minimizing model values was 30m and
8 m.s- 1 for geopotential height and wind vector respectively. In view of the
simplicity of the dynamical model used for the assimilation, these values seem
quite acceptable.
All major differences D~tween the two charts can be traced to
differences in the data sets used by the two assimilation processes. This is
true in particular of most of the Pacific where the largest differences occur
and which was void of radiosonde observations.
Experiments have been performed in which the definition of the
functional to be minimized had been modified. The only significant change resulted
from the introduction of an additional term intended at smoothing the small
spatial scales, which reduced the noise observed oTh,the vorticity field (not shown)
in data void areas.

Reference
Kontarev G. 1980 . ECMWF Technical Report n021.

..

~.15

Northern hemisphere 500 mb geopotential height field for 00Z,26 April 1984,
as produced by the French operational analysis (top) and by the variational
algorithm based on the adjoint equations (bottom).
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CROSS VALIDATED SPLINE METHODS FOR THE
RETRIEVAL OF ATMOSPHERIC TEMPERATURE FROM
SATELLITE DERIVED RADIANCES COMBINED WITH OTHER INFORMATION
Grace Wahba, Department of Statistics, University of Wisconsin-Madison
1210 W. Day ton St., Madison, WI, USA, 53706
Reference 1 gives a new physical variational method for estimating a one
dimensional vertical temperature distribution from satellite derived radiances.
Let N,,{T} be the idealized, {assuming no noise} response of the "th instrument
channel to a given vertical temperature profile T{p}. N"encompasses the
equation of radiative transfer and the instrument transfer function.· The
etimate TA of T is taken as TO + OT where TO is a starting guess and or is the
minimizer of
n
1 1 {y -N {T0+OT}}2 + AJ{ oT}.
n "=1 " "

Here y" is the observed response of the "th channel and J is a smoothness
penalty {taken in the paper as J{oT} = j[{oT}' 1]2 dP • The smoothing parameter
A can be chosen by trial and error or by the method of generalized cross
valiation for nonlinear problems. The unknown oT is approximated by a linear
combination of {a fairly large number of} B-spline basis functions. The
coefficients of the B-splines by are obtained by solving a nonlinear
optimization problem using a Gauss-Newton iteration. This method readily
generalizes to the two and three dimensional retrieval of the atmospheric
temperature distritution.
Reference 2 shows how to extend the method of reference 1 to two and three
dimensional retrieval s and how to use forecast and radiosonde information
simultaneously with satellite radiances in a variational problem, to obtain
improved temperature estimates. The choice of two and three dimensional basis
functions and penalty functionals are discussed. Methods for incorporating
information on tropopause heights in the variational problem as well as
simultaneous analysis of water vapor content are discussed.
Both references are available as technical reports from the Statistics
Department, University of Wisconsin-Madison.
REFERENCES
[1]

O'Sullivan, F. and Wahba, G. {l984}. A cross validated Bayesian retrieval
algorithm for non-linear remote sensing experiments, to appear in
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TR No. 747.

[2]

Wahba, G. (l985). Variational methods for multidimensional inverse
problems, to appear in Proceedings of the Workshop on Advances in Remote
Sensing Retrieval Methods, ed. A. Deepak, also University of
Wisconsin-Madison Statistics Dept. TR No. 755.
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KALMAN FILTERING IN TWO DIMENSIONS
Stephen E. Cohn
Courant Institute of Mathematical Sciences
New York University, New York, NY 10012
and
David F. Parrish
Short-Range Modeling Branch, Development Division
National Meteorological Center, Washington, DC 20233

The Kalman filter is a data assimilation scheme which, unlike
currently operational methods such as optimal interpolation (01),
makes systematic use of forecast model dynamics in order to accurately determine the evolution of the forecast error covariance
matrix. Previous studies with a simple one-dimensional model
indicated that the Kalman filter; if applied operationally, would
yield analyzed and subsequent forecast fields superior to those
resulting from 01 [lJ-[4J. These studies did not address the large
computational burden that the Kalman filter would appear to pose if
applied in- an operational setting, to an actual numerical weather
prediction model.
We have developed a number of techniques which, taken together,
reduce dramatically the computational complexity of the Kalrnan
filter, and we have applied the new filter algorithm to assimilate
data into a two-dimensional shallow-water channel model [5J. The
experiments demonstrate, first of all, that the computation is
indeed feasible in two dimensions. Second, they both confirm and
extend the earlier, one-dimensional results.
In particular, they
show that actual forecast error correlations differ markedly from
the rather simple correlations prescribed in current or formulations.
Third, by simulating different data distributions, the experiments
show in a precise and quantitative way which distributions are the
most effective at reducing overall forecast error. The Kalman filter
is ideal for carrying out such observing
system simulation experiments (OSSE) because it determines forecast and analysis error
variances accurately.
The key idea we have used to reduce the computational complexity of the Kalman filter is to calculate only those elements of the
covariance matrix which differ significantly from zero, and we have
organized our algorithm around this approac~. We calculate and
store only a number of diagonals of the forecast error covariance
matrix, rather than the entire matrix. Since the forecast model
dynamics must be applied repetitively to these diagonals, we also
increase computational efficiency by explicitly formulating the
forecast model as a matrix. This matrix also consists of only a
small number of nonzero diagonals, and its action on the forecast
error covariance matrix is calculated by an algorithm for diagonalwise matrix multiplication which we designed for efficient computation on the CYBER 205 vector processor at NMC.
Our Kalman filter scheme also implements an algorithm which
processes Observations serially, i.e., one at a time: the algorithm
loops over the observations, rather than analysis grid points.
This algorithm eliminates both the necessity of matrix inversion
and the necessity of restarting the entire analysis to accommodate
late-arriving Observations. This analysis algorithm would be useful in 01 schemes as well as in the Kalman filter.
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Experience we have gained to date suggests a number of further
improvements to our computational approach, which should render the
Kalman filter practical for operational data assimilation into
fully three-dimensional numerical models.
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OPTIMAL ESTIMATION TECHNIQUES FOR OCEANOGRAPHIC DATA ASSIMILATION
Robert N. Miller* and Michael Ghil**
* .Department of Mathematics, Tulane University, New Orleans LA 70118
** Courant Institute of Mathematical Sciences, New York University, New
York, NY 10012; and Dept. of Atmospheric Sci. and Inst. Geophys.
and Planetary Physics, Univ. of California, Los Angeles, CA 90024
The Kalman filter is a data assimilation scheme which has been
applied successfully to a variety of engineering problems. In the
Kalman filter, as in Optimal Interpolation (hereafter 01) schemes used
operationally in numerical weather prediction,' the assimilated field is
constructed by forming a linear combination of the forecast field and
the data.
The coefficients in·these linear combinations are derived
from the forecast error covarianceand
the
observation
error
covariance.
The Kalman filter differs from 01 schemes in the way the forecast
error covariance matrix is calculated. In aI, the covariance matrix is
taken as the product of a fixed correlation matrix and of a diagonal
variance matrix which follows a simplified evolution in time.
In the
Kalman filter, the covariance matrix is determined accurately by the
model dynamics and error characteristics. The application of the full
Kalman filter requires the calculation of an updated covariance matrix
each time step. Such a calculation places considerable demands on
available computing resources.
This is the major obstacle to the
practical implementation of the Kalman filter.
In the case of a linear scalar dynamical system, the solutions for
the predicted field and the error variance can be written out
explicitly (Ghilet al., 1981). This exercise shows that the error
variance converges in time to a unique value, independent of the
variance of the error in the initial data.
This asymptotic error
variance is finite and less than the measurement error variance, even
in the case of "an unstable system.
The unstable case is important
because practical ocean data assimilation schemes must deal with
baroclinically and barotropically unstable flows. Explicit closed form
solutions can be written out in the case of no system noise, i.e., when
the only errors are in the initial data and in· the measurements.
In
that case, the error variance converges to zero in stable systems. In
unstable systems, the analysis error approaches the measurement error
variance as the system growth rate increases.
Miller (1985) applied the Kalman filter to a one-dimensional
analog of regional open-ocean models currently in use (Miller et al.,
1983).
His pilot study shows that the proposed data assimilation
scheme is stable for an unstable system, even with a sparse observing
scheme: only one of 19 grid points was observed, once every 8 time
steps; .this is 1/8 of a period for the fastest wave. Experiments with
this prototype system also indicate that when the system under
examination has open-ocean boundary conditions, and boundary values
used in the model are determined from observations taken in the
interior of the model region, the assimilation scheme remains stable
and the errors resulting from the boundary extrapolation scheme remain
confined to a region near the boundary.
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The performance of the Kalman filter in practical situatIons is
illustrated
by
Parrish and Cohn (1985) on the two-dimensional
linearized shallow-water equations.
Their study used
reasonable
assumptions about the structure of the covariance matrix and optimized
the design of the computer codes to apply the full Kalman filter in
cases of sufficient scale to be of oceanographic interest. In problems
with a grid as large as 60x61 pOints, subject only to an a-posteriori
justified bandwidth restriction on the covariance matrix, this matrix
could be updated in less than five seconds on a Cyber 205.
The practical implementation of the Kalman filter also requires
correct specification of the statistics of model error. Hence, the
covariance of the errors due to physical and numerical approximations
must be estimated from the data. Dee et al. '(1985) have found that
these matrices can be parameterized under certain circumstances, and
the parameters estimated from the output of the Kalman filter.
To conclude, Kalman filtering is a viable, useful tool for
assimilating the increasing numbers of oceanographic observations from
in-situ and remote sources into the continuously improving dynamic
models of the ocean (Ghil et al., 1983).
Acknowledgements.
It is a pleasure to
acknowledge
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discussions with S. E. Cohn and D. P. Dee. Our work is supported by
NASA under grant NSG-5130, by NOAA under grant NA84AA-D-00018 and 'by
ONR under grant N00014-83K-0488.
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Implicit Normal Mode Initialization
Cl i ve Temperton
Recherche en Prevision numerique
Dorval, Quebec, Canada

H9P lJ3

An implicit form of nonlinear normal mode initialization has
been applied

to

a variable-resolution

finite-element

barotropic

model covering the Northern Hemisphere on a stereographic projection. The corresponding linearized equations are not separable in
the horizontal, so that computing and using the normal modes in the
usual way is not a practical propositon.
It can be shown, however, that provided the linearized equa-

tions are set up the right way, the results of nonlinear normal
mode initialization can be reproduced exactly without explicitly
knowing the normal modes at all.
The computational algorithm is
very simi 1ar to that of Bourke and McGregor (1983), but is more
rigorously derived.
The scheme is particularly useful for limited-area model s for
which the linear normal modes cannot be readily calculated, but it
can also be applied to global models, thereby avoiding the need to
compute and store the normal modes. In this case there is a. slight
difference between the underlying linear system used in the "implicit" approach and that used in the conventional approach.

The

effects of thi s difference are bei ng studied by compari ng the two
approaches in a global barotropic spectral model.
Reference
W. Bourke and J.L. McGregor (1983):
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A nonlinear vertical mode

initialization scheme for a limited area prediction model ",
Mon. Wea. Rev.

lll,

2285-2297.
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S.WpIES OF !I.'B.E IMPACT OF OBSERVATIONS IN AN OPERATIONAL 15-LEVEL NW.P SYSTEM

R.A. BronUey and D.N. Reed
Meteorological Office, Braoknell, U.K.

An extensive impact study has been oarried out for a case selected from
SOP-I of FGGE, using the operational analysis and forecasting system with 15
model levels'. Parallel studies are being performed at ECMWF and the 'Japanese
MeteorologioaJ. Agenay. Although the chosen case is not as aotive as those
oonsidered in previous studies, it is possible to demonstrate the impaot of
various types of observa.tion on synoptic-soale features. Initially the study
was conducted by removing observational sub-systems from the. total global.
observing. system (Bromley, 1984), but more reoent experiments have used a
minimal observing system and observational sub-systems {satellites, aircraft,
buoys, sondee) have been added to it. In order to detect model-dependent
effects, two runs have been made with the UKMO 15-level mo4el forecast
starting from ECMWF analyses. The results are being evaluated.

studies have also' been made' of the memory effect of the numerical system
for different types of observational information, in order to confi1'm that
sufficient time is allowed during the assimilation stages of a f'ull impact"
study'.. The information from satellite and radiosonde soundings was retained
for the longest time, up to three days, as indioated by the decay of kinetio .
energy in the subsequent DlC?del analyses.
studies are being carried out on the impact of radiosonde da.ta above
100mb and on the impact of satellite measurements of surface wind over. the
oceans.
Reference
R.A. :Bromley. "Observing System Experiments using the Meteorological otfioe~s
15-Level Model", ECKWF Seminar. September 1984
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Reprocessing of the "Final FGGE level II-b Data" at ECMWF
P. KRllberg and S. Uppala
European Centre for Medium Range weather Forecasts
Reading, U.K.

A re-analysis of the FGGE level II-b data is now underway at ECMWF.

The

decision to undertake the work was based both on the availability of an
improved dataset, the so-called "Final level II-b dataset", and a much
improved data assimilation system at ECMWF.

Since the production of the ECMWF FGGE level III-b dataset, which took place
from November 1979 to June 1981, the ECMWF analysis-initialization-forecast
system has undergone many improvements.

The Centre's operational day-to-day

analyses and forecasts, as well as the FGGE production, provided invaluable
experience on the performance of the system, and there has, since 1979, been a
continuous process of modifications and improvements.

The most important differences between the DA-system (data assimilation
system) employed for the level III-b production (hereafter called Main) and
the one being used for the present re-analysis (hereafter call.d Final) are
the following.

•

New optimum-interpolation structure functions

At the time of the Main analysis, very little was known
properties of the model forecast errors.

abo~khe

·statistical

A good modelling of these errors is

essential to achieve a proper weighting between the +6 hour first-guess
forecast and the observed deviations from this forecast.

Based on experience

from the Main assimilation as well as on the Centre's continuous operations, a
much-improved set of error statistics has been derived.

The major difference

to the Main statistics is a continuous vertical forecast error correlation,
rather than empirical discrete correlations, and horizontal correlations
expressed as sums of Bessel functions rather than as a Gaussian.

The main

advantage of the Bessel formulation is to reduce negative wind-wind
correlations, which occur at some distance from the observations with the
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Gaussian correlations.

These cause noisy wind analyses, particularly around

solitary wind observations at low latitudes.
wind fields is much improved.

The treatment of large-scale

The Bessel formulation also improves the

ability to analyze small-scale features such as jet coreS and intense surface
lows.

•

Vertical interpolation of increments

In the Main system, vertical interpolations between the analysis pressure
level coordinates and the initialization-forecast sigma level coordinates were
carried out on the full fields.

This had negative effects, particularly in

the boundary layer, where, due to the lower vertical resolution of the
analysis grid, the boundary layer structure of the model was destroyed each
analysis time, even in areas without observational data.

A further

consequence was that forecasts needed a very long time to establish reasonable
boundary layer fluxes ('spin-up' problem).

In the Final system the observed

deviations from the first guess are analysed directly on to the model
coordinate surfaces through the use of three-dimensionally continuous
structure functions providing model-level analysed fields to be used directly
for initialisation and subsequent +6 hour forecast (next cycle first-guess).
Model level analysed fields are then vertically interpolated to pressure
levels for dissemination as the First III-B data.

Much improved boundary

layer characteristics have been shown using such a revised formulation.

•

Improved humidity analysis

The humidity analysis scheme available at the time of the Main production was
in a very early stage of development, in fact the Main III-b humidity fields
are to a very large extent provided by the model first-guess forecasts.

Since

then the humidity analysis scheme has been improved, and, based on operational
experience, should give better humidity analysis.

In particular the humidity

information from polar-orbiting satellites can now be used in a satisfactory
way.

•

Diabatic non-linear normal mode initialization

For the Main production an adiabatic version of the non-linear normal mode
initialization scheme was used.

This had the effect of severely damping the

tropical convergence and divergence patterns, a fact that has been heavily
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Analysed sea surface temperatur~s

•
In the

~in

climatologica~ monthly

production,

temperature (SST) were used.

mean fields of sea surface

For the ire-analysis we use ECMWF analyses of

'10-day ~eriods of FGGE SST data.

The~e analyses are based on ship and buoy

jdata on!I.y, since the satellite derive~ "SS'J.L-temperatures-in--the Mai~'4le\Tel -II--b
tlata suffered from too large systemat~c errors to be compatible with the ship
data.
SST

pue to sparsity of data, partiqularly in the southern hemisphere, the

ana~yses

used for the reruns may

~

noisy in these areas.

I
~ectral

•
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~

(T63) forecast model

i

Centre's operational T63 spectral ,model is used in the assimilation,

I

i

rather than theN48 gridpoint model used for the Main analyses.

The use of a

~pectra~

model reduces phase error Of\Jmall scale features and should provide

~ bette~

first guess.

;
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:::
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Ibproved physical parameterizat~n
I

~e ECMWF model has undergone many ch~nges in the parameterization of physical process~s.

view

Probably the most importarit from the data assimilation point of

i~

, the inclusion of a daily

importart since the observations

cycl~

in the solar radiation.

cont~in

variatio~s.

diurnal

This is
A revised scheme

,for shallow convection improves the hqmidity structure of the boundary layer.
I
I
There is also a new scheme for radiat~on and cloud coverage.

,

•

I
Orography
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A new, 'more realistic and hence steepEir, orography has been introduced. This
I
_
,orography was computed from the high ~esolution (1/6 0 x 1/6 0 regular lat-lon)

us

I

Navy dataset by evaluating the area mean terrain height on the spectral
!

model's' Gaussian grid, then taking a T63 spectral fit/truncation.

The reprocessed "Final" FGGE level
full length of the experiment.

II~b

observations are now available for the

The decision to produce a new set of
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II-b observations was primarily due to large amounts of additional data bei~g
ntade available to the level i.'v1~ dkiI;(II~n~Hig in Obninsk and Norrk-oping too";
late for inclusion in the original
Inden: ;

le~el

II-b processing.

In addition certain minor errors and ~nconsistencies have been corrected in
the Final set.

•

The most important additions are listed below.

MOnsQon experiments

Additional data collected during the three monsoon experiments (Winter-MONEX,
Summer-MONEX and WAMEX).

TheseconsiEtt:l>r-su:rfacer-arrd upper -aix%riia!bSOIlCie -

and pilbt data as well as certain addL~ional dropsonde data during
Summer-MONEX.

A set of low level con~ant level balloon data from the Frenqh

'Balsamine' project during

•

S~pplementary

Summer-MON~X

,

have also been included.

conventional data

In the Main data base it had been decided to include only a subset of the
existing WWW conventional data.
types have been included.

In the Final set all available data of these

This more than doubles the number of SYNOP data.
.;'

Most of the additional data are in data dense areas such as Europe, North
America' and China, but substantial
and over oceans.

.

im~o-;ements ~e -~l~ fou~d {J gii~ e~~ti~

In fact the number cif SHIP data for the North Atlantic

sh~ws

a dramatic increase as exemplified by 'a 3-day period in December, where the
increases were 40%, 60%, 28% and 35% at 00 GMT, 06 GMT, 12 GMT and 18 GMT
respectively.

There are even some additional radiosonde data, lost in the

Main II-b processing.

•

Satellite temperature profiles - (,SATEl-1, LIMS)

The so-called US Special Effort

datas~t

has been included.

This set contains

revised quality checks of the Main SATEM data and additional high
• --

---

----

--

data for certain areas and periods duting the SOPs.

---

-

---

r~solutiorj.

-:4 Pd;1 e

-- --

cA reproces~ed set of LIMS

data has been included.

•

Satellite cloud wind data (SATOB)

The US Special Effort data are included.

A completely new set of wind data

derived from the Japanese HIMAWARI imagery by the University of Wisconsin as
well as new data from Meteosat at 06GMT and 18GMT during the SOPs have been
added.

A set of SATOB data from DFVLR with erroneous height assignments has

been replaced.

2.5

'.

Dropsonde data

A reprqcessed set of dropsonde data aimed at eliminating the problems in wind
de~mination

-

encountered in the Main set, has been included.

Drifting buoy data

A set of quality flags prepared during the Main III-b assimilation at ECMWF
has been included.

;~same

A few additional buoys from Antarctica have been added.

!ircraft data
a4ditional Airep and AIDS winds have been added.

!

i
IAIsO c,rtain errors affecting station heights and other information in

Iradiosqnde data have been corrected.

I

I

;
j

At the time of writing, about four weeks of assimilation have been completed,
I

startirtg from December 1, 1978.

An intense monitoring of the analyses is

Icarried out in parallel with the assimilation.

I

It is still far too early to

Igive arly definite statements on improvements of the quality of the analyses,

!but some comparisons with the Main III-b analyses have been done, showing
lclear differences in syaoptic cases.

The revised structure functions combined

IWith t~e improved data coverage, produce drastically different analyses of
lintense! surface lows over the North Atlantic.
I

The two maps in the figure show

,the sea level data ,and pressure analyses at OOGMT December 6 1978 from the
!Main (top) and Final (bottom).

There is a pressure difference of 6 mb between

the two analyses near the developing secondary trough at 45°Ni
'comparison with the observations shows that the
'better.

re-~nalysis

32°W.

A

is clearly

Note the increased amount of data.

At present the workload on ECMWF's CRAY-XMP computer is very heavy.

It is

hoped, however, that most of the reprocessed analyses for SOP I and SOP II
should be available by the end of 1985.

lr-----_~
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Data sets available from ECMWF
J.K. Gibson
ECMWF, Reading, U.K.

As a part of its operations, ECMWF is gradually building up an archiving and
retrieval system of observational and analysis/forecast data.

Software tools

are being developed and enhanced to provide a data service providing any
reasonable subset of data.

At present data from the following sets are

available.
(i)

The ECMWF!WMO analysis data set (1980-1984)
Global ECMWF analyses, 1000, 850, 700, 500, 300, 200, 100 hPa.

An

enhanced ECMWF analysis and forecast data set is gradually being
developed.

(ii)

The ECMWF/WMO observational data set (1980-1984)
Surface (SYNOP) observations, as received over the WMO/GTS.

(iii) The ECMWF TEMP data set (1980-1984)
Upper-air (TEMP) observations, as received over the WMO/GTS.
(iv)

The WMO/CASNWP data set (1979-1984)
Year tapes containing analyses and forecasts produced by major
forecasting centres, exchanged in standard form within the WMO/CAS NWP
data study/intercomparison project.

In addition, copies of tapes containing FGGE analyses produced by ECMWF and of
Alpex observational data tapes can be made available.
For details on any of the above data sets, please contact ECMWF, Shinfield
Park, Reading, RG2 9AX, England (Telex: 847908 ecmwf).

2.8
A 6-YEARGLOBAL 'CLIMATOLOGY' BASED ON ECMWF ANALYSES - P.D. Sardeshmukh
and"B.J. Hoskins
The 6 years of global, analysed and initialised data for 1979-84"provided
by ECMWF have been processed to produce 'climatological' general circUlation
statistics for the four seasons.

The distinctive feature of this climatology

is its global scope, rendering it particularly useful for studies of the
tropics and the Southern Hemisphere and their interaction with the Northern
Hemisphere.

Both time-mean and high- and low-frequency transient-eddy

statistics have been computed, at twelve standard pressure levels in the
atmosphere." The statistics for the individual years comprising the
climatology are, of course, also available in an identical format.
The figure gives an indication of the overview of the general circulation that is possible with such a comprehensive data set.

The figure

depicts the tropical circulation during December-February between 35°S and
35°N.

The top two panels show the mean winds at 150 and 300 mb, the bottom

two at 850 and 1000 mb, and the middle panel the vertically integrated
diabatic heating, computed as a residual from the thermodynamic equation.
The dominant seasonal circulation associated with the winter monsoon is
brought out clearly in the analyses.

The figure highlights the lack of a

simple internal baroclinicstructure to the flow (with the upper-level
circulation being equal and opposite to that in the lower troposphere) in
both seasons.

The difference between the 150 and 300 mb flows is note-

worthy, and so is the strong attenuation of the low-level meridional flow
away from the frictional boundary layer.
The climatology has helped to clarify further the structure and
organisation of transient-eddy activity ("storm tracks") in relation to
the zonally varying time-mean flow in the northern and southern hemispheric
middle latitudes.

In particular, much of the 'spottiness' of the Southern

Hemisphere statistics, so apparent in individual years, is absent in the
climatology, yielding, for perhaps the first time, what appears to be a
statistically stable circulation data set for that part of the globe.
A paper presenting the salient features of this climatology is being
prepared for publication.
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Mean winds during December-February, based on data for the years 1979-84,
between 35°8 and 35°N at (a) 150, (b) 300, (d) 850 and (e) 1000 rob.
A 5mm long arrow corresponds to a wind speed of 27 m s-l in (a) and (b)
and 13.5 m s-l in (d) and (e). The pattern of large-scale, vertically
integrated diabatic heating is shown in (c). The contour interval is
40 Watts/m' i
heating is indicated by solid and cooling by dashed contours.
The zero contour is not shown for clarity. The field has been smoothed
prior to plotting with an isotropic filter that effectively retains
length scales up to spherical wavenumber n = 24.
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Diabatic Heating Component Fields From The NASA/GLA
FGGE Assimilation/Forecast System

David A. Salstein and Richard D. Rosen
Atmospheric and Environmental Research, Inc.
840 Memorial Drive, Cambridge, MA 02139
During a level III-b type analysis of the state of the atmosphere for one
month of the FGGE first Special Observing Period (January 6 - February 4,
1979), by the NASA Goddard Laboratory for Atmospheres (GLA) , components of
diabatic heating were explicitly computed and archived (Kalney et al.,
1983). These fields, supplied to us by Drs. Wayman E. Baker and Eugenia
Kalnay of GLA, include four times daily fields of heating due to (l)shortwave
radiation, (2) longwave radiation, (3) sensible heating and (4) latent
heating. Older estimates of global diabatic heating were either produced by
indirect means or they were based on fields derived from less comprehensive
. data than are contained in the FGGE set. The GLA heating fields, on the other
hand, were generated through the use of a Fourth Order General Circulation
Model based on comprehensive input data including those from satellites and
other FGGE observing systems, assimilated by means of a special objective
analysis system (Baker, 1983).
The diabatic heating fields were interpolated linearly in the logarithm
of pressure from sigma to pressure coordinates so that monthly means could be
formed. The means were formed and segregated for each of the four quarterdays ending 0, 6, 12 and 18 GMT at 9 pressure levels and each gridpoint of the
4° x 50 latitude - longitude grid.
As a result, the strong diurnal cycle present in the heating fields
becomes evident; diurnal variability is most obvious in shortwave heating,
low-level sensible heating, and middle-level latent heating. These heating
fields were then averaged for the four synoptic hours. Near 500 mb, latent
heating is important; lower down, near 850 mb (see Figure 1) both latent
heating and sensible heating are strong. These, however, are more than
balanced in most areas by the strong cooling due to longwave radiation.
Shortwave radiative heating is relatively weak everywhere.
In our continuing efforts we will use the diabatic heating fields to
estimate the role of the various components in the generation of available
potential energy. These components will be calculated in both zonal mean form
and eddy form by a number of approaches in pressure coordinates, including the
traditional Lorenz approach (Peixoto and Oort, 1974) and a less approximate
approach due to Boer (1975) in which the static stability is horizontally
dependent.
REFERENCES
Baker, W. E., 1983: Mon. Wea. Rev., ~11, 328-342.
Boer, G. J., 1975: Tellus--:-I7 ,LG3-442.
Kalnay, E. et al., 1983: NASA Technical Memorandum 86064,[NT15 N842402~]
Peixoto, J. P. and A. H. Oort, 1974: J. Geophys.Res., !.!i, 2149-2159.
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ATMOSPHERIC FLUXES OVill THE OCEAN IN MODELS AT UKMO

&;

ECMWF

D.N. Reed and B.R. :Barwell
Meteorological Office, Bracknell, U.Ke

Two studies have been carried out in which atmospheric fluxes have been
estimated over oceanic regions. Fluxes computed in the operational model of
the U.K. Meteorological Office (UIa~O) have been compared with fluxes computed
in models being used at ECMWF.
In the first study, the fluxes of sensible heat, latent heat (hence moisture) and momentum (i.e. wind stress) across the ocean-atmosphere boundary have
been extracted from the model fields obtained during impact studies for February/
March 1979. In general the agreement between the fluxes produced by the two
models is quite good. Charts of the sensible heat flux over the North Pacific
ocean, as obtained from each model, are ShO\ID in figures 1a and b. In the
tropics agreement is less good and fluxes from EmlWF vary more smoothly, presumably because of the effects of initialization. Over the North Atlantic some
significant discrepancies have been found but they are associated with areas of
strong winds, for which the differences between the flux formulations a~ the two
centres are most marked.
.
Another study has used the operational analyses of the two centres for
July 1984 to obtain estimates of the monthly atmospheric flux divergences of
latent heat, sensible heat and geopotential in large latitude-longitude boxes
over the Northern Hemisphere (the Cage). The computed fluxes show some realistic
features, e.g. the transport of latent heat across the Gulf Stream. The two
centres' results for the total flux divergences, taken over very large areas
(see Table 1), differed by up~o 13 W/m 2 and appeared to be well-correlated,
suggesting that the disagreement is due to systematic differences between the
models. For smaller areas, of the order of 15-degree boxes, there were discrepancies of up to 50w/m 2 , but the transient fluxes agreed better than the mean
fluxes which are also affected by the systematic differences.

Table 1

Total energy flux divergences (W/m 2 ) for July 1984
N.Atlantic

N.America

NoPacific

Eurasia

U!{MO

-38 08

3307

-48 06

2005

ECMWF

-32.1

43.8

-38 5

33.1

0
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FIGURE I. SURFACE SENSIBLE HEAT FLUX.
MEAN ~F 9 ANALYSES FROM OOl 27/FEB/79 TO DOl 04/MAR/79
CONTOUR INTERVAL 40.0IWATTS/M2J

~)UKMO

o

r
o

b) ECMWF MEAN OF 9 ANALYSES FROM OOl 27/FEB/79 TO OOl 04/MAR/79
CONTOUR INTERVAL 40.0IWATTS/M2J
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Variability in time and space of energetics, calculated from
a long series of ECMWF analyses
K. Arpe, C. Brankovic, E. Orio1**
European Centre for Medium Range Weather Forecasts, Reading,
P. Speth
University of Cologne,
** Present address:

E.S.R.I.N.

England

Germany

Frascati,

Italy

Operational analysis and forecast data from ECMWF have been used to
calculate
budgets
of
available
potential and kinetic energy.
A
critical
investigation
of
data
from
different
stages
in
the
analysis-forecast
scheme
suggests
that
the
best
estimate
of
energetics can be gained by using 6 or 12 hour forecast data.
The
choice
of
data
source
is
most
important
for
calculating the
baroclinic
conversions
and
as
a
consequence
for
estimating
generations and dissipations by diabatic processes from residua1s.
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Fig. 1: Mean annual cycles of energy conversions and amounts for global
and hemispheric averages. Data are calculated from 12 hour forecasts.
AZ=zonal available potential energy
KZ=zona1 kinetic energy
AE=eddy available potential energy
KE=eddy kinetic energy
CE=conversion from AE to KE
CA=conversion from AZ to AE
CZ=conversion from AZ to KZ
CK=conversion from KZ to KE
The
annual
cycles
of
global
and
hemispheric
averages
are
investigated (Fig. 1).
Global integrals of zonal kinetic and
zonal
available
potential
energy
as
well
as of energy conversions are
found to have smaller annual variability than
estimated
in
recent
studies.
This is mainly due to smaller amplitudes of annual cycles
of these quantities
of
southern
hemisphere
averages
in
earlier
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in both hemispheres nearly

studies;
in our
study
annual
cycles
cancel each other for global averages.

Differences of energy amounts and of energy
conversions
of
eddies
between
the
hemispheres
are
mainly
due
to
contributions
from
planetary waves.
Energy
conversions
in
the
so~thern
hemisphere
throughout
the year and in northern hemisphere summer are dominated
by mostly baroclinic waves with wavenumbers 4 to 9 while in northern
hemisphere
winter
planetary
waves
are
equally
important
as
baroclinic waves.
Also energy
spectra
show
similarities
between
northern
hemisphere
summer
and
all
seasons
in
the
southern
hemisphere.
Latitudinal profiles of eddy energies by wavenumbers sbow that
long
waves
reach maximum values further poleward than baroc1inic waves
supporting arguments that the long waves represent
mainly
external
Rossby waves.
Energy
conversions
and
fluxes
have
been
used
to estimate from
residuals' the forcing and dissipation by diabatic
effects.
Global
integrals
of generations of zonal available potential energy and of
dissipation of eddy kinetic energy have values
of
about
2 Watt/m2
throughout
the
year
(Fig. 2).
Eddy available potential energy is
generated by diabatic effects without any annual
cycle
for
global
averages
by
about
0.4 Watt/m1 •
Clear
annual
cycles
of
the
generation, when averaged release
of
latent
heat.
Clear
annual
cycles
of
the
generation, when averaged for hemispheres, suggests
that the precipitation in summer occurs
more
often within
ridges
than
in
troughs.
These
annual
cycles of the generation of eddy
available potential energy
are
connected
with
annual
cycles
of
energy
conversions
where
the
annual cycle of the conversion from
eddy available potential energy to eddy kinetic
energy
reveals
a
smaller
amplitude. than the conversion from zonal to eddi available
potential energy.
Vertical profiles of dissipations of
eddy kinetic
energy
show
a
relative maximum at jet level (250 mb) and in the lower troposphere.
For distributing the energy vertically, the eddy
geopotential
flux
is
the main contributor.
In summer this flux is the only source of
eddy kinetic energy for the lower stratosphere in both hemispheres .
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Fig. 2: Mean annual cycles of generations of available potential energy
(GZ=zonal, GE=eddy component) and of dissipations of kinetic energy
(DZ=zonal, DE=eddy component) for global and hemispheric averages.
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DIAGNOSTIC STUDIES
ON THE CONTR~BUTIONS OF THE INTERNAL DYNAMICS
TO THE ATMOSPHERIC LARGE SCALE VARIABILITY

by Thomas Bruns
Max-Planck-Institut flir Meteorologie
Hamburg, F. R. G

From

la _years

of

northern hemispheric stream function

data we estimate the contribution of internal
the

processes

to

variability of the large scale atmospheric flow at time

scales up to 50 days. The baroclinic quasi-geostrophic model
is represented horizontally by spherical harmonics and
vertically by empirical orthogonal functions.
The spectral
tendency equation for
regression model in the

each mode is formulated as a linear
time domain as well as in the

frequency domain, the model quality being expressed in terms
of

correlations

and coherence spectra between observed and

model tendencies.
Generally two regions of variability in wave number space
can be distinguished, one dominated by wave propagation and
the

other

dominated

Interactions
for

the

by

nonlinear

vorticity

advection.

with the synoptic scales are equally important

large

scale

variability

as

the

internal

interactions. In physical space, the nonlinear terms explain
fractions

of the high latitude variance at all time maximum

over the North Atlantic, whereas ~he linear
account

for

the

high

terms

seem

to

frequency variability in regions of

intense baroclinic activity.
The variance explained by these
processes
depends
strongly on the time scale .and decreases towards long
periods.

A fraction of almost 50% stream function variance,

integrated over large scales up to

wave

nUmber

m=8,n~m=7,

can be explained for time scales between 2 and 14 days.

For

2.17

periods longer than 14 days linear propagation and nonlinear
advection

account

for only 27% of the integrated variance.

Actually, our analysis must fail at low frequencies.

In the

limit of very small frequencies the streamfunction tendency
represents by definition a small residual imbalance of all
physical processes. We find,
between

however,

that

the

imbalance

the predictors included explicitely in the model is

still relatively large. Therefore, the contributions of the
internal dynamics to the long term behavior
of
the
atmosphere
cannot
be
meaningfully
discussed without
simultaneous consideration of other sigrrificant processes,
such

as slowly changing boundary conditions and the forcing

from smaller scales.
The application of the statistical method
could

possibly

provide

a

to

GeM-output

deeper insight into the role of

internal nonlinear interactions and synoptic scale forcing.
The figure shows the root mean square of stream function
anomalies as explained by the statistical model (106m~/s),
(a) for nonlinear vorticity advection at periods greater
than 14 days,
(b) for linear vorticity advection at· periods
2-8 days.

References
Bruns,T., 1985, On the contributions of linear and nonlinear
processes to the long term variability of large
scale atmospheric flows, accepted for JAS.
Bruns,T., 1985, Einediagnostische Untersuchung der
interner
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Beitr~ge

Prozesse

atmosph~rischen Variabilit~t,
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Disser-

tation, Universitat Hamburg.
Kruse,H.,

1983,

A statistical-dynamical low-order spectral

model
for
tropospheric
flows,
Dissertation,
Hamburger Geophysikalische Einzelschriften, Reihe A,
Heft 59, wittenborn Sohne, Hamburg.
Kruse,H., 1985, Investigation of processes governing the
large-scale
variablity of the atmosphere using
inverse modelling techniques, accepted for Tellus.
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Rossby modes during the FGGE year
W. Wergen
European Centre for Medium Range Weather Forecasts
In order to study the behaviour of planetary scale Rossby waves during the
Fgge year, the complete set of ECMWF FGGE analyses has been projected on the
free Rossby modes of a resting basic state atmosphere with isothermal (300K)
stratification. The global, three-dimensional, a-level analyses of mass and
wind with a time resolution of 6 hours have been used. The following figures
show some of the results.
1.) External modes
Fig. 1 shows the harmonic dials for theexternali zonal wavenumber 1, second
gravest Rossby mode R~,3. Because of its free frequency, this mode is often
referred to as 16 day wave. Each dial shows the time evolution for one month.
The numbers indicate the day of the month. Only the 12Z values are shown.
Clockwise rotation indicates westward motion.
It is clear from Fig. 1 that
episodes of free propagation are interspersed with periods of more irregular
behaviour_. January, March, and -May seem to be periods of free propagation.
The largest amplitudes can be found during the fourth week of Jan. 79, where
the 16-day wave accounted for almost 100 m in the mid-latitude 500 mb height
field.
Fig. 2 shows the power spectrum density for the external, zonal wavenumber 1
Rossby mode with meridional indeces 1-4. Negative frequencies indicate
westward propagation. The dot on the abscissa gives the free frequency
corresponding to an equivalent depth of 11.8 km.
Integrated over the
frequency, the power spectrum density yields the variance. The R1 1 mode the 5-day wave - (Fig.
2a) shows peaks at periods of 3.9, 4.5, and 5.2 days.
There are further peaks at 16 and 32 days. The second gravest anti-symmetric
mode R~ 2 (Fig. 2b) shows maximum density for 8.7, 12, and 30 days. The
16-day ~ave (Fig.
2c) peaks at 13.6, 30, and 60 days.
Finally, the R~ 4 mode
(Fig.
2d) shows maxima at 15 and 31 days. Generally, the spectra show'
extremes close to the expected free frequency.
Aliasing from other modes
might partly explain some of the other maxima. A more realistic basic state
would allow a clearer identification of free travelling waves, at least for
certain episodes. A somewhat puzzling result is the strong peak around 30
days for all these modes.
2.) Internal modes.
None of the internal modes shows periods close to the theoretical free values.
Despite their artificial character, internal modes are still useful for
diagnostic purposes. This is demonstrated in Fig. 3 which shows the harmonic
dials for the second internal, gravest symmetric Rossby mode R~ 1. Its
equivalent depth is 950 m. This mode is important for describi~g convectively
driven tropical circulations. With the beginning of May, this mode becomes
stationary. However, its amplitude varies regularly until November. A time
series analysis of the amplitudes for the half year beginning 1 May shows a
strong peak for the 45 day period. During the monsoon period, the part of the
tropical atmosphere projecting on this mode was stationary, but fluctuated
regularly in amplitude.
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ATMOSPHERIC MODELLING GROUP, UNIVERSITY OF READING
LINK BETWEEN DIVERGENT AND ROTATIONAL FLOWS AT 150 rob - D.E. Reeve, B.J. Hoskins
and P.D. Sardeshmukh
The comprehens.ive observational study of the mean 150 mb vorticity
balances (Sardeshmukh and Hoskins, 1985) for the period Dec 1982 - Feb
~983 has been followed up with a detailed analysis of the link between
the seasonal mean rotational and divergent flows at 150 mb in the 6
years comprising the climatology (Reeve et al., 1985). Acknowledging
the importance of nonlinearity stressed in the observational study,
solutions of the steady-state vorticity equation

are sought, where f is the Coriolis parameter, r,; the relative vorticity,
and the horizontal flow v = vd' + v t ' where vd'
is specified as the
l.V
-ro
_ l.V
seasonal mean divergent wind at 150mb. The zonally averaged zonal wind
is also specified, and fixed at-its observed value. Solutions with F = 0,
and linearised about the zonal mean zonal flow, show a rotational flow
differing markedly from observations, an example of which is given in the
figure for the period Dec 1982 - Feb 1983. As shown in the figure, the
nonlinear solution compares much better, but the simulation is improved
further by setting F equal to the transient terms computed from observations.
We may conclude that both nonlinearity and transient effects are crucial
for a good simulation of mean upper level rotational flow in the observed
tropical atmosphere.

(d)

Solutions of the vorticity equation v'V(~+f) + -(~+f)V'v • F at 150 mb for the period December 1982 February 1983 during the recent EIlS0-ep18ode. The contours shown are of the streamfWlction with its
zonal mean subtracted out. The contour interval 18 5 x 10' m' s-l. and negative contours are dashed.
(a) With F • O. and both the advection and stretching terms linearised about the observed zonal mean
zonal flow [ul. The linearised stretching term as computed from observations is also taken as given,
(b) with F • 0, nonlinear, and only [ul and the divergent part of ~ specified from observations; and
Cd) as in Cb) except that F ia set equal to the observed contribution from transients. The observed
stationary wave pattern with which (a). (b) and (d) should be compared is shown in (c), in an
identical format.

Reeve, D.E., Hoskins, B.J. and P.D. Sardeshmukh, 1985: The link between
the divergent and rotational flows at 150 mb in an ENSO and other
years. In preparation.
Sardeshmukh, P.D. and B.J. Hoskins, 1985: Vorticity balances in the tropics
during the 1982-83 El Nino-Southern Oscillation event. Quart. J.
R. Met. Soc., ~, 261-278.
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DISCRETIZATION OF THE VERTICAL MODEL COORDINATE
BY QUADRATIC FINITE ELEMENTS
J. Steppeler

European Centre for Medium Range weather Forecasts
Reading, U.K.

The ECMWF operational spectral model was modified to use quadratic finite
elements for vertical discretisation.

The method is Galerkin based and uses

piecewise quadratic bases being continuous at nodepoints.

The scheme is

considered as an intermediate step towards a cubic-spline-finite element
method.

Due to more efficient coding, the method does not use more

computation time than the linear finite element scheme developed previously
at ECMWF.

Analysis of vertical cross-sections of the solution shows the absence of
computational modes.

Fig. 1 illustrates anomaly correlations of height for

forecasts run from 10.1.84. with horizontal resolution T63; it shows an
advantage of the quadratic elements over both the control scheme and the
linear finite element scheme.
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3.3
CLIMATE PROPERTIES OF SPECTRAL-FINITE ELEMENT MODELS
D. Burridge, J. Steppeler
European Centre for Medium Range Weather Forecasts
Reading, U.K.
50-day integrations from 17.1.84. were performed using the ECMWF operational
spectral model and a modified version which uses linear finite elements for
vertical discretization; the operational. version employs finite differencing
for its vertical discretization.
Fig. 1(b and cl shows the 500 mb height fields averaged over the last 25 days
of these integrations and the 25 day average of the verifying analyses,
Fig. 1a.

The finite element version results in an improved representation of

the climate, because of a better position of the ridge near 90 0 W and several
other features.

A second version of the finite element model was developed in which the
temperature interpolation at the top was changed in order to prevent implied
geostrophic winds from having a singularity near p
corresponding time-averaged fields.

= o.

Fig.1d shows the

Further improvements result, for example,

a strengthening of the ridge near 120 0 W and the split of the flow near OOE.
The changed treatment of the top boundary was also used with the (vertical)
finite difference version of the model.

This resulted in stronger amplitudes

for the troughs and ridges of the time-averaged fields, but in no improvements
concerning their phase.
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Timestep Experiments with a Spectral Model
A. J. Simmons and M. Jarraud
ECMWF, Shinfield Park, Reading, UK.

Experience with the global ECMWF forecasting system has revealed two
situations which limit the timestep possible in the prediction model.

The

first is the occurrence of a strong polar-night jet in the stratosphere during
late winter in the Southern Hemisphere.

The second is a strong tropospheric

jet stream over the Western Pacific during the Northern Hemisphere winter.

To

address these problems, two modifications to the formulation of the ECMWF
spectral model have been tested as part

o~

the optimization of a higher

resolution (T106) model, the performance of which is discussed elsewhere in
this report.

Both modifications involve change to the horizontal diffusion,

and exploit the relative unimportance of smaller scales at upper model levels,
which are close to surfaces of constant pressure for the hybrid vertical
coordinate used for operational prediction.

The first change involves a general substantial increase in diffusion for the
smallest scales.

At T106 resolution, we choose to enhance the model's

standard 4th order linear diffusion by replacing the diffusion coefficient
(n-n )
k
for n > n , where
K (at level k, counting from the top) by K x 10
k
n = 84, 88, 92, 96, 100, 103 and 105 for k = 1,2, ••• 7, with no modification
k
at the remaining 9 model levels. This effectively acts as a reduction in
model resolution at stratospheric levels, without generating the noise found
in tests in which the highest-wavenumber components were simply set to zero at
upper levels.

The second change is designed to ensure stability for strong tropospheric
jets.

For a particular model level, spectral components whose total

wavenumber n exceeds a critical value dependent on the maximum windspeed at
that level are damped at the timestep in question by a factor

1 + ex L'lt [Max {1u1}] (n - n
't)
a
~
crl

= S/Max{1~1} and a is the radius of the earth. Values ex > 2
crit
and S = a/L'lt give stability for the linear advection equation for a wave of

where n

scale a/n and advecting velocity Max {1~1}.

In practice, values of ex

and S ~ a/L'lt (giving n

=

.
crlt

=

89 for Max{1u1}
~

=

2.5

80 m s-l) have been chosen

r
3.6

experimentally to give stable results at Tl06 resolution with a 15-minute
timestep.
Without the above modifications, testing of some 20 situations gave one case
of computational instability using a 12 minute timestep.

The overall impact

on forecast quality of the change is negligible, being substantially smaller
than resolution differences between T63 and T106, as in the case illustrated
in the accompanying figure.

These changes have also been fOMnd to provide a

simple and effective way of extending the timestep by at least 25% at T63
resolution.

It should be noted that all control forecasts used the semi-implicit treatment
of vorticity and moisture advection described by Jarraud et al. in
Report No. 3 in this series.

Overall, these computationally inexpensive

developments have led to an extension in time step of 60% or more without any
significant impact of time truncation errors.

Tl06

%3

6t =

1~ ~n

Tl06

6t = l~.~n

AnaLysis

Mean 500 mb height fields for days 5 to 10 for forecasts from 15 l~rch 1984, and
the corresponding verifying analysis. The- case is one of marked sensitivity to
resolution over the European and North Atlantic region.
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A eime integration scheme us~ng approximated
gravity normal modes of a model
Yosuke Shigehisa
Numerical Prediction Division
Japan Meteorological Agency
A time integration scheme based on a new methodology, in
which the fast gravity waves of a model were treated analitically
as being governed by linearly approximated equations while the
slow gravity waves and Rossby w~ves were treated by a conventional explicit leap-frog time integration scheme, was proposed by
Daley (1980) and demonstrated to be computationally stable and to
have efficiency and accuracy comparable to a conventional semiimplicit time integration scheme by using the GeM of Bourke et
al. (1977). However, the requirement of the extra storage space
for the horizontal structure functions is a relatively serious
drawback in the application of this scheme, especially to grid
point models. In order to ~void this problem, we developed a
modified scheme in which the normal mode functions of a model
atmosphere in rest state were replaced by thos~ calculated by
neglecting an earth rotation and experimentally tested the
stability and accuracy of this scheme. This modification yields
several advantages. First, since in a spectral model these
approximated normal mode functions generally become identical to
the expanding functions of the spectral model, it is not necessary to prepare the extra storage space for these horizontal
normal mode functions. Even in the grid point model, the storage
is also saved, because the set of the horizontal structure functions for each vertial eigenvalue are essentially identical.
Second, the computational time for the projection of physical
field to approximated normal mode space and the reverse transformation to physical field is shortened, because any of the
eastward gravity normal mode functions becomes essentially
identical to the westward counterpart, i.e., the discrepancy
appears only in the phase difference of a )alf cycle of an
eastward component of wind. In the numerical test by using a
grobal longitude and latitude grid point model, any sign of
computational instability was not detected during 300 hours
integration and the comparison with the control run with a
conventional explicit time integration scheme with sufficiently
short time increment showed the same order of accuracy with that
obtained by Daley (1980). Although we did not test this modified
scheme in a spectral model, we can not expect virtually any
pessimistic view for only spectral models.

3.8

On linear stability condition of leap-frog scheme_
in spectral model
N.Satn
Numerical Prediction Division
Japan Meteorological Agency
Linear stability condition, or so called CFL condition,
of the semi-implicit leap-frog time integration scheme in a
global/hemispheric spectral model gives maximum allowable
time interval
t(CFL) as fol~ows:
t(CFL)=a/MVmax
(1)
where a is the earth's radius,M is the truncation wave
number, and Vmax is the maximum advection velocity. This is
derived under the condition that the advection velocity is
constant.
We analyzed normal modes of one dimensional linear
advection equation in spectral form when advection velocity
varies spatially. We found that the condition (1) is too
stringent, especially for low resolution model.
Fig.l shows the result of the analysis. The ordinate
scale is the maximum growth rate per time step and the
abscissa is shown by
t normalized by
t(CFL). M is the
truncation wave number. Advection velocity is given in
Fig.2. When M is 42,
t is extended by more than 50%. Lower
the truncation wave number, longer the allowable time
interval.
The integration of a T42 global spectral model with the
time increment that violates condition (1) was tested. The
integration was stable and 20-25% of integation time was
saved.
The effect of the semi-implicit treatment of the zonal
wind component in vorticity equation was also studied. We made
normal-mode analysis of linearized vorticity,divegence,
thermodynamic and paiequations on f-plane. The model has
12-levels. Horizontally~ advection velocity is constant and
one sin-mode is considered. The time integration scheme is
leap-frog and semi-implicit with regard to gravity modes.
In Fig.3 the ordinate scale is allowable time interval
t normalized by
t(CFL) .and the abscissa is shown by
implicit rate,that is, the rate zonal advection velocity is
treated implicitly in vorticity equation.
In the figure, f
is the coriolis parameter at the pole. Even fully implicit
treatment of zonal velocity extends allowable time interval
about 10 %.
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Generalization of the NMC Global Spectral Model to
Arbitrary Truncations
By
Thomas Nehrkorn and Ross N. Hoffman
Atmospheric and Environmental Research, Inc., Cambridge, MA 02139
The NMC global spectral model (GSM) was provided to the Air Force
Geophysical Laboratory by NMC through an interagency agreement. This version
of the GSM, as described in Brenner et al. (1982), is set up for a rhomboidal
truncation and global simulation. It was modified to allow three sets of
configuration changes, or any combination thereof:
the spectral truncation can be any truncation at all in the m, n
space, where n is the order and m the degree of the spherical
harmonics. This includes the pentagonal truncations used in the
NCAR CCM and the ECMWF GSM, of which the most commonly used
triangular and rhomboidal truncations are special cases.
the model can be run in a global or "hemispheric" version. In the
latter case all fields are assumed symmetric about the equator,
except for vorticity and meridional velocity, which are assumed to
be antisymmetric (Machenhauer and Rasmussen, 1972).
the spectral truncation can be specified to allow for only zonal
wavenumbers of periodicity p to be non-zero (e.g., m = 0, 3, 6,
9, ••• for p = 3). For example, Held and Suarez (1978) have
discussed the benefits and limitations of such truncations.
For maximum flexibility and efficiency the storage of the spectral
coefficients was completely reorganized, and the code was modified to remove
any implied correspondence between storage location and wavenumber •. This
requires the storage of the zonal and meridional wavenumbers.
Timing tests show the modified version of the GSM to be slightly faster
than the NMC version for a rhomboidal truncation and a global simulation and
significantly faster for hemispheric or more severely truncated
calculations. Applications for hemispheric and severely truncated versions of
the GSM are envisioned for more economical testing of physical
parameterizations and other components of the GSM, as well as theoretical
investigations which would benefit from the simplicity and economy of the
model. Future work includes the optimization of the Legendre transforms for
special cases (e.g., rhomboidal or triangular truncation).
References
Brenner, S., C-Y. Yang, and S.Y.K. Yee, 1982: The AFGL spectral model of the
moist global atmosphere; Documentation of the baseline version. AFGL-TR82-0393, AFGL, Meteorology Division, Hanscom AFB, Bedford, MA 01731.
Held, I. M., and M.J. Suarez, 1978: A two-level primitive equation
atmospheric model designed for climatic sensitivity: Results from
dynamic and diffusive models. J. Atmos. Sci., ~' 1911-1927.
Machenhauer, B., and E. Rasmussen, 1972: On the integration of the spectral
hydrodynamical equations by a transform method. Report No. 3,
Universitet Kobenhavns, Institut for Teoretisk Meteorologi, Copenhagen.
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Mass Correction in a Spectral GCM
by
Ren~

Laprise*
Dept. of Physics
University of Toronto
Under the hydrostatic assumption the mass continuity equation takes the
following form when written in the sigma coordinate system:
ap

A

at

sol'

__
s + V.p V

A

where'!.
u

=

1

10

~
u

do, a

=

0,

= p/p S and ps is the surface pressure.

(1)

From the form

of (1), it is obvious that the global integral of PS' <Ps>, is an invariant even at finite resolution in a spectral model:
(2)

where A = longitude and

~

sine of latitude.

In the sigma coordinate system, the pressure gradient force takes the
form:

v q> + ~ Vp == V q> + RTV 1n p ,
a
sos
Ps

(3)

where q> == gZ and RT = - aq>/ a 1n o.
The Ps factor in the denominator is
problematic because one cannot formally divide in a spectral model.
In
order to avoid ra1s1ng the complexity of the equations by multiplying
throughout by Ps' it has become customary to use q = 1n Ps as the primary variable. In terms of q, (I) is rewritten as:

an
+
at

~

*

A

V·
Vq
V'

+

A

V·V
= 0
U'.

(on leave from the Canadian Climate Centre, AES)

(4)
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Even though (4) is formally equivalent to (1). the total mass is not necessarily conserved at finite resolution.

In fact in the AES GCM (Boer et al ••

1984)-. the net mass does fluctuate in time and a net loss of about 0.3 mb

per year was observed in an extended integration using a 10 level, triangular 20 wave version of the model. This apparent sink may be partly due to
the effect of a time filter applied to q, since it is known that the geometric mean is always less than or equal to the arithmetic mean.
In order to curtail this mass loss in long simulations. a running correction is now applied to the mass field at every time step as follows:
i)

q is synthetized on the transform grid in the model.

ii)

Ps

= exp(q)

is evaluated at every point.

iii) <Ps> is evaluated by gaussian quadrature. and
iv)

the (m. n) = (0. 0) spectral coefficient of qis adjusted as follows:

(5)

where P is the initial value of <Ps >.
ing correction in real space:

Eq. (5) corresponds to the follow-

• .-.L

(6)

<p >
S

This is only one of the many possible corrections to ensure that <p*>
s
Its main advantage is ease of implementation.

P.

Reference
Boer. G.J ••

N.A. McFarlane, R. Laprise and J.-P. Blanchet;

1984: The CCC

spectral 'atmospheric GCM (accepted for 'publication in ATMOSPHERE-OCEAN).
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THE NATURAL LOGARITHM OF SPECIFIC HUMIDITY
AS A PROGNOSTIC VARIABLE*
Ross N. Hoffman and John F. Donahue
Atmospheric and Environmental Research, Inc.
Cambridge, Massachusetts 02139
It is possible to use anyone of several different humidity variables in
a numerical weather prediction (NWP) model. Specific humidity (Q) is a
favored choice since it is a conserved quantity. However, special schemes
must be used to avoid negative values of Q. These range from simple borrowing
parameterizations of horizontal diffusion (Gordon and Stern, 1982) to rather
sophisticated finite difference schemes which insure non-negativity, e.g.,
Smolarkiewicz (1983). An alternative is to use a prognostic humidity variable
which is not restricted to be positive. For example, Schneider (1984) used
the square root of concentration as a prognostic variable. In a similar vein
we here advance the use of the natural logarithm of Q as a prognostic
variable; henceforth X = lnQ.
There are some other advantages which we expect to gain by using X as the
prognostic variable for moisture. However, the most important consideration
in the choice of X versus Q is the tradeoff between accuracy and conservation.
Vertical differencing using X should be more accurate than Q under normal
atmospheric conditions. Basically this occurs because vertical profiles of X
are more nearly linear than those of Q. For the same reason vertical interpolation (p-u, u-p) of X should be more accurate than that of Q. Unfortunately,
we must anticipate the X-scheme to be fairly nonconservative. A spectral
model has no horizontal truncation errors i f its transform grid is chosen
properly. However, this does not guarantee good conservation properties for
the X-scheme both because d/dt (p*expX) involves much more than triple products and because the vertical finite difference scheme is nonconservative.
Finally, the large time steps commonly used in global spectral models present
a special challenge for the X-scheme.
We are presently investigating the extent of nonconservation in the
X-scheme, relative to the nonconservation of the physical processes. We are
also investigating the extent to which the model forecasts of precipitation
and cloudiness are sensitive to the choice of X versus Q.
REFERENCES
Gordon, C. T., and W. F. Stern, 1982:
Schneider, H. R., 1984:

Mon. Weather Rev., 110, 625-644.

Mon. Weather Rev., 112, 1206-1217.

Smolarkiewicz, P. K., 1983:

Mon. Weather Rev., 111, 479-486.

*This work was supported by Air Force Geophysics Laboratory, Air Force Systems
Command, Contract No. F19628-83-C-0027.
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Integration of the Primitive Equations using a Semi-Lagrangian and
Alternating Direction Implicit Method.
J.R.Bates and A.Mc Donald,
Irish Meteorological Service,
Glasnevin Hill, Dublin, Ireland.
The Irish Meteorological Service uses an operational forecast
model in which the time integration is split: the advection is done
by a Semi-Lagrangian method, which is unconditionally stable; the
adjustment phase is integrated by means of a trapezoidal implicit
method for the Coriolis terms, and a forward-backward scheme for the
gravity-wave terms which is subject to a CFL stability criterion. (See
Bates and McDonald, 1982). The time-step used is 30 mins. for advection
and 7.S mins. for adjustment, the latter being dictated by the CFL stability criterion.
In order to achieve a more efficient integration of the adjustment terms~ Bates (1984) developed an alternating direction implicit
(ADI) method with an extremely lenient stability criterion. He showed
the new scheme gave impressive results when used to integrate the
shallow water equations. It has now been extended to the the primitive
meteorological equations and preliminary results are most encouraging.

References.
Bates, J.R., and A. McDonald, 1982: Multiply-upstream, Semi-Lagrangian advective schemes: analysis and application to a multi-level
primitive equation model. Mon. Wea. Rev., 110, 1831-1842.
Bates, J.R., 1984: An efficient Semi-Lagrangian and Alternating
Direction Implicit method for integrating the shallow water equations.
Mon. Wea. Rev., 112, 2033-2047.

3.16
A Semi-Lagrangian and Semi-Implicit Two Time Level Integration Scheme.
A Mc Donald.
Irish Meteorological Service.
Glasnevin Hill. Dublin. Ireland.
An unconditionally stable two-time level integration scheme has
been constructed for integrating the primitive meteorological equations.
It can be thought of as working in the following way. During the first
ha1f-time-step the Corio1is terms are integrated implicitly. while the
pressure gradient terms are integrated explicitly. During the second
half-time-step the Coriolis terms are integrated explicitly. while the
pressure gradient terms are integrated implicitly. The advection %erms
are integrated by means of a multiply-upstream semi-Lagrangian scheme
and the non linear terms are integrated explicitly. once per timestep.
The scheme is unconditionally stable. It is also very efficient because
the implicit integrations can either be solved directly (in the case of
the Coriolis terms) or give rise to a He1mholtz equation for which efficient fast solvers exist (in the case of the pressure gradient terms).
A real-time run of this scheme was implemented with the gridstructure. the area. the physics package. and other variables all being
chosen so as to make the comparison with the Irish Meteorological
Service's (IMS) operational forecast model as unbiased as possible. For
a description of the latter see the reference below. The new scheme was
run with a time-step of 45 minutes. The time-step used for the IMS
operational model is 7.5 minutes for the adjustment stage and 30 mins.
for the advection stage. For a set of sixty 24-hour forecasts the new
scheme showed no deterioration in forecast quality while cutting the
required CPU from 24 mins. to 11 mins. See Table.

New model
RMS error in
SI Score for
RMS error in
51 Score for

500mb geopotential
500mb geopotential
surface pressure
surface pressure

27.65±0.81
25.92±O.63
3.74±O.11
42.67±0.66

IMS operational model
28.99±O.91
28.05±O.60
3.72±O.11
44.11±0.62

Table. Verification statistics for sixty 24hr. forecasts.

Reference.
Bates. J.R •• and A. McDonald. 1982: Multiply-upstream,- Semi-Lagrangian advective schemes: analysis and application to a multi-level
primitive equation model. Mon. Wea. Rev., 110, 1831-1842.
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Research into modelling discontinuous atmospheric flows by
finite difference methods.
M.J.P. Cullen, S.P. Ballard, C.A. Parrett, S. Chynoweth.
Meteorological Office, Bracknell, England.
(i)

Semi-geostrophic modelling
Three dimensional semi-geostrophic hemispheric forecasts using real
data have been completed and compared with primitive equation forecasts.
Less diffusion is required in the semi-geostrophic model.
using it (Fig. 1) are however

The results

much smoother than the primitive equation

integration (Fig.2) but at" the expense of some correct detail.

The

central pressures of the mature systems are more accurately forecast,
but that of the developing depression near the North Pole is less
.
0
000
accurate.
The r.m.s. error over the reg10n 20 E to 70 W, 30 to 70 N
is decreased from 3.2mb to 2.4mb.

This result suggests that such an

integration scheme may provide a useful alternative to normal mode
initialisation for removing spurious solutions during data assimilation,
since it defines a fully convergent balanced state.

However, it requires

further extension before being a useful forecasting method.
(2)

Mountain flow
Forecasts of flow over the Alps using a fine mesh model with a 37Km
grid

show excessive large scale gravity wave activity.

of the waves is, however, similar to observations.
low level flow separation.
show a similar effect.

The structure

There is insufficient

Integrations with a two dimensional

model

The presence of a substantial wind component

parallel to the mountain ridge prevents the flow blocking
the wind is normal to the mountain.

observed when

If the model is made semi-geostrophic

the finite difference solutions can be compared with an exact geometrical
solution.

This indicates that the localised breakdown of semi-geostrophic

scaling near the mountain top is spread upwards by the finite difference
model and may contribute to an excessive wave in the primitive equation
model.
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Structure of critical point in an idealized model
and an actual system.

Yoshihisa Matsuda
Meteorological college _Kashiwa 277 Japan

Equations adopted in a numerical model can be obtained by
using various approximations. Hence, in order that the results derived from a numerical model can be used for prediction, it is necessary :that a slight modification of equations
adopted in the model produces only a slight modification for
the results also. As a first step to confirm this kind of
predictability, we examine effects of slight modification
of the external forcing upon the type of 'critical point (
transition point) appearing in a nonlinear fluid system.
Matsuda(1983.J.Met.Soc.Japan) has already shown that a bifurcation point can appear in a fluid system with symmetric
external conditions and a snap point can do in a system
with asymmetric ones. This result is obtained in an idealized model. However, in an actual system, the

exter~al

for-

cing has symmetry, at most, in the approximate sense. Under
such realistic external conditions, only a snap point can
appear but a global structure near the snap point is anal./

ogous to a bifurcation point. Hence, as long as the structure of critical point is concerned, the results derived
from an idealized model can be applied to an actual system.

4.1
SENSITIVITY OF MEDIUM RANGE FORECASTS TO HORIZONTAL
RESOLUTION AND THE REPRESENTATION OF OROGRAPHY
M. Jarraud, A.J. Simmons and M. Kanamitsu
European Centre for Medium Range Weather Forecasts
Reading, U.K.

An extensive experimental program was set up at ECMWF in 1983 aimed at better
understanding the sensitivity of the ECMWF spectral model to orographic
representation and horizontal resolution.

For the orography, it has been found that, except at very low resolution
(T21), the inclusion of an "envelope" has an overall beneficial impact.

The

benefit is particularly clear in winter and at high resolution (T106), as in
the pronounced example shown in Fig. 1.

A detrimental impact has been found

in summer for T63 resolution (and lower) but not for T106.

In several cases

this was linked to a strong dynamical response to mountains west of
Greenland.

The choice of an envelope representation for the new T106 ECMWF

operational model thus appears more clear cut than for the previous
operational (T63) resolution.

However, investigation of alternative

approaches is being pursued.

Objective verification shows the sensitivity to the increase in horizontal
resolution from T63 to T106 to be of the same order as to orographYI but the
resolution change is much more

systematical~y

beneficial, particularly up to

D+5 in general, and throughout the forecast range in summer.

As could have

been expected, there is some convergence as resolution increases, the
improvement when going from T42 to T63 being larger than when going from T63
to T106.

However, for smaller scale features such as tropical cyclones, fast

developing systems and features associated with mountains, the upgrade from
T63 to T106 can prove crucial.

This is reflected in generally improved

precipitation forecasts, a distinct example of which is shown in Fig. 2.

Study of the sensitivity of systematic model errors to increased resolution
has been made by examining model errors averaged over the last three days
and over all forecasts available for a particular season.

Mean winter height

errors are clearly largest at T21 and of a markedly different pattern than
that found for higher resolutions.

They increase slightly in amplitude from

T42 to T63 but decrease from T63 to T106, although the sample of cases may not
be sufficiently large for these differences to be of significance.
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I

THE EFFECT OF RESOLUTION AND DIFFUSION ON THE SIMuLATED CLIMATE

I
I!"

J F DYSON - Meteorological Office, Bracknell, England
a.

January Simulations

Three integrations of the Meteorological Office 11 layer GCM (N E P Report
No 7) are compared to illustrate the effect of changing the model resolution and
the effect of changing the amount of lateral eddy viscosity (diffusion).. The names
and characteristics of the integrations are:
Experiment Name
M25
M100
C100

Resolution

Diffusion Constant

0

x 3.75 0 ('Medium Resolution')
x 3.73 ('Medium Resolution')
x 7.5
('Coarse Resolution')
K = 6.25 x 10 13 m3

25K
100K
100K

All of these integrations had radiation, sea surface temperatures and sea
ice exten". for perpetual January conditions and were run for 60 days from the
same initial conditions. A non linear diffusion formulation is used as described
in Corby et al (1977). Experience shows that, at a given resolution, the best
simulation is obtained by using the minimum diffusion constant which maintains
stability; this minimum is found to vary with the square of the grid length. M100
allows the effect of changing diffusion to be separated from the effect of changing
resolution. The PMSL fields for the mean of days 31-60 (figs 1 and 2) are compared
with Schutz and Gates (1971) January Climatology.
Increasing the resolution improves the Southern Hemisphere (S H) circulation note particularly the deeper sub Antarctic trough and more realistic southern subtropical highs in M25 as compared to C100. In contrast the Northern Hemisphere
(N H) cirCUlation in M25 is worse with deeper and less realistic Aleutian and
Icelantic lows and more excessive surface westerly flow in mid latitudes.
Comparison of M100 and M25 in the S H suggests that much of the difference between
M25 and C100 is due to the change in diffusion constant. However, some of the
features, for example the excessive surface westerly flow over Eurasia, are worse
in M100 than M25. Thus not all the differences between M25 and 0100 can be
attributed to the change in diffusion.
b.

July Integrations

Two July integrations were also carried out at the two resolutions. In these
there is an overall improvement in the simulation when the resolution is increased.
c.
Broadly similar trends as a function of resolution - in both seasons - are
reported by Manabe, Hahn and Holloway (1978) using the GFDL spectral model.
d.

A more detailed report on these experiments is in preparation.

Corby G A, Gilchrist A
and Rowntree P R

1977

UK Meteorological Office five level
G C M in Methods in Computational
Physics Vol 17, Academic Press.

Manabe S, Hahn D G
and Holloway J L

1978

Climate Simulations with GFDL spectral
models of the atmosphere in GARP
Publication Series No 22 Vol 1.

Schutz C and
Gates WL

1971

Staff of the Dynamical
Climatology Branch

1984

Global data for surface, 800 mb, 400 rob:
January. Advanced Research Project,
Rand Corporation, Santa Monica,
California.
An 8 year integration of the 11 layer
G C M N E P Report No 7.
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SCHUTl AND GATES CLIMATOLOGICAL DATA FOR JANUARY
PMSL
AVERAGE FROM Ol ON I11 DAY I TO Ol ON 31/1 DAY 31
LEVEL: SER LEVEL

~ 10 (!
I COARSE RESDLUT ION JANUARY INTEGRAT ION
WITH lOOK DIFFUSION CONSTANT
PMSL
AVERAGE FROM 0.15l ON DAY 31 TO Ol ON DAY 60
LEVEL: SEA LEVEL
EXPERIMENT NO.: 1308
!

Figure 1 : PMSL from January Schutz and Gates Climatology
and the mean of days 31-60 of integration c100
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I

""" J.5__ • liED lUll RESDLUTI ON JANUARY INTEGRATI ON
HITH ZS-K DIFFUSION CONSTANT
PIISL
AVERAGE FROM O.ISl-ON DAY 31 TO Ol ON DAY 60
LEVELI SEA LEVEL
EXPERIMENT NO •• I2~3

1\1196 I MEDIUM RESOLUTION JANUARY INTEGRATION
HI TH lOO/( DIFFUSION CONSTANT
PMSL
AVERAGE FROM O.ISZ ON DAY 31 TO Ol ON DAY 60
LEVEL I SEA LEVEL
EXPER IMENT NO.. 12~9

Figure 2

PMSL from the mean of days 31-60 of integrations M25 and M100
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Response of the GLA Fourth Order
GCM to a "Significant Height" Orographic Boundary Condition
J. Pfaendtner*, R. Balgovind*, R. Dlouhy*, D. Duffy, H. M. Helfand, and E. Kalnay

Laboratory for Atmospheres
NASA/Goddard Space Flight Center
Greenbelt, Maryland, USA
Two orographic data sets have developed for use as a lower boundary condition
for the GLA Fourth Order GeM, one which prescribes mean areally averaged heights
and a second which prescribes an enhanced "significant height" orography over
rugged terrain.
Both data sets derive from a global elevation data set at a resolution of
10 minutes by 10 minutes prepared by the Navy Fleet Oceanographic Center. Asa
preliminary step, the data were areally averaged and redefined over a 1 degree
by 1 degree grid. For the first orographic data set, the 1 by 1 degree data
were again areaily averaged both to the 4 x 5 degree and to the 2 x 2 1/2
degree grids of the GLA Model. Finally, each of these data sets was subjected
to a single pass of a longitudinally dependent one-dimensional Fourier filter
developed by Balgovind (1984). This filter allows small but negative topographic
heights to occur over oceans.
The second orographic data set has been designed to emphasize the effect
on the atmopheric flow of the tallest peaks in regions of rugged terrain. The
procedure is similar to that of the previous paragraph except that only the
highest one third of the 1 degree x 1 degree values are considered in the
averaging process to produce the 2° x 2.5° and 4° x 5° data sets, respectively.
This "significant height" orographic data set borrows from the approach used by
oceanographers to determine "significant wave heights" (see, for example, Barber,
1962, pp. 664-699). It differs from the "envelope orography" approach of
Wallace et al. (1983) in that it emphasizes the effect of higher-than-average
terrain while minimizing the contribution of lower-than-average heights. The
deep valleys and canyons of the Andes Mountains, for example, are not allowed
to overexaggerate the effective height of that range as they do (through their
substantial contribution to the standard derivation of height) in the Wallace
et al. scheme. The Fourier filter is applied once to the "significant height"
orography as it was to the "mean height" orography.
To evaluate the effect of this lower boundary condition on the forecasting
skill of the Fourth Order model, a series of forecasts were carried out both at
4° latitude by 5° longitude and at 2° x 2.5° resolutions with both the "significant height" .or Q3 orography and the "mean height" or SI orography.
Three sets of Northern Hemisphere winter forecasts at the 2° x 2.5° resolution indicate that the Q3 orography gives slightly better results over the
Northern Hemisphere than does the SI orography. The improvement did not occur
* M/A-COM Sigma Data Inc. at NASA/Goddard Space Flight Center,
Greenbelt, Maryland, 20771

4.8

until after 4 days for Skill Score 1 and after 2 to 3 days for root mean square
error. Fig. 1 illustrates a typical example of this improvement. There were no
significant trends for forecasts over the Southern Hemisphere or tropical regions.
No forecasts were available at this resolution for the summer season.
The results of the 4° x 5° forecasts were mixed. For the first 3to 4
days, sea level pressure forecasts for the Northern Hemisphere were better with
the Q3 orography. After this time, there were no consistent trends.
In the Southern Hemisphere, forecasts with the Q3 orography were slightly
better than those with SI orography but not until after 3 to 6 days. In the
tropics, a June forecast was substantially better with the SI orography while
the (Northern Hemisphere) winter forecasts favored the Q3 orography at sea level
and were mixed at 500 mb.
It is apparent that more forecasts will be necessary at both horizontal
resolutions before any definitive conclusions can be made regarding the choice
of an optimal orographic data set.

REFERENCES
Barber, H. F., and M. J. Tucker, 1962: Wind Waves. The Sea.
Oceanography, Interscience Publishes, pp. 664-699.
Balgovind, R., 1984: Derivation of Model Topography.
Goddard Space Flight Center, Greenbelt, MD.

Volume I; Physical

NASA Tech. Memo., NASA/

Wallace, J. M., S. Tibaldi and A. J. Simmons, 1983: Reduction sf Systematic
forecast errors in the ECMWF model through the introduction of an envelope
orography. Quart. J. R.Meteor. Soc., Vol. 109, No. 462, pp. 683-717.
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Fig. 1

Forecast skill for the Northern Hemisphere
for a forecast beginning on Jan. 5, 1979.
The top panels represent s~a level pressure
scores, while the bottom panels represent
500 mb heights. Skill score 1 is shown
in the left panels, and root mean square
error on the right.
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A parametrization of orographic gravity wave drag in a high resolution general
circulation model
by
T N Palmer, G J Shutts and R Swinbank
Meteorological Office, Bracknell, Berkshire, England.
In common with many other high resolution general circulation or numerical
weather prediction models, the extratropical westerlies in the wintertime
climatology of the UK Heteorological Office 11-1ayer model are unrealistically
strong in the Northern Hemisphere. Fig 1a, b shows the zonal mean zonal wind
cross section and the sea level pressure averaged over the last 30 days of a 90
day wintertime integration. The systematic error is clearly apparent, with
excess surface westerlies, particularly over the continents.
Following observational studies over a number of mountain ranges (see the
summary in Hoinka, 1985) it appears that the dissipation of orographically forced
gravity waves in the atmosphere may exert a significant drag on the general
circulation. Such a mechanism would be fundamentally different to boundary layer
friction in two respects. Firstly, according to linear theory, gravity wave
stress increases monotonically with static stability, whereas turbulent diffusion
of momentum in the boundary layer decreases \"'i th increasing static stabili ty.
Secondly the wave stress may ultimately be dissipated well above the boundary
layer. The thermal structure arising from the large scale adjustment to this drag
may be quite different to that resulting from boundary layer friction.
The parametrization consists of two components, the surface stress and the
wave dissipation mechanism. The surface stress,'t s ' is determined by linear
theory

where N is the Brunt-Vaisala frequency.for the lowest Cl-levels; ~~, ys"are the
surface density and wind vector, and~~is the variance of subgridscale orographic
height determined by the US Navy topographic dataset withVb~horizontal resolution.
At any level in the atmosphere, the stress 1.- can be related to the vertical
displacement, Sh, of isentropic surfaces

1.:

K

=

P tJ v 51,·/-

-------'/2.

where v is the component of the wind in the direction of the surface stress vector.
Assuming the gravity waves are vertically propagating with a vertical wavenumber N/v (given by the hydrostatic version ·of the dispersion equation) we can
define a 'minimum wave Richardson number'
r--.-

RC rnin

:=:

rv 2

\-N\Jh\/V}

i7I + l\? ISh \/'0

-------3

1.

where? is horizontal vorticity.
The condition that instability occurs when the mlnlmum wave Richardson number
is less than ~ embodies Lindzen's (1981) convective overturning criterion, and
Scorer's (1978) billow instability mechanism (where the demoninator becomes large).
Note that the expression in the denominator can be derived without recourse to
linear theory.

4.11

The wave absorption mechanism uses 2, 3 and Lindzen's saturation hypothesis.
First the surface stress is calculated. At the next level, 2 is used to calculate the value ~h that would obtain if th~e was nQ absorption~of stress. Using
this value of 'Sh, 3 is used to calculate Rtr.t:/t. If R4".l;f -a: then R""'ili. is set equal
to -a:, and a new value of ~h is calculated. From 2 this implies a new (smaller)
value of ~. This procedure is continued upwards for each layer and any residual
stress is absorbed in the top layer. Critical line absorption is also parametrized.
Fig 2 a, b shows the PMSL and zonal mean zonal wind averaged over the last
30 days of a 90 day wintertime integration-of the 11-layer model with the same
initial conditions as in Fig 1 and with the gravity wave parametrization scheme.
As compared to the control integration the surface westerlies have been reduced,
particularly over the continents. Other improvements include a weaker polar
night jet and a stronger sub-tropical jet.
References
Hoinka, K P, 1985: Observation of the airflow over the Alps during a foehn event.
Quart J R Met Soc 111, 199-224.
Lindzen, R S, 1981: Turbulence and stress due to gravity wave and tidal breakdown.
J Geophys Res 86, 9707-9714.
Scorer, R S, 1978: Environmental Aerodynamics.
Chapter 6. Ellis Horewood Ltd.
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Effect of the sub-grid scale undulations on the atmospheric flow
Akimasa Sumi
Geophysical Institute, University of Tokyo
Yayoi 2-11-16, Bunkyo-ku, Tokyo 113, JAPAN
Systematic decreasing of the surface pressure in the high latitudes

(~600N) of the northern hemisphere during the winter (December - February)

can be well noted in the GCM study (Manabe et al., 1979; Sumi and Tamiya,
1985), and in the systematic forecast error study (Sumi and Kanamitsu,
1984; Cubasch, 1981). Especially, this negative bias of the surface
pressure is noticeable over the Siberia (Fig. 1). Sumi (1985) also showed
that this negative bias of surface pressure is related to the over
prediction of the outbreaks of the cold air over the Siberia. He suggested
the importance of the effect of the Planetary Boundary Layer lPBL)
generated by the small-scale undulation to suppress the overpredictiCin of
the cold air outbreaks and showed the forecasted field is improved by
incorporating the effects due to the small-scale undulations in the PEL
parameterization scheme.
Although his scheme indicated the improvement, the number was limited
and further experiments are necessary.
Therefore, 3 day forecast
experiments from the OOGMT were conducted during January, 1985. Compared
with the routine forecasts, the improvement of the zonally averaged surface
pressure field is noticeable. The forecast error of the zonally averaged
surface pressure is reduced to 1/5 over the high latitudes and the tropics
(Fig. 2). With respect to the zonally asymmetric components the effect ·of
this scheme is also noted (Fig. 3).
Following the above results, it is concluded that the effect due to
the subgrid scale undulations is indispensable for the improvement of the
forecast and the further s~udy will be necessary for understanding the
mechanism.
Reference
Cubasch, U., 1981:
The performance of the GCMWF Model in 50 day
integrations, ECMWF Memorandum No. 32.
Manabe, S., D.G. Hahn and J.L. Halloway, Jr., 1978: Climatic Simulations
with GFDL Spectral Models of the Atmosphere; Effect of Spectral
Truncation, GARP Publication Series No. 22, 41-94.
Sumi, A. and M. Kanamitsu, 1984: A study of Systematic Errors in A
Numerical Weather Prediction Model· (Part 1), J. Met. Soc. Japan, 62,
234-251.
_____ , and K. Tamiya; 1985: Performance of the long-time integrations of
the JMA Spectral Model, JMA/NWD Technical Report 85-01.
___ , 1985: A Study on Cold Surges around the Tibetan Plateau by using
Numerical Models., J. Met. Soc. Japan, 63, To be printed.
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Fig. 1

The systematic error of the s~a surface pressure between October and
December, 1983. Contour intervals are 1 mb.

LRT.

Fig. 2

The zonally averaged sea-surface pressure during
January, 1985. Full (dashed) lines are for the
forecast without (with) the effect of the subgrid scale undurations~ Thin line is for the
verification.
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Fig. 3

Same as in Fig. 2, except for the zonally asymmetry
component of the sea-surface pressure along 20 o N.
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Parameterization of the Extended Surface Layer by Monin-Obukhov
Similarity Theory in the GLA Fourth Order GCM

H. Mark Helfand
Laboratory for Atmospheres
NASA/Goddard Space Flight Center
Greenbelt, MD 20771, USA
Monin-Obukhov similarity theory is meant to relate the vertical profiles
of temperature, wind and moisture to surface fluxes only within the "constant
flux" surface layer of the earth's atmosphere, which is, at most, only a few·
tens of meters deep. This means that one is formally justified in using MoninObukhov theory to specify surface fluxes ina general circulation model (GCM)
only if the lowest layer of that model is located within a few tens of meters
of the earth's surface. This is a situation which is not practical for a GeM,
which should have a smooth distribution of a limited number of vertical layers.
Fortunately, however, the Monin-Obukhov formulation can be extended beyond
its formal limitations With reasonable accuracy if one is careful in the
specification of the similarity functions to be used within its framework.
Panofsky (1973) has pointed out that for a neutrally stratified atmosphere,
the Monin-Obukhov formulation (which reduces to the logarithmic law) still
works at heights of 150m or more due to the canceling effects of less-thanlinear growth the turbulent mixing length with increasing height. In the same
paper, he claims that the solution of the "Keyps" equation
(1)

where ~ is the s~milarity variable z/L and L is the Obukhov length, gives an
adequate description of the dimensionless wind shear in unstably stratified
atmospheres up to heights of 150m and more (see Fig. 1). This function·.
interpolates between the function presented by·Businger et al., (1971) for
small negative values of ~
(2)

and the convective limit
(3)

for 1;+ -

00.

In the same vein, the solution of
(4)
can been chosen to interpolate between the Businger et al. function
(5)
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for small negative ~ and the convective limit (3) for the dimensionless potential
temperature gradient. The functions (1) and (4) have been chosen for the GLA'
Fourth Order GCM with the hope that they can accurately predict surface fluxes
anywhere within 150 m of the ground.
For a stably stratified atmosphere. the functions
1 + ~.h ~1

(6)

where

have been chosen to interpolate between the functions of Businger et a1. (1971)
(7)

and Clarke's

(1~70)

analysis of the mean stable case for the Wangara Experiment.

*

9

The surface flux coefficients Cu = ~ and CT = I~*I obtained from (1).
.
u
w
(4) and (6) are shown in Fig. 2 alongside of those obtained from (2). (S) and
(7). The GLA coefficients approach those of Businger et al. as the value of
the bulk Richardson number approaches zero. In the convective limit Rib + - ~.
w' 9'
v

s

.., Ri 1/2 u~a
b

..,

~A 3/2

(8)

v-v

while the Businger et al. model incorrectly gives
w' ,9'
v

s

.., Ri 3/4 u~a
b

v

..,

Ul / 2 ~A 5/4
-v

(9)

For the stable case Rib > O.the Businger et al. coefficients vanish for
Rib ) Ri cr .., .21 incorrectly disregarding the fact that turbulence will always
occur in a narrow region of subcritical Richardson number near the earth's surface. The GLA model correctly takes this fact into account~
REFERENCES
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.
Clarke. R. H•• 1970: Observational studies in the atmospheric boundary layer.
Quart. J.- Roy. Meteoro. Soc •• 96. 91-114.
Panofsky. H. A•• 1973: Tower Micrometeorology. In Workshop on Micrometeoro10gy.
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Planetary boundary

laye~

parameterization in a GeM

Aksel Wall0 Hansen

Geophysical Institute

Niels woetmann Nielsen

University of Copenhagen

Lars Isaksen

Haraldsgade 6
DK 2200 N
Denmark

Abstract
A parameterization scheme for the surface fluxes in a fivelevel spectral T21 climate model has been developed. The
scheme is of the "bulk-drag law-type", using similarity
theory. New analytic expressions for the similarity functions are derived. with the new similarity functions, the
scheme can be applied at the Equator and in both stability
extremes. The scheme is also able to treat the effect of
baroclinity in the PBL realistically. Furthermore, the direction of the surface stress can easily be obtained (fig.1).
Due to the flexibility of the scheme, it can fairly easily
be combined with other parameterization schemes.
Work on surface hydrology and cloud parameterization, in
particular shallow convection, is in progress.

Reference
Nielsen, N.Woetmann,1985:
Boundary layer parameterization
in a GeM - Theory and model.
Ris0 National Laboratory
DK 4000 Roskilde.
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Fig. 1: Latitudinal variation of the
surface cross isobar angle in a marine neutral, barotropic PBL. a and b
are results from the parameterization
scheme, h is PBL height, G geostrophic
wind and squares climatological values.
From N. Woetmann Nielsen 1985.
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On a. Mu!tigle-rf 1xed Lm1' :Iodel of the Cloud .Tomd Jlarine
BoU%1~& .I..m1'

by J D furton and S .icholla

Cloud Pl\vBica Group, JIeteorologioal Office, :araoknell,

tJ.[.

ObeeNa.tions made in stratocumulus oapped boundary

l~rs

around the Ut: have shown that detached cloud layers are a co~Cn
oocurrence during the daytime.

In suoh oircumstances the single

mixed layer structure assumed by mixed layer models is invalid.
We have developed a model in whioh deooupling of the cloud

from the surface may be diagnosed.

l~r

'fhe surface layer and oloud

layer are then allowed to en'Yolve as two independent mixed1la3'e:'l'St
whigh may interaot.
Preliminary reaults from the model Buggest that separation
leads to cloud thirming, sinoe the surface moisture supply to the
oloud is out off.

!'his m8.y iead to dispersa.l of the cloud, or, if

:the cloud is still present when the two mixed la.yers reoonneot
(~hioh is possible at ni€,ilt) then the cloud laure1' will thicken.

Oomparisons with a conventional mixed 18\Y8r model, where separation
is not allowed, show signifioant differences in the cloud eV,olution
over a diurnal cyole.

A consequence of' this is that the surface

energy balance is altered beoause of the increased transmissivi ty
of the thieer cloud during

the~.

'!'hese results suggest that

separation should be considered in suoh models, particularly in
~lima.te stu~

applioations.

We intend to use the model. to study whether separation is likely
in other climatic areas, in particular the subtropioal stratooumulus
regimes whioh form over relatively cool oceans.
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CLOUD PREDICTION IN THE ECMWF MODEL
Julia Slingo
European Centre for Medium Range Weather Forecasts
Reading, U.K.
A new scheme has recently been developed and was implemented in the
operational model on 1 May 1985.

It replaces a scheme which was based on

relative humidity with the restriction that no clouds were allowed in the
well-mixed layer (Geleyn, 1981).

Four shortcomings of the scheme were too

many deep clouds, too little tropical cirrus,. too little subtropical
cloudiness and poor representation of the diurnal variation in cloudiness.
The new scheme is intended to rectify' these faults.

The new scheme is based on a diagnostic approach in which the cloudiness in
predicted empirically from model variables, the functions chosen to represent
the probability of cloud occurring under certain atmospheric conditions.

The

scheme will be described briefly here but a fuller discussion of its
development and assessment of its performance is given in Slingo (1985).

Four

par~ters are used for diagnosing cloudiness - convective activity, relative

humidity, vertical velocity and atmospheric stability.

The scheme allows for

four cloud types - convective and three layer clouds (high, middle and low
level).

High (cirrus) clouds are derived from relative humidity (frontal and

extratropical cirrus) and convective activity (anvil cirrus).
clouds are based solely on relative humidity.
from a

logarithmi~

Middie level

Convective clouds are derived

function of the time-averaged precipitation rate from the

inodel's convection scheme.
from the convection scheme.

Convective cloud base and top.are also supplied
Low level stratiform clouds are divided into

two classes7 those associated with extratropical fronts and tropical
disturbances and those that· occur in relatively quiescent conditions and are
directly associated with the boundary layer.

The first class of clouds are

characterized by generally moist air and large scale ascent.

These are

parameterized using relative humidity and vertical velocity.

The second class

of low level clouds are strongly linked to the boundary layer and are
invariably associated with low level inversions in temperature and humidity,
e.g. tradewind inversion.

These are parameterized using the strength of the

inversion and the relative humidity at the base of the inversion.

With this

the persistent clouds off the western seabdards are well represented as are
the summertime Arctic stratus clouds and those over the cold waters of the
North Pacific.
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The cloud scheme has been tested on several dates with operational analyses
and one date with the latest FGGE analysis (11 June 1979).

The cloud

distributions produced by the scheme all appear to be satisfactory and compare
well with the METEOSAT images for the early days of the forecast.

Many of the

shortcomings of the original scheme seem to be rectified as can be seen in a
comparison of the cloud distributions shown in Figs. 1 and 2.

For high clouds

(Fig. 1) the extratropical frontal cirrus is very similar in both cases rot
the new

sche~

shows a marked improvement in the tropics with high cloud being

predicted in the Atlantic and off S. America.

The high clouds over the

Indian Ocean, heralding the onset of the monsoon are captured by the new
scheme.
For the purposes of comparison with the original scheme, Fig. 2, shows the
combined low level stratus and cumulus clouds from the new scheme.

There is a

marked increase in subtropical cloudiness with the new scheme and the
transition from the dense frontal clouds of the extratropics to the broken
convective regimes of the tropics is striking.

In particular the scheme has

been successful in capturing the areas of subtropical low level cloudiness off
the western seaboards of the major continents.

The reduction in cloudiness

over S. America is due to the use of vertical velocity in the scheme in place
of a restriction on clouds in the well mixed layer.

The representation of the

diurnal variation in cloudiness is IlI1ch improved with the new scheme.

Over

the tropical continents the cloudiness increases during the daytime and
decreases again as night falls and convection ceases.

The undesirable

variation in cloudiness over the· summer continents, related to the well mixed
layer restriction, appears to be rectified.

References
Geleyn, J-F., 1981~ Some diagnostics of the cloud/radiation interaction in
ECMWF forecasting model. ECMWF Workshop on Radiation and Cloud-Radiation
Interaction in Numerical Modelling,. 15-17 October 1980, ECMWF, 135-162.
Slingo, J .M., 1985: Cloud cover experimentation with the ECMWF model.
ECMWF Workshop on Cloud Cover and Radiative Fluxes in Large-scale Numerical
Models - Design, Validation and Dynamical Impact (in press).
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Distribution of high cloud for day 1 of forecast from 11/6/79.
(a) new scheme (b) operational scheme.
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Fig. 2

12Gl1T 790612

As Fig. 1.- for low level cloud (Le. stratiform plus cumuliform
for the new scheme)~
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TUNING OF CLOUD PARAMETERIZATIONS, USING SATELLITE IR SOUNDING DATA
J.-F. Louis, R. N. Hoffman, T. Nehrkorn
Atmospheric and Environmental Research, Inc.
Cambridge, Massachusetts 02139
We are attempting to refine the relationship between the layer
relative humidity r i used in the ECMWF model (Geleyn, 1981):
ri-r i 2
c = [max(O, l-r C,)] ,
i
c,i
1
rc,i = 1 - a 0i(l-o i )[I+a(oi- 2)]

cloudines~

c i and the layer
(1)

(2)

where r c i is the critical relative humidity below which the layer i is assumed free of
clouds and
is the vertical coordinate

°

The parameters a and a of (2) were originally tuned by Geleyn to give the correct
planetary albedo and global outgoing thermal flux at the top of the atmosphere. Now that
satellite cloudiness data are available in' great quantity, a more refined tuning might be
possible. We want to check the form of (2) and see if the parameters a and a should depend on latitude, season, or even the type of meteorological situation (e.g. high or low
pressure).
For the relative humidity we use analyses for the first special observing period of
the FGGE year. For cloud observations we use data determined at GLA for the same period
(Susskind et al., 1984). They consist of an effective black cloud amount ~ and cloud
height h in areas approximately 125x125 km. These cloud amounts and heights are effective
in the sense that, assuming only one layer of cloud with an emissivity of 1 in the infrared, they provide a computed outgoing long wave radiation which is closest to what is observed.
We sta~t with the relative humidity analysis and derive the cloud cover in each layer
using (1). We assume that we can take as effective amount the total cloud cover and as
effective height the mean height of the different cloud layers, weighted by their cloud
cover .as seen from above through the overlying layers. With the simplest assumption of
random overlap, the total cloud cover
is

c

C= 1

N

n (l-c i )
(3)
i=1
where N is the number of analysis layers. The effective height h is
1 N
i-I
h =- L [hoc
n (1- cJo)]
(4)
C i=1 ~ i j=1
where hi is the height of the layer i (counting the layers from the top down).
-

The tuning consists in finding the parameters a and a of (2) which m~n~m~ze S, the
weighted sum of the mean square differences between the computed and observed effective
cloud amounts and heights:
S =

21

~

L

- ~ 2
1
wk(ck-c k ) + 2 p

~

-

~

L W~(hk-hk)

2

(5)

k
k
The sums are over all available observations. The weights wk are included to take care of
the fact that some observations are not as reliable as others. The scaling factor p is
the square of the ratio of the expected mean errors in
and h.
We use the Newton technique to minimize S since we can compute analytically the derivatives of
and h with respect to a and a.
ACKNOWLEDGEMENTS: This work is supported by Air Force Geophysics Laboratory, Air Force
Systems Command, Contract No. FI9628-83-C-0027.
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Development of the UK Meteorological Office Operational
Forecast Models
A. Dickinson and J.E. Kitchen.
Meteorological Office, Bracknell, England.
Global Model
Since the operational implementation of the global 15-leveI model, it has
become increasingly apparent that its northern hemisphere winter climatology
was unrealistic.

Mean forecast pressure maps .of the winter months were

characterised by excessively strong westerly flow,

and extended range

forecasts generally became so zonal as to be rendered unusable.

This error

was also detectable in individual medium range forecasts, in which low pressure
centres became too deep and extensive, particularly over Continental Europe.
Much of this bias appeared to result from an inadequate treatment of the
momentum exchange between mountains and the free atmosphere.

Shutts et al

(1985) suggest that an important mechanism for the transfer of this momentum
is the generation and dissipation of orography induced gravity waves.

These

waves propagate upwards, extracting momentum from the mean flow as they
dissipate.

A comparison of the effects of envelope orography (Wallace et aI,

1983) and a scheme based on the ideas of Shutts et al was carried out.
Results of these tests showed both methods to have some beneficial effect on
the excessive westerly error.

The gravity wave drag parametrization was

subsequently introduced into the operational global model in December 1984.
In this scheme the surface wave momentum flux,
variance of orography 10\."

the sub-gridscale
low-level stability

(6&- Et,

~

,is calculated from

a lC9w level wind, '.A.z. '

), and surface pressure p..

~!: A." (61 where

~s

is an empirical constant.

Q,

the

It is given by

)""1_ Hv
The calculation of the vertical

profile of the flux, and hence the drag, is simplified; it is assumed that the
flux decreased linearly with decreasing pressure rather than being dependent
on the

mode~

profile.

However, the effects of a critical

level

are

included, ·the waves being partially reflected and partially absorbed below
a reversal of wind direction.
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To .examine the effect of the parametrization, 20

6 day forecasts were

rerun from initial data chosen at regular intervals between November 1984
and January 1985.

Figure 1 shows the 1000 mb height mean error map for

the forecasts without the scheme.

A large negative bias can be seen in

northern latitudes, with excessive westerly gradient at middle latitudes.
This error was considerably reduced by the inclusion of the scheme (Fig. 2).
Similar improvements were apparent at upper levels.

Fig. 1

Fig. 2
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NMC/GFDL Medium-Range Prediction Model
Joseph P. Gerrity, Jr.
National Meteorological Center/USA
A new 18 layer, rhomboidal-40 global spectral prediction model has
been developed for operational use in 10-day forecasting at NOAA's National
Meteorological Center (NMC); The model was constructed as part of a collaborative effort between the Experimental Prediction Group at NOAA's Geophysical
Fluid Dynamics Laboratory (GFDL) in Princeton and the Medium-Range Modeling
Branch of NMC.
In its present configuration the model incorporates the E-2 physics
parameterization, described by Miyakoda, et al. (983), modified to use
a Kuo-type cumulus convection parameterization and the Fels-Schwarzkopf
(1975) radiation scheme. The numerics are similar to those developed
by Sela (1982); however, the coding has been extensively revised for
efficient use of NOAA's new class VI supercomputer. Another innovation
is the inclusion of F. Mesinger's technique for specifying orography,
referred to as the "silhouette" mountains.
The new model was extensively evaluated during the winter 84-85;
and in comparison with the previousNMC model, it on average added more
than one day to the time at which the anomally correlation declined to
60%. Future work is directed toward the evaluation within the model of
the E-4 level of GFDL physics, the incorporation of a diurnal cycle and
an assessment of A. Betts' formulation of moist convection.
References:
Miyakoda, K., et al., 1983: Simulation of a blocking event in January
1977. Monthly Weather Review, Ill, 846-869.
Fels, S. B., and M. D. Schwarzkopf, 1975: The simplified exchange approximation: a new method for radiative transfer calculations. J. Atmos.
Sci., 32, 1475-1488.
Sela, J. G., 1982: The NMC Spectral Model, NOAA Tech. Report NWS 30,
36 pp., Dept. of Commerce, NOAA; NWS, Silver Spring, Maryland.
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SIMULATION OF GLOBAL STREAMFUNCTION PATTERNS WITH A GLOBAL
CIRCULATION MODEL
Wilfried L. Niesen
Institut fUr Geophysikalische Wissenschaften der FU Berlin
Thielallee 69, 1 Berlin 33, FR Germany

In the years 1975-1977 at MIT, Boston and DFVLR,Oberpfaffenhofen,
Germany, a global spectral circulation model was constructed which
is now able to produce global forecasting maps. At time it is running
within Free University's routine research program.
The model is based on hydro-thermodynamical equation system derived
by Lorenz (2) 1960 for global scale models. Planetary boundary layer
is parameterised according to Charney's (1) equation of 1959 and energy input takes place by climatological model datas from GFDL-model
varied with help of forecasted temperatures. The model encloses two
layers divided by 500 mb level and it forecasts global fields of
streamfunction and potential temperature.
First of all sensitivity tests have had to be made, to change all
not a priori fixed parameters in the model so, that in a physical
sense reasonal results were acchieved. After that in a kind of pilot
study, global forecast maps were constructed which allpw to study how
the model works. As example is shown here the initial field of streamfuncti on for 0 - 500 mb 1ayer ( ,Ftgure 1 ) and forecasted fi e1d of
streamfunction after 14 model days (' Figure 2 ) . The initial field
was constructed similar to January mean sreamfunction distribution
but with a's few as possible coefficients. It is clearly seen, that the
model is able to transport patterns as well as to develoF) new ones.
Interesting would be, to see how actual world maps, provided for
exampl~ by FGGE datas were changed through model forecasts and how
they agree with observed values. Till now the model was running on
a CDC Cyber 175. As this computer has less comfort as newer ones and
since 1984 a Cray 1 mashine is available for Free University,
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now the program is adapted to Cray 1 and not yet all problems are
solved belonging to adaptation. If this is acchieved, it will be possible,
to compare results with more complicated and more waves than 8 including
spectral model of ECMRWF and allows to say, if more complicated models
also produce more realistic results.
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THE STATISTICAL STRUCTURE OF SHORT RANGE FORECAST ERRORS
AS DETERMINED FROM RADIOSONDE DATA
A. Hollingsworth and P. Lonnberg
European Centre for Medium Range Weather Forecasts
Reading, U.K.
ABSTRACT
The statistical structure of the errors of the short-range forecasts used in
the ECMWF global data assimilation system is analysed by verifying the
forecasts against radiosonde data over North America.

The perceived forecast

errors are partitioned into prediction errors which are horizontally
correlated, and

observational errors which are assumed to be

horizontally uncorrelated.

We -further partition the height forecast errors

into large-scale (wavelengths larger than 5000 km) and synoptic scale
contributions, and the wind errors into three components, viz. large-scale,
rotational and divergent components.

The cross-covariances between geopotential, stream function and velocity
potential have been determined.

The calculations also provide an estimate of

the vertical error covariance matrices for prediction error and for radiosonde
observational error.

Several interesting results are found.

The prediction errors are comparable

in magnitude with the observation errors (Fig. 1a).

The wind 'prediction

errors are dominated by the synoptic scales, but there is a substantial large
scale wind error (Fig. 2) which reverses phase between the stratosphere and
troposphere.

The synoptic scale wind errors are largely non-divergent in the

troposphere (Fig. 3).

The height errors have a substantial large-scale component whose vertical
structure has a very broad scale1 the geostrophic wind errors are dominated by
synoptic scales.

There is a high directional correlation (0.89) between the

geostrophic wind and the stream function wind (Fig. 4).

The magnitudes of the

geostrophic and non-divergent wind errors agree to within 15% in the
troposphere.

The correlation of height and

veloci~y

potential is such as to

imply convergence in lows in the troposphere, but divergence in lows in the
stratosphere (Fig. 5).

The results are documented in Hollingsworth and Lonnberg (1985) and in
Lonnberg and Hollingsworth (1985).
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Systematic errors of the ECMWF operational
forecasting model in tropical regions
William A. Heckley
European Centre for Medium Range Weather Forecasts
Shinfield Park, Reading, England RG2 9AX

The performance of the ECMWF forecasting system in tropical
regions has been investigated in terms of objective scores and
systematic errors.

The temperature, humidity and wind errors

appear to be mutually consistent.

The forecasts exhibit a

cooling in the tropical stratosphere, warming at and below
the tropical tropopause and a cooling in the mid and lower
tropical troposphere.

The analyses appear to be humid in

the lower troposphere, while the forecasts show a drying.
Precipitation and evaporation are both too weak; a new energy
balance within the model is slowly established through cooling,
this new balance having a reduced total energy (Lq + C T). The
p

associated wind errors have a highly baroclinic structure and
a meridional extent such as to significantly affect the baroclinity of the mid-latitude flow, particularly over the north
and south Atlantic.

Systematic errors are large compared to the

variability of the fields themselves and show a remarkable
temporal consistency from month to month.
Evidence from recent experiments suggest that the weak hydrological
cycle is due to the absence of a parameterisation of shallow
convection.

A new forecasting model, due to become operational

on 1 May 1985, includes such a parameterisation.

Preliminary

assessment of this model shows many changes in the character of
the systematic errors in the tropics.

A further, comprehensive,

evaluation of these errors will be carried out following its
operational implementation.
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A Comparison of Global and Hemispheric Forecasts
K. Arpe, ECMWF, Reading, U.K.
E. Dittmann, DWD, Offenbach, F.R.G.
R. Strlifing, DWD, Offenbach, F.R.G.
The ECMWF spectral model (T63) has been used to collect two series
of 5 day-forecasts, taken from the global operational run and an
experimental hemispheric version. There are 40 cases of comparable
forecasts, the first one starting from 1 Dec. 1983, l2Z and the last
one on 30 Aug. 1984. So, with intervals of 7 days, one transitional
and two extreme seasons are covered •. The analyses for the hemispheric
model were taken from the global analyses without smoothing near the
equator.
The expected superiority of the global model shows up by the mean
anomaly correlations of geopotential height (Figure 1). At the end
of the 5 day forecast period exists a moderate gain of 3h over the
hemispheric model for the total field. Looking exclusively to the
planetary waves (zonal wave numbers 1-3), the advantage goes up to
more than Sh, whereas it vanishes for the synoptic waves (zonal wave
numbers 4-9).
To achieve a more general measure of forecast ability, the integral
T

A

oo

J

-_

Q

(-0

cJ. t

o

where

a: anomaly correlation of geopotential height
t: forecast time
T: forecast period, here T = l20h,

was calculated for different seasons, levels, and wave number domains.
As a(t)~ 1 for all times, A ~ T is always valid.
Table 1 reveals some trends, based on the evaluation of A. Concerning
the total field, the forecast ability is best in winter for both
models and for all levels, while the differences are growing from
winter to summer. The planetary waves are predicted best compared to
other wave numbers; the differences between the models are, again,
biggest in summer. The advantage of the global model is not so
significant for the synoptic waves, especially in spring.
Some individual cases show better results for the hemispheric than for
the global model. Using the above defined integral measure A for the
extra-tropical total field from 1000-200 hPa, there are 6 cases (4 in
winter, 2 in spring) out of 40 with higher hemispheric scores. When
looking at the momentary situation at the end of the 5 day forecast
period, relations are even better for the hemispheric model (Figure 2).
Nevertheless, 29 of 40 cases are still in favour of the global model,
together with the mean values for the different seasons.

1000-200 hPa
global

hem.

diff.

500 hPa
global

total field

hem.

1000 hPa
diff.

global

total field

hem.

diff.

total field

winter

109.1

108.7

.39

109.2

108.7

.46

106.2

105.7

~56

spring

108.8

108.1

.72

109.2

108.6

.65

103.6

102.5

1.05

summer

106.1

105.0

1.10

106.7

105.6

1.13

99.5

98.4

1.17

wave numbers 1-3

wave numbers 1-3

wave numbers 1-3

winter

111.6

111.2

.40

111.8

111.4

.42

110.0

109.3

.70

spring

110.6

109.4

1.23

111.1

110.0

1.05

106.8

105.1

1.72

summer

108.7

106.8

1.94

109.9

108.0

1.91

101.4

99.2

2.21

wave numbers 4-9

wave numbers 4-9

102.9

102.6

.27

102.9

102.5

.36

97.7

97.4

.34

spring

105.1

105.0

.12

105.1

105.0

.11

99.2

99.2

.02

summer

104.0

103.6

.36

103.9

103.3

.52

99.0

98.9

.14

N

._oa_

Table 1

Integral measure A[hJ

of forecast ability for the global and hemispheric model.

Mean values for winter (13 cases), spring (14 cases), and summer (13 cases).
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Figure 1

Anomaly correlation of geopotential height from 1000-200 hPa for the extra-tropical
Northern Hemisphere. The upper curves are related to the global model, the lower ones
to the he.ispheric version. Mean over 40 cases.
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5.14
Error Growth in Operational 10-day Forecasts
E. Kalnay and A. Dalcher*
Laboratory for Atmospheres
NASA/Goddard Space Flight Center
Greenbelt, Maryland, U.S.A.
Lorenz (1981) estimated the rate of growth of forecast errors using as data
base 100 consecutive 10-day operational forecasts from the European Centre for
Medium Range Forecasting (ECMWF). He parameterized the growth of the difference
between two model forecasts verifying the same day. We extended Lorenz'
parameterization of error growth by including the effect of model deficiencies
as well as their scale dependence. In this way we are able to fit real forecast
error growth and determine the scale dependence of the derived parameters (rate
of error growth, external error source due to model errors, and saturation
levels). This work is a necessary step in the application of the Lagged Average
Forecasting (LAF) technique (Hoffman and Kalnay, 1983, 1984) to the ECMWF 10-day
forecasts (Dalcher et al., 1985). Like Boer (1984) and Savijarvi (1984), we
found that for both the analyses and the forecasts, there is an approximate
equipartition of energy between all the zonal wavenumbers m corresponding to
the same total wavenumber n.
In this work, we parameterize the growth of the error variance V by
including both an external source of error and the saturation effects:
dV =
dt

Cl

(V + S) (V co

-

V)

(1)

This equation has the solution
V(t) =V _lJ_ _ S_l_
co
1+11
1+lJ

where lJ

= ce Cl (V co +S)t, and the constant c

(2)

V(o) + S is related to the initial
Vco - V(o)

error variance V(o).
The solution (2) can also be expressed as
V(t) = 1/2 (V co + S)(l + tanh (In c +

Cl

(V co + S)t)/2) - S

(3)

This parameterization work works remarkably well when all scales are
combined together. Furthermore, the shape of the individual error growths for
each total wavenumber suggests that the same parameterization can be applied to
each total wavenumber. In Fig. 1 we apply the same function to three individ~al
wavenumbers n, also showing an excellent fit, and indicating that the saturation
error is attained at different times for different scales.

*M/A COM Sigma Data Corp. at NASA/Laboratory for Atmospheres
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Equation 1 is scaled for each wavenumber by dividing the error variance by
the maximum observed value, which generally occurs at day 10. Some resulting
parameters are presented in Fig. 2. In Fig. 2a we see that the scaled error
growth rate a increases rapidly with wavenumber and is larger for the external
errors (comparing forecasts with analyses) than for the internal errors
(comparing two forecasts).
The last result, Fig. 2b corresponds to the predictability time as a
function of wavenumber, defined as the time needed to reach 95% of the error
saturation value. The external error curve shows that for low wavenumbers
(n < 9), there is still predictability in the ECMWF model after 10 days, whereas
larger wavenumbers become saturated at increasingly shorter times. The curve
corresponding to internal errors suggests that with a perfect model, predictability would be significantly larger, reaching over 3 weeks for n < 5.
.
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Forecast Updating - An Alternative to LAM
By Peter Lynch
KNMI, De Bilt, The Netherlands
The large national and international forecast centres (ECMWF, UKMO, NMC,
etc.) are currently producing and disseminating high-quality forecasts for
several days ahead. It is becoming increasingly difficult for the smaller
national services to produce competitive forecasts in the traditional way.
Therefore, it seems worthwhile to seek alternative methods which use the
available data and forecasts in a complementary rather than competitive way.
One such approach is described in this note.
The basic idea of Updating is to see where the early forecast is going
wrong, and to amend later forecasts accordingly. Suppose we have a series of
forecasts starting at time to. Using later data, at time tl' we can calculate
the error at that time. Then, if we know how the error evo ves, we can
estimate it at a later time t2, and use it to amend or update the t2-forecast.
Consider a concrete example: a system consisting of a single component
(normal mode); X, governed by the equation

i + iAX + N(X)

(1)

0

=

where A is the eigenfrequency and N the nonlinear term. The numerical model of
this system gets everything wrong and the solution, X', is governed by

i' + iA'X' + N'(X')

=

o.

( 2)

We define the error ratio
E(t)

= X(t)/X'(t).

(3) .

In the linear case (N = N' = 0) E is governed by a simple equation and if we
know the initial error EO and the error El at t1 then
(4)

Using this we can recover the true solution exactly from the model solution X'
at.any time.
In the nonlinear case we define the average quantity
1
Il(t) = t-t

o

It

t

0

(

N)

A + iX dt

( 5)

and similarly for Il'. The solutions of (1) and (2) are
X(t)

= Xoexp(-ill(t).(t-t o »; X'(t) = Xbexp(-ill'(t).(t-to».

(6)

(In fact, these are integral equations for X and X', but they can be treated
formally as though they were explicit solutions). To procede, we make a
hypothesis Telating the changes in the true and model nonlinearities: we
assume that
(7)

This approximation, followed by some algebra, leads to the solution
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(1

..

E(t) ~ EO(EI/E O) , where

(1

log(X' /xb)
= log(Xi/Xb)

(8)

This allows us to .update the model solution at any subsequent time t. By
updating we mean the modification of the forecast:
X'(t) + E(t) • X'(t).

(9)

(Note that the eigenfrequencies do not occur explicitly in (8); furthermQre,
no evaluation of nonlinear terms is required.)
The accuracy of (8) depends upon that of (7). For (t-t I ) small we can
show that the updated forecast has an error proportional to (t-tI).(t-tO).
Thus, when t I is small the initial error growth is approximately quadratic in
time, in sharp contrast to the linear growth of the original model error.
Thus, we may hope that the updated forecast is not only better than the
original one, but even better than a normal forecast starting at tI' at least
during the initial hours.
To test the above ideas we make two runs with a simple, one-dimensional
model DYNAMO (see Lynch, 1985). The fine-grid run is the reference and· the
coarse-grid run represents the model to be updated. The initial and forecast
fields are analysed into the model eigenmodes, which are goverened by
equations formally l~ke (1) and (2), and each mode is updated using (8), (9)
for t < t ~ 48 hours. We use the fine and coarse grid forecasts at to and t I
to calculate EO and El (EO is due to the different effects of initialization
on the two grids).
We consider the case t I =I2 hours. The RMS error in the vorticity field is
examined. In the original forecast the error grows rapidly at first and levels
out as it approaches saturation (curve 1, fig. 1). Presumably, a forecast
starting at t I would behave similarly (curve 2, fig. 1; curve 1 translated by
t
The error in the updated forecast (curve 3, fig. 1) grows much more
s owly at first, and remains below the other curves out to 48 hours. Thus,
given the original series of forecasts (X'(t» and the new data at 12 hours
(X(t » it is better to update the old forecast than to do a fresh (coarse1
grid) forecast. It is also much cheaper.
The error curves for forecasts updated using data at various times are
shown in figure 2. The earlier the update the smaller the initial error growth
rate. Updates from 6 and 12 hours are markedly better than corresponding
forecasts, right out to 48 hours. The update from 36 hours is worse initially
than a standard forecast starting at that time.

).
1

It is a far cry from the above results to a demonstration that updating
can be operationally useful. But they are sufficiently encouraging to prompt
us to try the technique in a more realistic context. Updating is
computationally much cheaper than forecasting; and the cost is independent of
the forecast length!
There must also be other alternatives to the traditional initial-value
problem approach, which use the available data and forecasts less
extravagantly and with greater effect. If the title of this note deserves a
question-mark, maybe the question deserves an answer.
Ref.: Lynch, P., 1985: Initialization using Laplace Transforms.
Q.J.Roy.Met.Soc., 111, 243-258.
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IMPACT OF TIME-DEPENDENT SEA-SURFACE TEMPERATURES
ON IQ-DAY WEATHER FORECASTS
by
Chi-Sann Liou and Russell L. Elsberry
Naval Postgraduate School
Monterey, California 93943
Operational atmospheric prediction models generally employ one-way ocean
to air influence derived from a time-independent sea-surface temperature (SST)
field. The quality of forecasts from such models declines rapidly when
extended beyond five or six days. One of the factors that might contribute to
this observed degradation via the lack of two-way interaction between the
atmosphere and ocean.
The specification of a time-varying SST to a numerical weather prediction
model would require a corresponding oceanic prediction model. To test the
necessity and feasibility of coupling atmospheric and oceanic models, the
analyzed SST fields valid every 12 hours were used as a "perfect-prog"
hindcast of an oceanic model to provide time-dependent boundary forcings to
the atmospheric prediction model.
Three cases, two for the SST spring transition period and one for the
autumn period, have been selected to conduct control runs (keeping SST
constant in time) and SST runs (allowing SST to vary in time) by integrating
the Naval Operational Global Atmospheric Prediction System (NOGAPS) to 10
days. The comparison of predicted surface fluxes and cyclone developments
between the two runs were made to determine the effects of varying SST on
medium-range weather forecasts. The introduction of time-dependent SST into
NOGAPS model resulted in significant changes in surface fluxes (up to
20%-30%). Surface flux changes in coastal areas, however, may have different
signs than would be expected from the SST changes. Out of 21 storms which can
be objectively traced by the Systematic Error Identification System (SEIS),
six storms were significantly different between the control and SST forecasts.
In four of these cases, the SST run predicted more accurately the cyclogenesis
and cyclone evolution. By contrast, the control run predicted better cyclone
development for the other two storms. However, the differences in the cyclone
predictions between the control and the time-dependent SST integrations were
generally less than their departures from the verifying analyses. Thus, the
preliminary conclusion is that the prediction of cyclogenesis on medium time
scales does not seem to require a specification of the time-dependent SST.
References:
Ranelli, P. H., R. L. Elsberry, C. S. Liou, and S. A. Sandgathe, 1984:
Effects of varyi ng sea-surface temperature on 10-day atmospheri c model
forecasts. Proceedin s of the 16th International Lie e Collo uium on
Ocean Hydrodynamics in press.
Rovero, P. J., C. S. Liou, and R. L. Elsberry, 1985: Effects of
time-dependent sea-surface temperature on atmospheric model predictions
to 10 days. Preprint volume, Seventh Conference on Numerical Weather
Prediction, Montreal, Canada (to be published by AMS).

THE IMPACT OF ENSEMBLE FORmASTS ON PREDICTABILITY
J M Murphy, UK Meteorological Office, Bracknell, Berks

A set of eight 50-day ensemble forecasts made with the UK Meteorological Office
5-level GeM (Corby et al (1977)) has been used to study the potential of this
approach to increase extended range predictive skill.
Each ensemble contained seven
individual integrations.
Initial conditions for these were created by adding
spatially-correlated random perturbations to an observed winter state to simulate
the effect of analysis error.
Each ensemble-mean forecast was verified against the real atmosphere and also under
perfect model conditions, by using a separate model integration to act as the
specification of the evolution of nature.
This dual approach was adopted to find
lower and upper limits for the improvement in actual skill likely to be available
using a more realistic forecast model.
Figure 1 shows the relative effect of ensemble- and time-averaging on the skill of
the forecast 500 mb height field in the perfect model case.
Time-averaging an
individual forecast improves skill through the filtering out of shorter, less
predictable scales of motion. -An ensemble-mean forecast also achieves this, but
should give an additional improvement through the extra information it contains about
possible evolutions of the model atmosphere.
This is confirmed (Figure 1) by the
fact that a time-averaged ensemble-mean forecast shows greater skill than a timeaveraged individual forecast.
In principle the spread of an ensemble may be used to provide an indication of the
likely skill of its forecast (Hoffman and Kalnay (1983)).
Under perfect model
conditions it is found that the spread and skill of an ensemble forecast are usefully
correlated up to 10 days, but the correlation disappears completely after 15 days,
which is about one half of the period for which the ensemble-mean forecast shows
significant skill.
It is also found that geographical variations in an ensemble
distribution give a useful indication of corresponding geographical variations in
ensemble-mean forecast skill.

Turning to the actual, real world skill of the forecasts it is observed that en
average an ensemble-mean forecast is no better than an individual forecast.
This
essentially indicates that the rate of divergence of the real atmospheric evolution
from the ensemble-mean forecast is much larger than the rate of divergence of
individual model forecasts from the ensemble-mean.
This is hot altogether surprising
since the GeM used performs only moderately as a short-range forecast model.
However in two cases where individual forecasts happened to show skill beyond the
normal deterministic predictability limit the ensemble-mean forecast gave a significant improvement.
This was investigated further by running three extra ensemble
forecasts using initial conditions from which an individual forecast run previously
was known to have shown an unusually high degree of skill.· In two of these three
experiments the ensemble-mean forecast again improved the skill significantly.
Figure 2 shows the effect of ensemble averaging on actual forecast skill in these
five unusually. predictable cases compared with the effect in the other six experiments
where the s~ill disappears after about 10 days.
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Extended Range Predictability Studies using the ECMWF Model:
The Impact of Horizontal Resolution and Sea Surface Temperature.

u.

Cubasch and A.C. Wiin-Nie1sen*
ECMWF

. * visiting scientist from
Lynbyvej 100, Kobenhavn, Denmark.

the:

Meteoro1ogisk

Institut,

Extended range forecast experiments up to 40 days have
carried

out

temperatures
horizontal

starting
(SST)

and

resolutions

. a)

from

b)

from

(T21,

observed

T42

ECMWF spectral model have been used.
starting

from

which

and

sea

SST.

surface
Different

T63) of the operational

Two cases were investigated

FGGE observed initial conditions during (21.1.79)

and the other from the
1983,

c1imato1ogica1

been

fell

in

EC}rnFoperatio~a1 analysis

the

mature

for January

1.

phase of the 1982/83 El Nino

event.

Even though the number of experiments is too small to
statistically

allow

sound conclusions. they however point to following

results: Differences in the forecast quality. during the first
days

in· the

integrations

c1imatologica1 SST are

with

minor.

observed SST and the ones with
Substantial

apparent only after about 15 days.

differences

skill.

some cases the anomaly correlation coefficient for the 500 mb

height field in the northern hemisphere can reach values of
than

become

After this time the forecasts

using the realistic SST distribution appear to recover in
In

10

60

% between day 20 ••• 30.

more

The effect of the observed SST

become more apparent .In the high resolution

e~petlments.

Figure

1

shows

the

la

day

apomaly

mean

correlation

coefficient for the 500 ~b.geopotential height field between 20 N
and 32~5 H for the T63 experi:TIent starting on January 1, 1983·for
the

experiment

a cli17latolo~ical SST (solid line) and the

using

experiment using t~e observedSST ~dashed line)K

As

it

.becoMa~

apparent from this diagram, the experiment with th~ realistic SST
has higher skill than the experiment with the climatological SST.

A realistic SST'distribution seems therefore to be a prerequisite
for any attempt to do extended range predictions .:with

dynamical

morlels.

Figure 1:'
10 day mean anomaly correlation
500 mb height, T63, 'january1, .1983
(El Nino)
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EVALUATION OF SEASONAL PREDICTABILITY
OF 'EL NINO' SUMMER 1983 WITH A GCM .

M. Deque
Centre National de Recherches Meteorologiques ,42 Av. Coriolis ,
31057 Toulouse, FRANCE.
A simulation of IEl Nino' Summer 1983 has been carried out
with the 10 level spectral GCM developed at EERM ( Bee GARP-WRCP
Report N°7,June 1984,p6.2 ) . In this experiment the starting
situation ( 1 January) is arbitrary and the SST anomalies are
monthly updated from golo bal SST analyses provided by the Climate'
Analysis Center (Washington) • We calculated the seasonal
average (June-July-August) of the simulated fields and subtracted
the 'Summer model climatology' computed with 10 annual cycles of
a control experiment without SST anomalies . These anomaly fields
are compared to the observed anomaly fields provided by the
ECMWF . From the 10 year control experiment we calculated also
standard deviations of the Summer averages and we divided at each
grid point the anomaly by the corresponding standard deviation
to get reduced anomaly in order to avoid large anomalies over
areas where the model natural variability is important . The
quality criteria described below were tested to the 95% significance level with a Monte Carlo technics using 10 simulated and
5 observed Summer as control population . In order to evaluate
the quality of this seasonal prediction we compared it to the
persistance prediction ( prefriction of the March-April-May 1983
anomalies ) .
Three areas of comparison are here considered : the Pacific
area (45°N-45°S/150oE-80 o W) , the Atlantic area (45°N-45°S/80oW20 o E) , and the Indian Ocean area (45°N-45°S/20oE-150oE) . For
convenience we shall restrict ourselves to 850mbar ~emperature
and 200mbar Stream Function .
'
Three approaches of measuring the quality of the prediction
are used :
1. Correlation coefficient
This is a very common thecnics for comparing two fields.
Spatial correlation coefficients between the simulated reduced
anomalies and the observed ones are computed for each area .
Results are shown in Table 1 .
2. Contingency table , score
At each grid point the simulated and the observed reduced
anomaly is affected to a class : below normal ( lower than
,
-.543~1110~-a which is the tercile of a Student repartition ) ,
normal ( between -a and +a ), and above normal (greater than +a ).
Nine cases may thus occur and we calculate the fraction of the
area concerned by the occurrence of each case . This yields a 3x3
contingency table where the non diagonal terms represent the
spatial frequency of the different types of error . A score can
be calculated for a given distribution of weights. Here we affect
0
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1 for a good prediction , 0 for predicting an extreme and
observing a normal situation, -1/2 for predicting a norm~l
situation and observing an extreme , -1 for predicting an
extreme and observing the other one . Results are shown in Table 2
3. Quadratic error
A spatial Root Mean Square is comp~ted b~tween simulated and
observed non-reduced anomalies . Let S and A be the spatial
average of the simulation and analysis ,ff and crA their standard
S
dev~ation an
r(S,A) ~heir corre~ation .
2
2 .
E = (S-A) J = (S-X)
+ (<)S- ()A) + 2<JS ~ (1-r(S,A)) = E 1 "+ E 2 + E~
The RMS E can thus be separated in a level error El ' an amplitude
error E and a phase error E . Results are shown n Table 3 .
2
3
These results show that both simulation with prescribed
realistic SST and seasonnal persistance give fairly good results
except for RMS , the simulation being slightly better for 200 mbar
Stream Function . It must be pointed out that persistance is
a good predict6r in Summer 1983 because 'El Nino' lasted about
one year .
'.

-....

....

T

Pacific

850

Atlantic

/

'¥ 200

<

:!'ndian

Pacific

Atlantic

I
Ir.d::an

Simulation

~

...,6

.57
-

.79
-

.52

.65

Pereistance

.44

.56

.25

-.01

.21

.56

Table 1.Spatial correlation coefficients between analysed
reduced anomalies and Simul~tion ~nd Persistance on the 3 areas
(Pacific , Atlantic , and Indian Ocean) for 850 mbar Temperature
and· 200 mbar Stream Function . Underlined coefficients are 95%
significant •
.
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-
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31. 17% 38% -J% 15% 33% 15%
Score:ill

Il.dian

Ao
0% 18% 11%

11 % 171. 38%

-
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Ao
4%

9% 11$ 311.
A

-
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-

Ao
5%

-
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Score: 3'8%

A..

A

-

3%

4%

A

-

Aa

A+

1% 19%
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0%
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7% '14%

5%

Ao A+ A Ao A+ Ji
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-

2% 1.3% 12% 14%
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41. 10% 11% 17%

9% 12%

3% 17% 11%
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Score: 16%

7%

3% 21%

Seore:.33%

Table 2.Asi~ Table 1 tor conting~ncy tables and prediction
scores ( S ,P ,A =below normal; So,Fo,Ao=normal .J S+,P+,A+=above
normal) • - - T 8S0

Pacific

Simullltion

.

Perslstancl!I

J.'•.

Atlantic

.

't' 200

Indian

Pacific

Atlantic

Indian

E

.98

1.23

.77

3.64

5.75

3.56

E1
E2

.41

.27

.44

.15

1.25

.13

.28

.19

.05

1. 01

3.25

.8B

E3
..

.84

1.19

:.21

3.50

4.58

3.44

It

.77

.89

.95

7.87

3.81

3.95

1t1

.23

.05

.1 2

.33

.07

.73

E2

.13

.18

.10

.• 54

.60

1.21

E3

.72

.87

.94

7.85

3.76

3.69

.

Table
;~i. Table 1 tor the RNS error (E) , level error (E,) ,
amplitude error (Z2) and pbaae error (E,3) •
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A coupled atmosphere-ocean climate model with ice and
cloud feedbacks.
V. Jentsch,

Max~Planck-Institut fur

Meteorologie,

Hamburg, FRG
We are concerned with a globally and annually averaged climate
model based on a simple hydrological cycle and the energy balance of
atmosphere, ocean and sea ice. The domains are coupled by exchange
of heat and moisture at their interface. The predicted atmospqeric
water vapor gives rise to cloud formation. and precipitation and feeds
back into the radiation scheme.
The modeL is formulated as an initial value problem and integrated
until an asymptotic equilibrium state is reached. The stability of
the system in the presence of ice and cloud feedbacks and its sensitivity to changes in climatic parameters are investigated.
The critical role of the hydrological cycle on the stability and
sensitivity of the system is demonstrated in Fig. 1-4. Figs.1 and 2
are phase diagrams of global atmospheric and oceanic temperature
(TA and TO, respectively), including ice and cloud feedback (Fig. 1)
and ice feedback only (Fig. 2). All initial states in Fig~ 11ead:to
the same equilibrium point, indicating that the system is transitive
If, however, humidity and cloud amount are fixed at their present mean
values, the system becomes intransitiv (two fix points, Fig. 2).
The transient response of the system represented by the location
of its ice line', is investigated for stepwise changes in solar irradiance.
Comparison of Fig. 3 and 4 show that the sensitivity of the system
is greatly reduced in the presence of ice-vapour-cloud feedbacks. In
particular, approximately 2% reduction in solar input lead to an icecovered earth, if ice feedback acts in isolation, in ':co:i1t;r;ast' to
more than 10% reduction in solar input, if ice and clouds act simultaneously. We therefore conclude that vapour-cloud-temperature coupling
cushions the ice-temperature coupling.
We are currently concerned with an extension of the model from zero
to one dimenison, which resolves the latitudinal structure of the
climate system. To this end, precipitation is parameterized so that
i t closely simulates the cell structure of atmospheric circulation.
Horizontal transports of heat and moisture are described in terms of
diffusion where the diffusion coefficients- are proportional to the
growth rate of b~roclinic instability. .
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Evolution of global atmospheric temperature (TA) versus oceanic temperature (TO) for different initial conditions, for ice-cloud feedbacks
(Fig. 1) and ice feedback only (Fig. 2).
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time, fOf ice-cloud feedbacks (Fig. 3) and ice feedback only (Fig. 4).
The straight line corresponds to the present solar constant; upper
and lower curves are computed for successive increase and decrease of
the solar input by 2%, respectively.

6.4

'Ihe atroc>sphere-ice sheet climate system in the zcnally
symretric case.
K. Herterich, Max....Planck-Institut fUr Meteorologie
BlIDdesstr. 55, 2cxx) Hamburg, FRG

Abstract

The t.irrE evolution of an ice-sheet is derived fron the two di.rrensional fla.v patteTIl carposed of defonuation and basal sliding which
both depend on the temperature distribution within the ice-sheet. At
each tirre step (100 years) the model atm:>sphere is detennined diagnostically by using a standart energy-balance nodel including a seasonal cycle.
At the surface of the ice-sheet the terrperature and the mass balance
are given by the atm:>spheric state. The bottan of the ice-sheet is
subject to bedrock sinking and the geothennal heat flux is fixed. Snow
fall and rrelting are pararreterized by atm:>spheric temperature and integrated through the'seasonal cycle.

".

PreliminaIY results sha.v that the coupled system can produce ice
volurre changes withperiods and arrplitudes similar to the observed
transitions fron glacial to interglacial states.

6.5

The Sensitivity of a 2D-ZAM to Radiative Transfer
of Energy Using Continuous and Broken Cloud Layers

Joachim H. Joseph and Shoshana Adler

We are engaged in testing the response of a ZAM with 2 layer
vertical resolution to the specification of cloudiness and its
optical and geometrical properties.
In addition to the conventional stratus type partial cloudiness,
we introduce broken cloudiness.

The response of the model to climatological

amounts of stratus and cumulus clouds in each latitude zone is being tested.
In addition, the solar albedo and Lr. emissivities will be tested
separately and together.

6.6

A TEST OF MILANKOVITCl! THEORY WITH A COUPLED ICE-SHEET-ZONALLY
AVERAGED DYNAMIC CLIMATE MODEL

Binyamin ~eeman, George Ohring

l

and Joachim H. Joseph

Department of Geophysics and Planetary Sciences
Tel Aviv University, Ramat Aviv, Israel

Milankovitch theory, a theory that connects the ice ages cycles of the
last million years with insolation fluctuations due to changes in the Earth's
orbital parameters, has been studied by comparison to geological records and by
a variety of climate models.
to the two basic questions:

Neither method has brought a decisive answer yet
(1) Can the Milankovitch theory explain the periods

and phases of the climate cycles, in particular the 100,000 year cycle?
answer to this is not possible without answering the following:

The

(2) How can

the relatively small orbital parameter changes cause the large ice-sheet
fluctuations?
A decisive answer to thes.e questions is difficult to obtain using climate
models as a standardization has not been achieved yet on the ~agnitude of several
tunable parameters which affect the"models' sensitivities.

It is. the aim of the

present study to investigate the rehwimce of each of a series of feed15ack
mechanisms to climate model sensitivity and Milankovi tch theory, using an ice-sheet
coupled to a zonally averaged dynamic climate model.

lpresent address:

NOAA/NESDIS/LSB - E/RAl2; Suitland Professional Center,
Washington, DC 20233.

6.7
CLIMATOLOGY EXPERIMENTS WIT» A SPECTRAL LINEAR BALANCE MODEL
P.J. Everson, D. Linnard, Exeter University, England

An atmqspheric model of the Northern Hemisphere has been set up based on the
2-level linear balance equations with spectral representation in the horizontal.
The dependent variables in the model are the stream function, the generalised ge9potential and the velocity potential at each of the two levels along with the surface
pressure.
monics.

These variables are each expressed in terms of surface spherical harThe model uses a-coordinates in the vertical.

Sensitivity experiments

have been performed to examine the effects of topography and surface albedo on the
climatology of such a model.
Everson (1983).

The results are reported in Davies, Murdoch and

A finite difference version of this model is currently being

developed for comparison.
A simple Krauss-Turner type of atmosphere-ocean interaction has been set up
in a simpler 2-level B-plane model and initial results suggest a teleconnection
between the model Atlantic and Pacific oceans with the same poleward oceanic heat
transport in the Atlantic as in the much larger Pacific.

The atmosphere-ocean link

is about to be examined in the hemispheric model and the experiments will be repeated
and extended.
Further experiments are planned which include examining the flow in the Southern
Hemisphere by using a modification of the original hemispheric model to study the
major differences between the polar ice caps in the two hemispheres and the differing
topography.

Eventually a fully global model will be used.

When using the spectral

representation the hemispheric model can easily be extended to a global one by
relaxing conditions on symmetry about the equator and interhemispheric reactions
can then be studied.
Theories have recently been put forward by e.g. Davies, Linnard and Muir (1985)
suggesting certain large scale parameters which are of fundamental importance when
considering the possibility of seasonal prediction for Western Europe.

In particular

the investigation shows that knowledge of the orientation of the upper level vortex
(100mb. height field) and the positioning of the polar ice cap in October are
crucial parameters.

It is planned to test out these theories with the use of the

hemispheric balance model with real data.
REFERENCES
Davies, D.R., Murdoch, N., Everson, P.J., 1983, IIPaleoclimatic Research and Models ll
D. Reidel publication, pp. 168-173.
Davies, D.R., .Muir, D.J., Linnard, D., 1985, IIMid Winter Temperature Prediction for
the United Kingdon 1984-85", Weather, 40, pp. 93-94.

6.8
ANTARCTICA - ITS ROLE IN THE SOUTHERN HEMISPHERE CIRCULATION
IoN. James andIoG. Watterson
Although steady waves in the Southern Hemisphere are unimportant in
transporting heat or momentum, they have fairly large amplitudes.
Furthermore the distribution of transient variances~and fluxes shows
marked zonal asymmetry (see, for example, James and Anderson 1984).
Antarctica rises smoothly to 4000 m and is displaced some 10° from
the geographical pole; it is the major asymmetric orographic and thermal
feature in southern middle and high latitudes. It is natural to ask
whether Antarctica plays an important role in determining these features
of the hemispheric circulation. A project has been funded by the British
Antarctic Survey to address this question.

Figure 1: The asymmetric part of the vorticity field 42 days
after starting a nonlinear integration of the barotropic
vorticity equation. The initial zonally symmetric flow is
that for the 300 mb Southern Hemispheric flow during JuneAugust 1979. Antarctica is represented by a circular
mountain at800S, OOE. Shading represents anticyclonic
vorticity anomalies.
Preliminary work has been based on the barotropic vorticity equation.
Linear ray tracing (as used in Hoskins and Karoly 1981), with the observed
zonal winds from June-August 1979 (the FGGE year), shows that only a
wavenumber 1 response can be expected at middle latitudes. _ The group
speed of wave packets is much greater than at corresponding latitudes in
the Northern Hemisphere, so that this response could have appreciable
amplitude. Fully nonlinear.integrations of the barotropic vorticity
equation on the sphere confirm this conclusion. Fig. 1 shows the end
state of an integration in which the zonal flow was relaxed t9 the FGGE
profile and Antarctica was represented by a circular mountain displaced
10° from the pole. These calculations are currently being extended to .
the much less tractable baroclinic case.
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Figure 2: Integration with an axially symmetric model of Antarctica
in which a surface inversion of 20K is forced poleward of 60°.
(a) Meridional stream function, showing drainage flow in the
boundary layer and weak return flow aloft. (b) Relative vorticity.
Cyclonic vorticity is enhanced poleward of 70° by the drainage flow.
[Contour'interval 6.9 x 10- 7 s-l.]
Strong surface cooling during the winter over the Antarctic ice cap
gives rise to a remarkable system of surface drainage winds. The importance
of ~accompanying vortex stretching in the upper troposphere in establishing
a vortex over the continent has been less studied. We have set up an
axisymmetric primitive equation model with a strong surface cooling poleward
of 60°. As shown in Fig. 2, the. model develops a respectable downslope wind;
more significantly the relative vorticity in the upper troposphere is
considerably enhanced by· the drainage flow.

Referenc.es
Hoskins, B.J. and D.J. Karoly, 1981: The steady linear response of a
spherical atmosphere to thermal and orographic forcing.
J. Atmos. Sci., 38, 1179-1196.
James, I.N. and D.L.T. Anderson, 1984: The seasonal mean flow and
distribution of large scale weather systems in the Southern
Hemisphere: the effects of moisture transports.
Quart. J. R. Met. Soc., 110, 943-966.

6.10

Early Results from a Flux Form Global Spectral GCM
Mark R. Schoeberl
Laboratory for Atmospheres
NASA/Goddard Space Flight Center
Greenbe1t, MD 20771 USA
and
Eric Nielsen and Wei-Lee-~hen*
Applied Research Corporation
Landover, MD USA
A mass conservative, flux" formulation spectral GCM has been recently
developed following Gordon (1981), but using a log sigma vertical coordin~te.
The model will be principally used for stratospheric studies. The current
version employs 20 vertical layers which are roughly evenly spaced in height, "
extending to 50 km. A 300 Kelvin isothermal reference temperature profile and
the time averaging of the gravity wave terms as proposed by Simmons and Hoskins
(1978) are used to maintain stability of the semi-implicit time integration
scheme. The prognostic stream-function, velocity potential, and deviation
temperature are carried at mid-layers, and the vertical velocity is carried at
the layer interface following Hoskins and Simmons (1975). A parallelogramic
truncation is used, and for the following experiments, no physics, other than
horizontal diffusion and topography has been included.
Five day forecast experiments beginning at 12h GMT 19 February 1979 have
been run to determine the effects of resolution and horizontal diffusion on the
predicted winds during the wave number two sudden stratospheric warming which
peaked on 21 February 1979. The low resolution experiment, which includes eight
zonal and eight meridional modes, successfully produced weak easterlies above 25
km and north of 60 N (Fig. 1). Doubling the number of meridional modes, without
changing the number of zonal modes, led to more realistic easterlies of up to 40
m/sec at 2.5 days into the simulation (Fig. 2). 7he penetration to the ground
of the zero-wind line north of 70 N is a major difference between this and the
higher resolution experiment, where 16 zonal wavenumbers were present.
Scale selective del-six diffusion was applied to the upper halves of the
parallelograms for the 8x16 and 16x16 versions and the experiments were rerun.
In each case, the coefficient for the highest retained mode was set to 1/(1
hr). The effect was a general decrease in the strength of the easterlies and
was most notable in the 8x16 experiment (Fig. 3).
Future plans include extension of the model into the mesosphere along with
a corresponding increase in the number of levels and implementation of "a locally
developed radiation and physics package.
*Current affiliation:

Bell Laboratories, Murray Hill, New Jersey, USA
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(b) diffused 8x16 experiments at 74 N. The bottom axis measures
elapsed in days beginning 12 GMT 19 Feb 1979.
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lIJlIMERICAL SIMULATION OF THE ASIAN SUMMER MONSOON
R. Kershaw
Meteorological Office, Braclmell, :Berkshire, UK
Several 8-day forecasts of the onset of the southwest monsoon in June 1979
have been made using the Met. Office's 11-layer GCM and its operational, 15-level,
m model, both of which are global. Initial conditions were taken from the
ECMWF FGGE level IIIb analyses and from analyses produced using the dataassimilation scheme associated with the 15-1evel model. In the period from 11
to 19 June 1979 the important developments in the monsoon circulation were the
strengthening of the low level jet over the Arabian Sea and the forma.tion of
the onset vortex on the northern flank of the jet. Predictions of the ".
strengthening of the jet were very sensitive to variations in the physical
parametrisation schemes used, especially when these gave different distributions
of predioted precipitation. In particular, increased precipitation over
northern India and the Tibetan Plateau seemed to promote a stronger monsoon.
Prediction :of the formation of the onset vortex was difficult in the initial
experiments, Which all used climatological SSTs.A .few experiments produced a
weak oyclonic circulation ove.r the Arabian Sea, but most produced none. A
good prediotion of the formation,intensification, and movement of the vortex
was only achieved by using the observed (warmer) SSTs for the eastern Arabian
Sea. This warm anomaly induced a local increase in precipitation and the vortex
formed to the north of this. Comparison of our results with those from a simple
linear model of the atmospherio response to tropical heating suggests that the
vortex formed as a response to the increased latent heat release. Current work
is aimed at understanding the mechanism of formation of the v~ex and at
extending the research in tropical prediction by running other case studies
from the FGGE year 0
"
A study has also been made of the simulation of the Asian SUIDIDer monsoon
in seasonally varying integrations of a. GCM. (See NEP Report No. 7 for a
description of the control run.) In the first si~ years of the 8-year control
integration the model produced a strong, low level, westerly jet which extended
too far eastwards into the. Bay of Bengal and the South China Sea. I~ also
produced too much precipitation in these sea areas and too little over much of
Iridia~ However, in the seventh and eighth years the simulation was much better.
The rainfall distribution over India was quite realistic and the strongest
westerlies did not extend quite so far easto The rainfall over India was
aSBO.ci8,ted w1 th monsoon depressions which formed over the Bay of Bengal;
such disturbances were rare in the earlier years of the simulation. The effects
of using interaotive cloud in the radiation scheme and of using an envelope
orography instead of a mean orography have also been studiedoBotJ;,.· these
Changes gave an "improved simulation of the monaoono
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ATMOSPHERIC RESPONSE TO A SEA SURFACE TEMPERATURE
ANOMALY OVER THE EQUATORIAL EASTERN PACIFIC DC:e;Mt
Carlos R. Mechoso, Akto Kitoh and Akio Arakawa
.
Depart·merit of Atmospheric Sciences, University of. California
Lo~ Angeles, CA 90024
We are using the UCLA general circulation model (GCK) to
investigate the atmospheric response to the sea surface temperature
anomaly (SSTA) shown 1n Fig. 1. The control experiment consists of a
9 1/2-month integration (1 June - 15 March) with prescribed (timevarying) "normal" SST distribution. The anomaly experiment starts on
15 August from initial conditions taken from the control. The SSTA is
gradually introduced over the first i-month period and kept constant
afterwards. The version of the UCLA GCM we are using has 9 layers
between the earth's surface and its top at 51.8mb. The hori~ontal
resolution is 30 of longitude by 2.40 of latitude. The bottom layer
represents· the planetary boundary layer (PBL> which is parameterized
following a bulk approach.
In the tropics, we find that anomalous precipitation is mostly
balanced by anomalous moisture flux convergence (Fig. 2). In
particular, west of the maximumSSTA,anomalous precipitation is .
balanc~d by anomalous equatorward moisture flux in the PBL due to th~
increased local Hadley circulation, and by decreased easterly mQisture
flux along the equator both in the PBL and the free-atmosphere due to
the decreased Walker circulation. The former effect is mostly
confined to the mid-equatorial Pacific.
The enhancement of the Hadley circulation is associated with an
increase of the midlatitude westerlies in the upper troposphere and of
the synoptic scale medium-frequency baroclinic transients over the
Pacific jet exit region. Fig. 3 shows spectral density of the
meridional velocity at SOON, 300 mb for both anomaly and control
experiments. In the control experiment the maximum contribution to
variance is given by zonal wavenumber 4 moving eastward with a period
of about 10 days. In the anomaly experiment, on the other hand, the
maximum contribution to the variance is given by zonal wavenumber 6
moving eastward with a period of about 4 days. This increased
actiVity of the synoptic scale. medium-frequency eddies in the anomaly
experiment is in apparent agreement with observations for El Nino years.
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SST anomaly (K) used in. this study.
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Severe winters over the United states and a GCM's response to a
weak positive SST anomaly in the tropical West Pacific
by
T. N. Palrner
Meteorological Office,Bracknell, Berkshire, UK
As discussed in the NMC Climate Diagnostics Bulletin (Climate
Analysis Center, 1985) a strong pacific/North American (PNA)
teleconnection pattern was evident in the upper flow in January 1985
associated with near record high monthly mean temperatures in Alaska
and freezing conditions in Florida. This PNA pattern, with a strong
ridge near the North American west coast is unlike (in position).that
which occurs during a strong EL Nino event (Quiroz, ~983) but bears
considerable resemblance to the seasonal circulation anomalies during
other severe winters (eg ~976/7, 1962/3, ~946/7)

Figure ~a, b shows the 200 mb and 850 rob wind anomalies for
January ~985 as reported in the NMC Climate Diagnostics Bulletin for
that month. At the upper level the PNA pattern is clear, with
anticyclonic anomalies over the tropical West Pacific (well to the
west of the 'EL Nino' position) and the West Coast of North America,
and cyclonic anomalies near the Aleutian Islands and over the
mid-Atlantic. Anomalous north easterly winds (up to ~5 ms-!) over
much of the USA were associated with the cold surface conditions. The
anomalous south to south easterly winds; (up to 10 ms-1 ) over the
North East Pacific were associated with the unusual warmth over
Alaska.
In mid-latitudes, these win~ anomalies have an
. equivalent barotropic vertical structure: 'in the tropics "the vertical
structure is baroclinic. Note in particular the cyclonic anomaly at
850 rob over the tropical West Pacific in the Northern Hemisphere. The
outgoing longwave radiation anomaly for January 1985 (Climate
Analysis Center, 1985) has negative values, in excess of 30 wm-2 ,
over the tropical West Pacific, north of the equator. As shown in
Fig A9 of the Climate Diagnostics Bulletin, negative values over the
tropical West Pacific exceeded 40 wm- 2 during the first half of
January. According to Arkin (1984), this would imply anomalous
rainfall rates in excess of 7 mm/day.
The numerical experiments described here were integrated on
the UK Meteorological Office 11-layer general circulation model with
2 1 /2 x 33/ 4 0 resolution. This model is a version of that used by
Cunnington and Rowntree (1985). Details of the climatology of the
11-layer model in winter are given in Palrner and Mansfield (1986).
COntrol and anomaly integrations were run for 540 days in a perpetual
January mode. The SST field added to climatological values in the
anomaly integration is shown in Fig 2. It has a maximum of 1.5 K at
150 E in the equatorial West Pacific.
As a result of this anomaly
rainfall is generally enhanced over the tropical West Pacific, with
an area to the north of the equator where rainfall exceeds 6 rnrnjday.
Wind anomalies
the upper level there
165 E with easterlies
extratropics there is

at 250 rob and 850 rob are sh0wn in Fig 3a, b. At
is a strong anticyclonic centre at about 30 N,
over the tropical West Pacific. In the
a CYClonic centre near the Aleutian Islands and
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a anticyclonic centre near the west coast of the North American
continent. Associated with these are south to south easterly wind
anomalies over the North East Pacific and the Gulf of Alaska, and
north to north easterly wind anomalies over much of central and
eastern North America. At 850 rob, over the tropical pacific, the
dominant feature is an intense cyclonic anomaly positioned at 15 N,
140E.
OVer the Pacific and North America these wind
anomalies agree well with observations.
The hypothesis that the GCM anomaly fields are significantly
different from zero has been tested with a Student t-test using the 6
90-day mean fields that constitute each integration, as independent
samples. As discussed in Palmer and Mansfield (1986), the rainfall
anomalies over the West Pacific are significantly different from zero
at the 1% confidence level. Geopotential height anomalies associated
with the 250 rob anticyclonic centres over the West Pacific and North
America, and the cyclonic centre' near the Aleutian Islands are also
significant at the 1% confidence level. The 250 rob height anomalies
in this experiment are also significantly different at the 1% level
over the PNA area from those resulting from forcing by a composite El
Nino SST anomaly. In the latter case the geopotential height centres
over the PNA area positioned further east compared with the West
Pacific anomaly experiment, and such persistently cold surface
temperature anomalies over North America do not occur. Further
details of these experiments are given in Palmer (1986).
References
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A season of extraordinary climate anomalies.
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Figure captions
Fig 1. vector. wind· anomaly for January 1.985.
Diagnostics Bulletin.

From Climate

a)
200 rob. Anomaly is departure from 1.968-1.983 baJ;e period
monthly means. vector .length of 50 of longitude represents
wind speed of 6.25 ms-1 . Contour interval for isotachs is
5 ms-I.
b)
850 rob. Anomaly is departure from 1980-83 base period
monthly mean. vector length of 50' of longitude represents
wind speed of 3.1.25 ms -1. Contour interval for isotachs is

5 ms-I.
Fig ~ SST anomaly (K) used in 1.1.-year integration. Contour
interval 0.5 K.
Fi9::l
vector wind anomalies for 1.1-layer model integrations. Scale
shown at bottom le ft·-hand side of diagram. a)
250 rob
b) 850 rob
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SENSITIVITY OF GCM'S TO SEA SURFACE
TEMPERATURE ANOMALIES

C. Frankignou1
LP CM , Tour 24-25, Universite Paris 6
4, place Jussieu, Paris 75005, France

Several experiments with the GISS GCM have been

considered at the

LPCM to investigate the influence of sea surface temperature (SST) anomalies on the wintertime atmospheric circulation.

A

first

experiment

with the GISS Model I in perpetual january conditions has revealed that a
midlatitude SST anomaly

in

the

North Pacific had a significant influ-

ence at very large scales on the northern hemisphere climate (Hannoschock
and

Frankignou1,

1985).

The

experiment was repeated in.

the

seasonal

mode with the GISS Model 11 •. An additional experiment was also made with
a subtropical anomaly in the North Pacific.
The results of the Model 11 experiments are being investigated
a multivariate statistical analysis method based on hypothesis

with

testing,

as in the case of the Model I experiments (Hannoschock and Frankignoul,
1985). Using a sequence of large scale spherical harmonics as a-priori
guesses, we have found that both SST anomalies have a small but statistically significant influence on the model circulation,
the

upper

troposphere.

The

particularly

in

dominant scale of the response is .at some-

what smaller scales than in the less realistic Model I.
The interpretation of the mean GCM signal in terms

of

forced

pla-

netary waves is' under investigation. We have used very simple linear wave
""-

models with a zonally symmetric basic state to
ses

for

the

statistical

analysis.

provide

dynamical gues-

Preliminary results suggest that a

two-layer hemispheric waye model can explain many of the features of the
GCM response, when the observed heating
relation between heating anomaly and

anomaly is used as forcing. The

prescribed SST anomaly is being

studied.
Studies of the climatic influence of equatorial SST anomalies are
also being planed.

Reference
Hannoschock, G. and C. Frankignoul, 1985. Multivariate statistical analysis of a sea surface temperature anomaly experiment with the GISS general
circulation model I. J. Atmos. Sci., to appear.
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A nlodelling and observational study of the relationshipbetween SST in the NW Atlantic and the
atmospheric general circulation
byT.N. Palmer+-

&

Sun Zhaobo*

... Meteorological Office, Bracknell, Berks, OK
"'Nanjing Institute of Meteorology, Nanjing, China
In a previ,ous observational study, Ratcliffe and Murray (1970) (RH)
claim to have found significant lagged correlations between SST
anomalies in an area to the southeast o,f Newfoundlandi'wherethe Gulf
stream and Labrador current meet, and surface pressure Perturbations as
far downstream as Europe. Recently, a more completeobservat;(onal study
has been made in' parallel with a modelling investigation 'using the Met.
Office 5-level GCM. The following is a very brief summary of a full
paper by, Palmer & Sun (sUbmitted to the Quarterly Journal of the Royal
Meteorological Society).
1.

Model Results

Four pairs of 50-day wintertime integrations were run with initial
conditions taken from real data in November of four consecutive years.
For each pair, one had the warm anoma:!:y shown in Fig 1 added to
climatological mean SSTS, the other had,tbis anomaly sUbtracted. There
is a small area where the anomaly has values greater than 3K. This
correspondS to enhancement of about 1.5 over RH's composite wintertime
warm anomaly, though anomalies of 3K have been observed in the •RH
area' •
Fig 2 shows the 500 rob geopotential height difference fiela between the
last 30 days of the four 'warm runs', averaged together, and the four
'cold runs', averaged together. The principal features are a strong
positive centre at (50N, 40W) with 12 dID amplitude, and a weaker
negative centre at (50N, 25E) with 5 dm amplitude. Fig 2b shOWs the t
values for these geopotential height anomalies (1% significance
corresponds to t='3. 7, 5% significance corresponds to t='2. 4). The
positive anomaly over the Atlantic is highly significant. Above the
model boundary layer the response is approximately equivalent
barotropic.
Fig 3a shows the 500 rob geopote'ntial height difference field between
four further pairs of 50-day integrations with plus and minus 1/2 the
SST anomaly in Fig 1. OVer the Atlantic the response varies
approximately linearly with SST. 'l'he t-:values in F;ig 3b show that the
response is jusL s~gni[icanL at 10%, over the Atlantic.
The model response may be partly eddy forced, though it is also
consistent with a thermally forced solution where the basic wavelength
is close to the stationary free Rossby wavelength in the
mid-troposphere. (see Palmer and Sun ,for details).

6.23

2.

Observations

Monthly mean SST anomalies from 40-60W and 40-50N for November to
February from 1901-1930, and J.951-80 were examined. Values greater than
0.8K averaged over this area were designated warm months; values less
than -0. 8K were designated cold months. The monthly mean PMSL and 500
rob height anomalies associated with the warm months were composited
together (though data from the two 30 year periods were kept separate);
similarly for the cold months. The 500 rob difference field for the
1951-80 data is illustrated in Fig 4, and shows good agreement with the
model results except over Asia. The stippling indicates regions where
difference fields are significant at the 5% level. Eddy variances have
also been studied with the observational data. These, and lagged
ocean-atmosphere relations are discussed in palmer and Sun. The 1901-30
data agree well with the 1951-80 data over the Atlantic and Europe (but
not over Asia).
3.

OCean-Atmosphere feedback

Based on the mixed layer model of Daly (1978) i t is believed that
atmospheric anomalies such as shown in Fig 4 initially force the SSTs
through the effects of reduced sensible and "latent heating in the RM
area and northward advection of mean ocean temperature by the anomalous
EKrnandrift current. However baroclinic wave activity in the vicinity
of the SST anomalies appears to generate strong latent heating fields
"which can thermally force an equivalent barotropic response in the "
atinOsphere. The phase of this response is apparently able to' maintain
the SST anomaly.
4.

Long range forecasting

These results help substantiate the use of SST anomalies in theRM area
in the OK Met Office's multivariate long range forecasting model.
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DROOGHT IN AFRICA AND ANOMALOUS INTERHEMISPHERIC
SEA-SURFACE TEMPERATURE GRADIENTS
by
. D E Parker, T N Palmer and C K Folland
Meteorological Office, Bracknell, Berkshire, UK
Observations show that the droughts in subsaharan Africa, which have
persisted since 1968, have coincided with a period in which sea-surface
temperatures have been abave normal in much of the Southern Hemisphere but
below normal in most of the Northern Hemisphere (Folland et al ~1985». The severe
drought year 1984 had sea-surface temperature anomalies exceeding 1 C in the South
Atlantic. A linear regression of annual Sahel rainfall for 1901-1984 (data from
Nicholson (1983), updated), on simultaneous Southern Hemisphere minus Northern
Hemisphere sea-surface temperature anomaly, yielded a correlation of -0.58.
Inclusion of South minus North Atlantic sea-surface temperature anomaly in
multiple linear regression strengthened the correlation slightly to -0.61.
The influence of anomalous interhemispheric gradients of sea-surface
temperature on rainfall in Africa and e~sewhere was therefore investigated uging
the UK Meteorological Office 11-layer general circulation model with 2i x 3t
resolution. The model is a version of that used by Cunnington and Rowntree
(1985). Control and two opposite anomaly integrations A and B were run for
180 days in a perpetual July mode. The SST fields TA and TB added to .
climatological values in the anomaly integrations were a function of latitude
only and are shown in Figure 1. Note that the imposed anomaly was zero at the
equator in both cases. Although the anomalies exceed those observed, they are
comparable with the most extreme cases such as 1984.
The 180-day mean convective rainfall differences from the control are shown
in Figures 2 and 3 for integrations A and B respectively, along with indications
of statistical significance derived from t-tests based on differences for the 6
constituent 30-day periods which were assumed to be independent. The convective
rainfall in the control run is shown in Figure 4. The salient results for the
tropics are:
i)
In integration A (warm Southern and cold Northern Hemisphere) the
western sahel becomes drier, along with much of the Indian monsoon region,
and the northern fringes of the oceanic intertropical convergence zones.
Parts of northeastern Africa, however, become wetter. Note, though, that
the model's climatology (Figure 4) is too wet in this area. The-moistening
of the Brazilian Nordeste is' consistent with Hastenrath (1984).
ii) The results of integration B are essentially opposite to, though if
anything more matked than, those of integration A. The stronger effects
in integration B may be because it is the climatologically warmer
hemisphere which is being warmed.
iii) Comparison of integration A with the control shows that the intertropical
convergence zones moved south and weakened: they moved nort!) and strengthened in
integration B. Integration A also had a southward-displaced and diminished
Indian monsoon circulation in both the low and the high troposphere, with
the opposite in integration B. The weakening and displacement of the
intertropical convergence zone when the summer hemisphere is cooled is
consistent with the modelling results: of. Rind and Rossow (1984).
A fuller account of the present results is being prepared by the authors.
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The linearity of the response of-a GCM to an-equatorial SSTA
by

G.J. Boer
Canadian Climate Centre
Downsview, Ontario

M3H 5T4
General circulation models are appar~ntly able to reproduce many of the
features of the atmospheric response to equatorial sea surface temperature
If'

anomalies (El Ninos). The intrinsic consistency and comprehensiveness of
GCM output allows one to perform diagnostic calculations on model data which
would be impossible to perform on observational data. One such calculation
concerns the linearity or lack thereof of the model response to an imposed
SSTA. This question is of some interest in determining if linear baroclinic
studies of this phenomena are consistent with what is found in the model
atmosphere and (presumably) in the real atmosphere.
The time averaged and vertically integrated energy budget for the atmosphere may be written as

where
E
If'

Po

= J0

(C p T + $)V dp/g

Po --E V
dp/g
If'

= J0

is the energy flux vector and the source/sink terms comprise the radiation,
surface heat flux, and latent heat release.
It is the divergent component
of this flux vector which connects the sources and sinks and which is studied.
The climatology of the model for the December-February season (indicated by a zero subscript) is subtracted from the average for the same season of five independent simulations in which a two-times the Rasmusson and
Carpenter mature stage SSTA has been introduced. The resulting anomaly in
the energy budget may be written as
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where

The asterisk used as a subscript indicates the anomaly or difference between
the simu1ations with and without the SSTA. The remaining symbols have their
usual meanings in terms of time and zonal averages and deviations therefrom.
The first term on the right-hand-side of the equation represents the
energy flux which is consistent with the usual linear baroclinic assumptions. The remaining terms are the terms which are neglected and represent
respectively the error due to the neglect of the transients, the error due
to the linearization about the mean three-dimensional flow, and the error
due to the linearization about the mean zonally averaged flow.
These flux terms and the associated source/sink terms may be calculated
from model data.
It is immediately apparent that the last term on the
right-hand-side is by far the largest and that the errors involved are of
the order of the flux and source/ sink anomalies themselves.
The Figure
gives the divergent components of ~* and ~L and the associated source/sink
distributions. Note that the actual anomaly in ~* and H* has a distinct
dipole structure across the Pacific. That is, both source and sink regions
are localized. This also differs from the approach in some linearized calculations in which the source is localized but the sink is distributed.
~

Apparently the linearization assumptions would be more acceptable if
(1) it were possible to linearize about the mean, three-dimensional state of
the atmosphere rather than the mean zonal state and (2) if a realistic
source and sink distribution could be internally generated.
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Simulated climate sensitivity to CO with model generated cloud
2
by C A Wilson, J F B Mitchell and WM Cunnington
Dynamical Climatology Branch, Meteorological Office, Bracknell, Berkshire, UK
Recently two climate change experiments have been performed with the
Meteorological Office 11-layer general circulation model (Dynamical Climatology
Branch, 1984) in which CO amount was doubled and the seasonally varying
2
prescribed sea surface temperature increased by 2K everywhere. In the first
-experiment of 3 years cloud amounts and heights were prescribed from
climatology whilst the second experiment, lasting 2 years, cloud was generated
within the model (Slingo and Wilderspin, 1985). In addition the latter used
an improved treatment of longwave radiation (Slingo and Wilderspin, 1984) and
geographically varying albedo.
The global mean changes from the parallel control integrations (Table 1) show,
a larger precipitation increase but s~aller temperature increases with model
cloud than prescribed cloud. However, if the sea surface temperatures had
been free to respond to the change in net heating the ocean would have cooled
in the experiment with prescribed cloud and warmed in that with mode~ cloud.
Assuming 2, x CO increases the net heating at the surface by 3.5 Wm(Mitchell, 19835 and that the model responds approximately linearly to small
changes in sea'surface temperature, the sea temperature rises estimated to
0
give zero net heating are 1.5 C and 2.6°C respectively. The estimated
surface temperature increases would be 1.73°C0 and 3.08°c. These are in broad
o
agreement with the estimates of 2.0 C and 3.2 C obtained by Hansen et al (1984)
including water vapour feedback and water vapour and cloud feedback
respectively. The improved radiation scheme slightly reduces the changes in
radiative heating due to doubling CO , so our cloud feedback is likely to be
2
underestimated. The enhanced warming is associated with a 2.5% reduction in
cloud cover, mainly at medium and high levels.
The geographical distributions of changes in precipitation during June to
Au~st, (Fi~re 1) are, broadly similar, with increases in high latitudes and in
much of the tropical convergence zone" and decreases over much of the northern
continents in mid-latitudes. The more pronounced increases over central
Africa and northern India in the interaotive cloud experiment (Figure 1b)
reflect the more intense precipitation 'in the control experiment (Figure 2a,b).
The large dec~ease in precipitation over the western tropical Pacific, not __
found in the prescribed cloud experiment, appears to be a response to the
enhanced land-sea contrast due to the general reduction in cloud cover.
Table 1.. Changes due to doubling CO and enhancing sea surface temperatures
2
by 2K (global 2 year means)
Net
land surface Global surface Atmospheric Precipita- downward
temperature
temperature
humidity
tion
radia:ti0n
(oC)
(oC)
(Wm- )
(%)
%
Prescribed
Cloud

3.05

2.32

20

5.6

-1.2

Model Cloud'

2.96

2.29

18

7.2

+0.9
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VERTICAL SHEAR AND MEAN FLOW ENERGETICS FOR ANALYSING
GCM-SIMULATED BLOCKING EVENTS WITH SPECIAL EMPHASIS
ON OROGRAPHIC INfLUENCES
Guenter Fischer
Institut~ of Meteorology, University Hamburg
Bundesstrasse 55, D-2000 Hamburg 13, FRG
Six

blocking events appearing in a 300 day integration with our GCM
hemisphere, (Roeckner 1979)) are
, 36'-levels, northern
analysed applying the energy budgets for the vertical shear flow and
vertical mean flow, Ks and KM respect!vely, (Wiin - Nielsen 1968) • By
splitting up KM into its zonal part K~Z and eddy part K~~ , one obtains
the mountain effect from the work done essentially by the zonal pressure gradient ~?~(\:)x at the ground with topographic height ~.
(M =b.~= 2.8 0

The budgets of four stages: a) 5 days before -, b) first half of -, c)
second half of - and d) 5 days after blocking are calculated, averaged
over the six events and then compared with the 300 day-mean state.
Blocking has been defined to occur, whenever the 500 mb height anomaly
exceeds 300 m somewhere along 60 0 0r 56° latitude for at least seven
consecutive days.
The budget equations can be 'written in the following symbolic form:
d/dtKs

= -(KSKM ,

;dldtKME =
d1
_ _ _ _4__ d_t_K--,,-M::.=.Z =

+(PKS)+D S

(KSKME)-(KMEKMZ)
(KSKMZ ) + (KMEKMZ )

(KSKM)=(KSKME)+(KSKMZ)
+ (PKME)+D

ME
+ (PK
) +D
MZ
MZ

where e.g. (PKS ) denotes the convers.1onbetween-·potent-ial energy P and
shear -n-ow kinetic energy KS' (P~'C)==- -(p~) =: (K\ott.Kwa )~'T contains as
the most essential process the mountain drag [~d~/~~], weighted
with [u], the vertically and zonally averaged momentum
([] = zonal
mean (A) = vertical mean); it acts like a conversion between K~, and
K~E' The dissipation D has not been computed directly and will be omitted.
In order to estimate for the different blocking stages significant
deviations from normal, the difference "blocking atage-mean (about 30
days) minQs 300 day-mean" has been 'qivided by the standard deviation of
arbitrar\.ly selected 30 day- means.
A value of 2" of this"relative
deviation"marks the 95% confidence limit.
The results, displayed in Table 1, show the following remarkable featuref):,Prior~to. blocking,. quite a distinct signal comes
from the mountain!: effect (~~'C)M'" which apparently causes the sharp decrease of
K~, i.e. the weakening of the
zonal flow. This agrees well with findings of Metz (1985) from observations. During the first half of blokking, (p~) and in turn (~~~) are very pronounced and probably responsible for the growth of K~~.
A spectral energy analysis revealed
(Fischer ,1984) that the cyclone-scale contributes most in this baroclinic transformation,feeding the very long waves with energy by nonlinear
interactions. During the second half of blocking, the mountain effect
seems tp be responsible for the decay of KM'I!. and the recovery of K~"Z.
More' informations are
(Fischer 1985).

contained in a

forthcoming paper

by the author
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~ 5_~MZ.)_ ~~t_KMzl
43±5
....
~l +0.6-0.8
-0.5
+0.8
-.

-

0±2
-3.6*
-1. 6
+4.5 *
+2.6

~z

:518±20"
,-0.5
,-3.1
1-1.4
-j 0 0

*

~

.

(PK S )
d/'dt' KS f
Kg - (KMEK· Z)
~K. K )
M - - I - -.MZ ~ MT
..... ----~-- ~:_~--

265±17...
....
+1.4
+2.6*
-0.7*
-0.9

0±1 _
l539±12
+0.1
1+1.7*
+0.9
1+2.~
-8.2*
+1.9
+0. ,-~ i+0.2

36±8 +0.4
-1.5
+0.3
+0.5

(KSKME )

2""±6 - - +3.2 *
0.0'
-1.7 *
-0.4'

"

-

:' ~ 162±'1'0':.) 5 days before blocking:
+1.1
Relative b) firs t half
:
+3 • 2 *
deviatio· c) second half
:
-0.3
) 5 days after blocking:
-0.2
300 day mean ±SD

~

30

dfdtKMEr

O±3~ -0.5
+4.0
-6.3
-2 .. 7 *

*

K
ME

-:592±24:+1.2*
+3.7 *
:+2.5
i +0.4

*

Table 1
300 day-mean energies and energy conversions (first
rows) and deviations from the mean for four different stages of blocking a), b), c)
and d), scaled by the normal standard deviation of 30 day-means (S~O).
Units of energies lOSJ/m"J., of conversions 10"'2, W/rif. The .,*" is to indicate that the sign of the deviation showed up in atleast five of the
six single cases.
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The·Seai-diurnal Thermal· Tide as Represented in the
Canadiau,Cli-ate C.ntJ:'4! Qeneral Circulation Model
F~W. Zwiers
Canadian Climate Centre
Downsview, Ontario
Canada

'The presence of a semi-diurnal oscillation in surface pressure has been
well documented for the real atmosphere (Haurwitz, 1956, Chapman and Lindzen, 1970, Ha~ilton, 1981) but has not been extensively studied in model
atmospheres.
Hunt and Manabe (1968) did study the phenomenon in an early
version of the GFDL atmospheric GCM.
We became aware of the phenomenon in the Canadian Climate Centre General Circulation Model (CCC-GCM) (which is described by Boer et al., (1984»
rather inadvertently while doing a time spectral analysis of a series of 500
mb height fields observed at 18 hour intervals.
This analysis showed a
rather large spike in the power spectrum at exactly the Nyquist folding
frequency which is one cycle per 36 hours iri this case. The semi-diurnal
component of a process which is sampled once every eighteen hours is aliased
to exactly this frequency.
It was this realization which prompted a study
of the semi-diurnal tide as represented in the CCC-GCM. A 60 day run of the
CCC-GCM with 30 minute time step and hourly saves and radiation calculations
was made from 12Z, Jan. 2, 1979 FGGE· conditions for the purpose of examining
the semi-diurnal tide.
The amplitude and phase of the semi-diurnal tide of surface pressure
which was observed in this run are displayed in Figures 1 and 2 respective~y.
Both maps are remarkably similar to the classical results of Haurwitz
(1956) which were derived from much longer samples than presently available.
As can be seen, there is very close agreement between ampli tudes in the
observed and simulated atmospheres. The amphidromic points in the eastern
hemisphere match observations very closely. Those in the western hemisphere
appear to be placed slightly westward of those in the observed' atmosphere.
The local maximum of the semi-diurnal tide occurs about an hour earlier than
observed.
This is apparently due to two causes: a) the model atmosphere
receives its radiative heating somewhat later than the real atmosphere bec.ause· of the way in which the radiation calculations are performed and b)
the model atmosphere does not apparently receive the forcing from latent
heat release that the real atmosphere does (Hamilton, personal communication).
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Figure 1 The amplitude of the .semi-diurnal tide of !yrface pressure
observed in the eee-GCM. The units are mb x 10 •

Figure 2 ~he phase of the semi-diurnal tide of surface pressure observed in
the eee-GCM. The units are degrees. The time of local maximum is
given by t ll = (90-phase)/30. A phase angle of 150 0 corresponds to
'local maxima at 10h and 22h.
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Intercomparison of C~s' Zonally-averaged January
Sea-level Pressure and Precipitation
W. L. GATES
Climatic Research Institute/Department of Atmospheric Sciences
Oregon State University
Corva11is, OR 97331 USA
As apart of a continuing intercomparison of the performance of global
atmospheric. GCMs being conducted in cooperation with the Working Group on
Numerical Experimentation (WGNE) of the WCRP/JSC, the zonally-averaged
simulations of selected climatic variables are being collected (or in some
cases constructed) from all published versions of global atmospheric GCMs.
The intercomparison of zonally-averaged January sea-level pressure and
precipitation (simulated with climatological sea-surface temperature and
sea ice distributions) are shown in Figs. I and 2, respectively, along with
the observed distributions.
The results shown in Fig. 1 indicate that while there is general
agreement among atmospheric GCMs with regard to the average sea-level
pressure field between about 40 Nand 40 S, there is considerable
disagreement at higher latitudes. The opposite situation is seen in Fig. 2
with regard to the average precipitation. Some of this scatter among
models is due to the relatively large natural variability of sea-level
pressure in higher latitudes and of precipitation in lower latitudes, while
some is due to the differences in sampling (same models' results referring
to a single simulated month while others' are from ensembles of several
years). In comparison with estimates of the climatological average, most
GCMs are seen to simulate too high sea-level pressure south of about 50 S
(Fig. 1), and to simulate excessive precipitation north of about 20 Nand
deficient precipitation between about 50 S - 65 S (Fig. 2).
Although too much should not be made of such limited intercomparisons
(since variance data and error estimates are not given, and complete data
are not available for all models), there is some improvement evident in
model performance over the decade represented. The author, on behalf of
the WGNE, invites the submission of new (or overlooked) results from
appropriate atmospheric GCMs. The results of other intercomparisons of the
performance of current GCMs being undertaken by several investigators
should provide more definitive.information on systematic model errors.
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OBJECTIVE VERIFICATION of

the

EXTRATROPICAL

JANUARY

FLOW of a

number of GCMs in terms of NORTHERN HERMISPHERE 500 MB HEIGHT
----_~_---------------------------------------------------_~_----

Hans

von

Storch, Meteorologisches. Institut
der Universitat
Bundesstrasse 55, 2000 Hamburg 13,FR Germany

Hamburg,

We compared the Northern Hemisphere extrattopical 500 mb height January
climatologies of a number of different GCMs in terms of some monthly
averaged statistics by means of an objective multivariate procedure [1,2].
The considered GCMs are:
model
name

Institution

I
I

horiz.
resol.

global
I
or nh Dv It/Jan.

annual
cycle?

=======================================~===============
==============
0

Hamburg University

HUM

I

g: 2.8

nh

3

9

no

---------------------------------/--------------------------------ECMWF
T21
sp: T21
gl
15
10
yes
---------------------------------I-----------------~-I---------------

1 sp: T40
2
;~~::~-;~~~~~~~~~~~:~------~~--I-~;~:~~;---;~---~~--~-----;:~------------------------------------/--------------------------------Canadian Climate Center
CCC
sp: T20
gl
10
8
yes
---------------------------------1-------------------1--------------ECMWF

T40

Oregon State University

OSU

I

g: 4°/5°

It

It

gl

2

It

I

10

yes

~~:;~:-;~~~:-~:~~:~~~~;----~;~(~)/-----~------~----~-I--~------~----I

coupled to Ocean GCM
1st
2nd
3rd
4th
5th

column:
column:
column:
column:
column:

I

g = finite difference;
sp = spectral
nh = Northern Hemisphere;
gl = global
Dv = number of vertical levels
DJan = number of available simulated Januaries
no = perpetual January mode; yes = annual cycle

The long term averages of the following Northern Hemisphere 500 mb height
statistics are compared with the respective numbers derived from daily DWD
analyses (Januaries 1967-83):
Stationary: [Z']
{'Z*}

[z*2. ] cos er
Transient:

~}

zonal monthly mean
30-60o N average of stationary disturbances
= zonally averaged variance owing to
stationary disturbances

=
=

= 30-60o N average of monthly mean daily variance
[z*'~]cosT= monthly mean of zonally averaged variance due
to
daily variance owing to disturbances
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The result of the multivariate test procedure is summarized in the following
table: a "*" indicates a significant (risk: 5%) difference HGCM generated
state minus DWD observations". Note that the result concerning T40 is based
on 2 samples only, yielding a quite a poor power of the statistics in this
case. The long term mean states are drawn in Figs. 1-5.

model

I

[z]

Stationaries
{Z'*} [z*2] cosf

--------1---------------------HUM
T21
T40
CNRM
CCC
OSU
OSU(c)

I
I

*
*
*
*

I
1 *
I *

*
*
*
*
*
*

*
*
*
*

*

*

I

Transients
{Z'2} [z'*2]cosf

*
*
*
*
*

*
*
*
*
*
*
*

more de=
tails see
[2]
[2]
[2]

[3]
[3]

As can be deduced from the Table and from the Figures, there partly occur
considerable differences between observation and simulation.
Many models
exhibit an unrealistic zonal flow, the Pacific stationary trough is often
broadened and/or shifted to the east. The Atlantic trough is too flat except
for the CCC simulation. There is a tendency for too weak stationary eddies
north of, say SON. An exception is the CCC model, again. With respect to the
transients all but the OSU models exhibit a too weak daily variability in
midlatitudes. All model underestimate the level of transient eddy variance
in the North Atlantic sector. Note that CNRM exhibits a very coarse
horizontal resolution.

+++++++++

Every GCM group is invited to send me its simulated 500 mb'daily
January data. I will verify them as I did it with the GCM data listed
above und send the GCM group a detailed report. No publication of re=
suIts without explicit permission of the supplier!
Please contact me to agree on the technical details.
22.4.1985 Hans van Storch

References:
[1] Storch, H.v., E. Roeckner, 1983, Mon.Wea.Rev. Ill, 1965-1976
[2] Storch, H.v., E. Roeckner and U.
Cubasch, 1985: "Intercomparison of
extended-range January simulations with general circulation models:
Statistical
assessment
of ensemble
properties" submitted
to
Beitr.Phys.Atmos.: preprints may be ordered from the author
[3] Storch, H.v., 1985: "Verification in terms . of 500 mb height of 10
Januaries simulated by the OSU gridpoint 2-level GCM - prescribed sea
surface
temperature /
interactive sea surface temperature"
+
"Comparison in terms of 500 mb height of 10 Januaries simulated by the
OSU gridpoint 2-level GCM with prescribed SST and by the OSU gridpoint
2-level GCM with interactive SST"
Internal reports: copies may be
ordered from the author
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Figure 1: zonal monthly mean, [z]
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Figure 3: zonally averaged variance owing to stationary disturbances,
(weighted with cosine of latitude), [z*2]COS~
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Figure 5: monthly mean of zonally averaged variance due to daily vari=
ance owing to disturbances (weighted with cosine of latitude)
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The Response of the Oceanic Seasonal Boundary Layer
to the Daily Cycle of Solar Heating
by W. Barkmann
Institut fUr Heereskunde, Kiel, FRG

The heat loss B of the upper layer due to surface cooling is supplied by heat flowing upwards to
the surface from the convection depth C. The potential energy Ec ' released as kinetic energy of conc
vective overturning, is approximately given by E = -I e: dz = p BCag/2s,where a is the coefficient
c

0

c

0

of thermal expansion, g is the accelaration due to gravity and s

=

4.2 KJ/m 3K is the specific heat

of sea water. Solar heating has a considerable effect on Ec and on the depth of the convection
layer, because it is concentrated close to the surface. The convection depth C is defined as C =

-l/a In (1 - B/l o )' where l/a is the e-folding depth of solar penetration and 1 0 is the solar energy
at the sea surface.
A one-dimensional mixed layer model which incorporates the slab parameterization of turbulence in
the

mix~d

layer, was used to study the effect of the diurnal variation of solar heating on mixed

layer temperature T and depth h. The .temperature profile is adjusted three times within each time
step of integration to allow for the following processes: L

solar heating, 2. convective adjust-

ment, 3. turbulent entrainment. Fig. 1 shows the diurnal variation of power supply to mixed layer
turbulence from convection and wind stress in spring and summer. The model is driven by Bunker's
climatological surface flUKeS plus diurnal variation of insolation. The calculations were made for a
site in the North East Atlantic, located at 41° N, 27° W. Fig. 2 shows the climatological seasonal
mean modulation of the diurnal cycle of the turbocline depth. Experiments were made with time steps
of 1 h, 12 hand 24 h and differences between the mixed layer temperatures of 1.5 K and mixed layer
depths of 50 m were calculated (Fig. 3). Fig. 4 shows the seasonal variation of potential energy
change due to convection, solar heating and entrainment. In spring, when the daily mean of solar
heating

exceeds

the surface cdoling,

the mixed layer depth is approx.

by h = 2(mu; - Ec
the friction velocity.

defined

+ Io/a)/(Io - B), where m is an empirical miXing efficiency parameter and u*
3

'

Io/a and mu* are independent of the time step interval by definition, so that only Ec can be responsible for changes of hand T. Fig. 5 shows the difference between the potential energy changes Ec
calculated with different time steps. In order to ioodel the mixed layer and thermocline, it is
necessary to resolve the diurnal cycles of solar heating even for simulations of much longer time
scales. For some applications it is unnecessary to model all of the details ,of the diurnal cycle and
a parameterization should be sufficient. The term

lie

lie

be

determines

e depends

the

convection

depth

and

can

was used to design a parameterization because
changed

without

changing

the

heat

balance.

on water turbidity and on solar elevation. The value of the refraction angle used in the

model, was chosen as ~ - ; + y~, with a mean refraction angle for each day y

and a parameter

y'.

y' is constant with time and determined by comparing the annual maximum mixed layer temperature in

the standard (1 h) run with temperature of longer time step integrations. The results of an 18
month integration are shown in fig. 6. The error is reduced by using a 12-hour time step. The parameter y' depends on the regional variability of the solar energy cycle and has to be calculated for
different· locations in the ocean. This parameterization allows to save computer time in modelling
interannual, climate changes.

References
Bunker, A.F. and Worthington, L.V. (1976) Exchange energy charts of the North Atlantic Ocean.
Bull. Amer. Met. Soc.

~

670-678.

Woods, J.D. and Barkmann, W. (1985) The Response of the Upper Ocean to Solar Heating. I: The Mixed
Layer. Submitted to Quart. J. Roy. Met. Soc.
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OPERATIONAL MODElING OF THE OCEANIC MIXED lAYER
R. Michael Clancy and Kenneth D. Pollak
Data Integration Department
Fleet Numerical Oceanography Center
Monterey, CA 93943
A model of the oceanic mixed layer, referred to as the Thermodynamic Ocean
Prediction System (TOPS) and encompassing the entire northern hemisphere on a 320
km grid, is being run daily at Fleet Numerical Oceanography Center (see Clancy
and Pollak, 1983). The model is based on the turbulence parameterization of
Mellor and Durbin (1975), accounts for advection by instantaneous wind drift and
climatological geostrophic currents, !3.nd is forced by surface heat. fluxes and
wind stresses provided by operational atmospheric models. The TOPS thermal field
is updated once per day, via an objective analysis scheme, with all available
real-time bathythermograph observations, ship injection/bucket sea surface
temperature measurements, and MCSST observations from the NOAA polar orbiting
satellites. Figures 1 and 2 show example output. from the model.
As discussed by Clancy and Pollak (1983), early testing of the model showed
spurious sunmertime sea surface temperature anomalies produced by bias' in the
surface heat flux driving it. Clancy (1983) showed that this problem was solved
upon switching to heat fluxes provided by the Navy Operational Global Atmospheric
The sea surface
Prediction System (NOGAPS; Rosmond, 1981) in August 1982.
temperature used by NOGAPS is updated by the objective analysis every twelve
hours of wall-clock time. Effective in March 1983, the TOPS response to NOGAPS
winds and heat fluxes began to influence the updated sea surface temperature,
thus achieving a weak two-way interaction between TOPS and NOGAPS.
Plans for the coming year are to extend the model to the southern hemisphere
and double its horizontal resolution. In addition, the salinity climatology of·
levitus (1982) will be adapted as a supporting data base.
References
A Real-Time Synoptic Ocean Thermal
Clancy, R.M., and K.D. Po11ak, 1983:
Analysis/Forecast System. Progress in Oceanography, 1£, 383-424.
Clancy,. R.M., 1983: The Impact of Improved Heat Fluxes on Operational Ocean
Prediction at FNOC.. Transactions of the American Geophysical Union, 64,
737.
levitus, S., 1982: Climatological Atlas of the World Ocean. NOAA Professional
Paper 13, Environmental Research laboratories, Geophysical Fluid Dynamics
laboratory, Princeton, NJ, 173 pp.
Mellor, G.l., and P.A. Durbin, 1975: The Structure and Dynamics of the Ocean
Surfac~ Mixed-layer.
Journal of Physical Oceanography, ~, 718-725.
Rosmond, ·J.E., 1981: NOGAPS: Navy Operational Global Atmospheric Prediction
System. Preprint Volume, Fifth Conference on Numerical Weather Prediction,
Monterey, Published by the American Meteorlogical Society, Boston, 74-79.
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sea. surfaceterrperature on 22 April 1985 fn::m the FNOC 'IDPS
rrodel. Contour interval is 1 C.
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D Model of the Vertical Distribution of Geochemical Tracers
G~T.-DEEDLER AND D.G. WHIGHT

Atlantic Oceanographic Laboratory
Bedford Institute of Oceanography
P.O. Box 1096
Dartmouth, N.S. B2Y 4A2

A simple model has been developed to facilitate the use of vertical
profiles of passive scalars in postulating physical, geochemical and
biological controls on their distribution, and for making subsequent
checks for consistency. .J The mod-el is essentially one-dimensional with
recirculation through a high-latitude convective region.. Processes
included are: upwelling, vertical diffusion, radioactive decay, exchange
of chemical species between water and particulate phases, biological
uptake at the surface and dissolution in the interior, remobilization in
the sediments, and burial..
All physical parameters are specified ~
priori and results are examined for consistency with observed tracer
distributions.
.
A steady-state version of the model has been used operationally by
the GESAMP working group to estimate transfer rates of radionuclides
dumped in the deep sea back to man's food chain. Using parameter values
estimated from steady-state cases, the model may also be run in a timedependent mode to examine the temporal and (vertical) spatial evolution
of contaminants added to the ocean.
The results of such calculations should be particularly useful in
sorting out processes controlling the cross-isopycnal transfer of
tracers.
In particular they should help identi fy elements .which are
influenced by biological processes, which should be treated with extra
caution when a water mass tracer is required.
.J

7.8

Numerical Simulation of Continental Shelf
Response to Tropical Cyclones

P.E. Holloway, Department of Civil Engfneering, University of Western
Austra1i a, Nedl ands WA 6009

A diagnostic modelling approach is being used to numerically simulate
the response of continental shelf waters to forcing from tropical cyclones
(or hurricanes). Initially, a depth averaged linear (but with quadratic
bottom friction) model is being used with idealised continental shelf and
slope topography, uniform in the longshore direction. Surface forcing is
specified by radially symmetric, cyclone wind stress and atmospheric
pressure distributions.

at

The study aims
understandi ng the nature of the shelf response as a
function of the properties of the cyclone and shelf geometry. The effects
of speed and direction of movement and intensity of a cyclone are being
considered, as well as the slope of the bathymetry, and the shelf width
compared to the cyclone diameter. To date, most effort has been on
studyi ng the effects of different combi nati ons of boundary conditi ons on
the open boundaries.
The modell i ng is supported by a substanti al set of current meter,
thermistor chain, tide gauge and meteorological observations made during a
number of tropical cyclones on the Australian North West Shelf.

7.9

Sensitivity studies from a non-linear finite-difference ocean
circulation model.
Jens Schr6ter, Max-Planck-Institut fur Meteorologie
Bundesstr. 55, 2000 Hamburg 13, FRG
We study uncertainties in
ocean circulation model that
observational errors) in the
solutions exists the members
fit the forcing field within

the steady state solution of a dynamical
are introduced by uncertainties (e.g.
driving forcing field. A whole set of
of which obey the dynamics of the flow and
prescribed bounds.

Within this:set we look for a unique solution that maximizes (or
minimizes) a characteristic physical property of the flow such as
western boundary current transport, meridional heat transport ••• Tb
find this extreme solution we apply a non-linear optimization method.
The same calculation permitsus tq study quantitatively the importance
of the addition of new information, in particular from altimetry,
acoustic tomography, current meters, as a function of region of measurement, and accuracy, leading to inferences about optimal observing
strategies.
As an example we show the solution that maximizes the potential
energy in·a non-linear two layer model. The wind forcing has been left
uncertain in the whole bai~n to within 15% of its maximal value. Information about the temperature is introduced by prescribing the position of the interface between the two laYers to within 5% of its
maximal ~alue. Figs. 1 and 2 show the solution in both layers and Fig.
3 the "temperature" field. Fig. 4 depicts the regional distribution
of the sensitivity of the potential energy with respect to changes
in the temperature. Va~iations of 1 unit in the prescribed temperature
lead to the strongest change in the extreme 9f potential energy, if this
variation occurs in the north-western part of the basin. We conclude
that this is the ·region where one would have to make temperature
measurements with the greatest care if one is interested in the potential energy of the flow.

It is planned to apply the optimization method outlined here to
a realistic GCM that is driven by observed wind and temperature fields.
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- Regional response differences in tropical Ocean
circulation experiments
M., Latif'

Abstract
A primitive equation model of the equatorial Pacific was forced by
re~listic winds pf 32 yea~s. The western and central Pacific response
is signi;ficantly different, from the ea-stern response. While both the
western and central response show a pronounced interannual signal
associated with the El Nino evehts during the 32 years and only small
seasonal changes, sea surface temperaturevariabilUy ·in the east exhibits a considerable amount of variance on seasonal as well as interannual time scal~s.
In particular the western and central Pacific emerge as regions, in
which the response is determined almost completely by the local wind
forcing. In the eastern Pacific the response characteristic shows evidence of remote and lo~al forcing.
The time and space structure of large scale sea surface temperature
anomalies during El Ninq, events is reproduced reasonably well, whereas
the amplitudes are slightly ,underestimated.by,the model. In. general
the agreement'with observations is encouraging.",(see Figure).
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An Ocean Circulation Model with Isopycnal Coordinates

Josef Maximilian Oberhuber
Max-Planck-Institut fur Meteorologie
2000 Hamburg 13, Bundesstr. 55, FRG

To a good approximation the flow in the interior ocean runs
along levels of equal density. This leads to the concept of a
model with isopycnal coordinates, which avoids numerical cross
isopycnal mixing. Such a model should conserve potential vorticity (an essential part of the dynamics in the interior ocean) better
than a level model.
To get a highly efficient formulation an absolutely stable time
step scheme for primitive equations has been developed combining the
time-splitting and the semi-implicit methods. The stationary state,
of this model is independent of the time step which is not the
case in the time-splitting method. Time steps of one month or more
are possible and may vary during the integration.
Difficulties arise if topography is included in an isopycnal model.
Then vectorization is not possible. However, if we allow the layers
running along the topography with zero layer thiekness we can formulate the model in a rectangular basin which is easy to vectorize.
Schemes must be used which conserve such zero layer thickness exactly
during the integration. The main problem, however, are those points
wher~ an isopycnal coordinate touches the topography. At those points
large negative values of layer thickness can occur during the integration. Depending on the pressure field it is decided whether such
points are excluded from the interior ocean or not. Finally we define horizontal boundaries for each layer. These boundaries are updated every time step. This must be done in a way that mass and momentum is conserved. At the end a layer model is formulated in a
rectangular basin where each layer has its own time dependent horizontal boundary.
The model is constructed such that the first layer represents
the mixed layer with horizontal varying density. The second layer
has also horizontal va~ying density because of heat conservation
during the detrainment phase. All deeper layers are isopycnal. It
is planned to couple this model to an atmospheric GCM.
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Experiments with a large-scale geostropic ocean general circulation
model.
E. Maier~Reimer, D.J. Olbers and K. Hasselmann
Max-Planck-Institut fur Meteorologie, Hamburg, FRG

A global OGCM has been developed in the recent years at theMPI
(Maier-Reimer et al., 1982). The model is based on the large-scale
geostrophic approximation-with temperature- and-salinity as prognostic
variables. The early version of the model has now slightly been modified with respect to the numerics (Maier-Reimer 1985) to remove a weak
numerical instability which was responsible for a too rapid overtu~ing
of the deep ocean. Fig. 1 and 2 show examples of the current and density field predicted by the present model with 10 vertical layers and _
3.7 0 x 3.7 0 horizontal resolution. Current research activities with
this model include the following topics:
(I)

Computation of tracer distributions {tritium, 14C)

(2)

Investigation of carbon storage in the ocean :(with consideration
of a simplified biochemical cycle).

(3)

Detailed model intercomparison of a North-Atlantic version
(80ON to 300 S) with the Princeton model (Cox 1984) and an isopycnal model (Oberhuber 1985). This study includes the equilibrium annual cycle as well aa interannual variability experiments.

References:
Cox, M.D., 1984. A primitive equation, 3 - D model of the ocean.
GFDL, Princeton.
Maier-R'eimer, E., 1985. A large-scale global ocean circulation model
(in preparation).
Maier-Reimer, E., Muller, D., Olbers, D., Willebrand, J •. and Hasselmann, K.
(1982). An ocean circulation-model for climate variability studies.
Report Max-Planck-Institut fur Meteorologie.J. M., (1985). An isopycnal ocean circulation model (in preparation) •
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ABSOLUTE VELOCITIES IN

RBSOLUTE VELDCITIES IN

75 H DEPTH

150

H DEPTH

Current velocities predicted by global ocean circulation model in 75 m
depth (upper panel) and 150 m depth (lower panel). The main ocean current
systems (including the equatorial undercurrent) are well reproduced
Arrow areas are proportional to current speed u, arrow lengths
proportional to
The transports of the Gulf Stream and Antarctic
Circumpolar Current through Drake Passage are 55 and 145 Sverdrup, respectively.
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AN OPERATIONAL SEA ICE OODEL FOR THE ARCTIC
Kenneth D. Pollak and R. Michael clancy
Data Integration Department
Fleet Numerical OCeanography Center
Monterey, CA 93943
Fleet Numerical OCeanography Center (FNOC) has recently implemented a dynamic
thermodynamic sea· ice rrodel for the Arctic OCean. The model, developed by Hibler
(1979), was prograrrmed for operational use' by the Naval OCean Research and
Development Activity and delivered to FNOC in December 1984 (preller, 1985) •
Qaily model runs are made providing 24",:,hour forecasts of the velocity, thickness,
concentration, strength, growth and divergence of sea ice (see Fig. 1).
The
model grid size is approximately 127 km with
danain covering the Central Arctic
and IIDSt of the narginal seas (see Fig. 2).

a

Init1alization of the model wasfran a three year spin up· to steady state, using
realistic forcing, installed. en the FNOC ccmputer system as a monthly model
cl1natology. Subsequent model runs are restarted fran the previous day's 24-hour
forecast.
Daily predictions of surface pressure, air temperature " solar
radiatioo, vapor pressure, sensible plus evaporative heat flux and total heat
flux required to drive the ice model are ootained frcm the Navy opera tional
Global Atmospheric Prediction System (NOGAPS: Rosmond, 1981). Surface winds are
prOVided by a PBL model (see Mikok and Kai tala, 1976) applied to the NOGAPS
synoptic-scale fields.
Monthly climatologies of currents and oceanic heat
fluxes, also required, are taken frOOl Hibler and Bryan's (1984) study of a
coupled ocean-circulation/sea-ice model.
Model forecasts, in the form of contour charts, will be sent to the 'Naval Polar
oceanography Center (NPoc) via the Naval Environmental Data Network. If shown to .
have skill, these forecasts will be incorporated into the NPOC products.
In
addition, FNOC will archive output fran the model on magnetic tape •.
At p:-esent, no ice d:>servations are incorporated into the. rrodel forecasts.
A
future improvement, however, will be to update the model forecasts in real time
fran the NPOC hand analysis of ice edge and concentration.
This analysiS
incQrporates aircraft reconnaissance observations, satellite data and
model derived ice drift information, and will be sent to FNOC weekly for gridding
and assImilation into the sea ice model.
Since NPO.:: will, in turn, use the
sea ice model forecast in' their hand analysis, an analysis-forecast-analysis
cycle will be achieved.
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Fig. 1.

ExaIrple ice thickness output from the FNOC sea ice
Cbntour interval is 0.5 m.
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Fig. 2.

Grid used by the FNOC sea ice nodel.
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LARGE SCALE OCEAN AND ICE MODELLING
M. lKEDA &I. CLARKE
Atlantic Oceanographic Laboratory
Bedford Institute of Oceanography
P.O. Box 1006
Dartmouth, N~S. B2Y 4Jt2
Atlantic Oceanographic Laboratory is investigating the oceanic
effects on ice formation and decay primarily in the Labrador Sea and
Baffin Bay system.
These effects include the creation of a heat flux
from the deep ocean through water mass transformation via deep
convection; a large scale upwelling that results from a buoyancy flux
driven surface flow and the role of frontal dynamics at the shelf edge
in bounding the sea ice..
Each of these three processes will be
described in greater detail below.
Water mass transformation via deep convection occurs in very
limi ted areas of the high latitude ocean yet provides for short time
periods a direct link between the surface and the deep oceans. .J One
dimensional models have been developed and are being used to identify
the water masses and their relative volumes that are mixed together and
cooled to form the new deep water. These models are also being used to
estimate the gas fluxes (oxygen and carbondioxide) between atmosphere
and deep ocean during these transformations.
The - possibility that a
very limited ice formation (1 Ocm) can trigger deep convection in the
Greenland Sea which in turn causes a heat flux from the deep water to
melt the ice is also being explored using this model.
A box model of the Labrador Sea system was developed to explore how
heat and sal t move between the various current sys tems, water mass and
atmosphere in this region. This model is being used to explore how
increases in exchanges of water between the Labrador Current and the
Labrador Sea and/or increases in precipitation might have lead to a
surpressionof Labrador Sea deep convection during the late 1960} s and a
subsequent cooling and freshing of the Labrador Sea surface layers
during the same perigd.
Additional analytical models are being developed to model the
winter time formation of a western Labrador Sea cyclonic gyre (200km
scale) believed to be a necessary precondition for deep convection in
this region.
The general circulation in Baffin Bay and the Labrador Sea has been
studied using a density-driven two level model in a rectangular basin.
A buoyancy flux is given to the northern portion of the model thus
simulating the mean annual fresh water input from Artic outflow.
Constrained by the eastern _ and western boundaries, the meridional
density gradient induces southward flow in the upper layer which ;in turn
induces northward flow in the -lower layer resulting in upwelling near
the northern boundary. Such upwellingmay be a factor in the creation
of an ice free region in Northern Baffin Bay, the so called North Water
area.
Hibler's ice dynamics - thermodynamics model has been adapted and
tested for the Labrador shelf. _
The model has revealed that ice
formation and decay are controlled by atmospheric forcing, but also
sensitive to oceanic responses (mixed-layer development, so on).
Winddriven coastal ice flow and oceanic jet have been studied using a twodimensional (vertical-offshore), coupled ice-ocean dynamics model.
The
model suggested that ice velocity tends to ~e suppressed by internal ice
shear stress, but intensified by the oceanic jet, which is driven by
wind stress also, accompanied by downwelling or upwelling.
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A coupled sea 2ce - ocean model
Peter Lemke, Max-Planck-Institut fur Meteorologie
2000 Hamburg 13, FRG

A thermodynamic sea ice model is coupled to a seasonally varying
one-dimensional mixed layer-deep ocean model (Lemke and Manley, 1984)
in which the vertical oceanic heat
.flux is described prognostically
as the entrainment heat flux into the mixed layer. Although Pollard
et al. (1983) also couple a time-dependent mixed layer to ..the sea
ice model their main results are obtained by setting the vertical
oceanic heat flux as ~onstant in space and time. In our model ice
and ocean are completely coupled.. The comparison of the sea ice extent for a fixed mixed layer and a prognostic one shows quite remarkable differences in contrast to Pollard et al. (1983) where sea ice
variations were insensitive to the kind of mixed layer model used.
This is mainly due to the vertical oceanic heat flux which in our
model is highly variable in space and time, being largest (up to
20 W/m2 i~ the Southern Ocean) near the ice edge during fall and
early winter, when freezing rates are high and strong mixed layer
deepening occurs. From midwinter on when the mixed layer is near its
maximum and during the retreat phase in spring and early summer the
vertical oceanic
heat flux is negligible. The seasonal variation
of the mixed layer depth and of the oceanic heat flux introduce
a delay in the freeze-up and a reduction of the maximum ice extent.
The annual amplitudes and the horizontal (N-S) gradients of the
mixed layer salinity and temperature are reduced in the prognostic
mixed layer model. The thermodynamic sea ice model is now being
replaced by a Hibler-type model and an inclusion of ocean currents
is planned.
References:
Lemke, P. and:T.O. Manley (1984). The seasonal variation of the
mixed layer and the pycnocline under polar sea ice. J. Geophys.
Res. 89, 6494-6504.
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THE EFFECT OF SNOWFALL ON THE EVOLUTION OF SEA-ICE THICKNESS' FIELDS
IN A COUPLED EXPERIMENT
by P. Loewe
Max-Planck-Institut fuer Meteorologie, Bundesstr. 55, 2000 Hamburg. 13, FRG A coupled model consisting of a 1-d thermo~ynamic sea ice model (Semtner 1976)
and the Hamburger University AGCM (Roeckner 1979) has been integrated for 15
months (JAN-MAR) on a coarse grid (lldeg).
The most remarkable result concerning the simulation of Arctic ice is that ice
thickness isolines do evolve which are not symmetric with respect to the Pole
(Fig la). The asymmetric pattern with thickest ice in the region of the
Canadian Archipelago qualitatively agrees with that derived from observed
sonar data (LeShack, in Hibler 1980). This mayor feature has been successfully
simulated only by dynamical sea ice models and has been attributed to the
convergence and subsequent ridging of ice alone. Thermodynamic models using a
spatially
uniform snow accumulation rate tend to produce a
sYmmetric
ice-thickness distribution.
In the present experiment snowcover has been identified to play a key role in
creating the typical zonally deformed ice thickness field. According to Fig 1b
the computed areas of heavy/sparse
snowfall coincide with regions of
weak/strong ice accretion due to an efficient/almost lacking insulation by
snow. In summer the ice cannot start melting until the snow has been removed
completely.
Hence in the regions of heavy snowfall (North Atlantic, New
Sibirian Islands) the yearly cycle of ice thickness is characterized by a
relatively flat amplitude (=0.4m). In addition it has approached quite closely
a state of interannual equilibrium (Fig 1c). In contrast the intermediate
areas of almost no accumulation of snow throughout the simulation show twofold
amplitudes and a net growth in excess of 1.5m at the Pole and in the Canadian
Archipelago.
Concerning the simulated distribution of snow heights there are unfortunately
only few observational data to compare with. On the whole it dbes not seem
unreasonable although the contrast between the different zones undoubtedly is
somewhat exaggerated. In particular this is also true for surface temperature
(T
, Fig Id) and cloudiness, both of which show a cbngruent pattern
(t~£~eratures <-sac and clear skies in the 'deserts'). The main caus( for the
insufficient communication between continental and oceanic regimes must be
seen in a circulation that is simulated too stationary.
Transient eddies
hardly contribute to meridional energy transport because they are poorly
resolved by the grid.
The important influence of snow on ice growth is immediately recognized from
the following considerations:
freezing
at the ice-ocean interface is
approximately inversely proportional to an effective ice thickness defined as
z
= z +(k./k )*z where z., z and k denote ice thickness, snow height and
tli~~al iconauc~ivi~y respectively. The weighting factor k./k which has been
assigned a value of 6.6 means that 15cm of snow are 1_ Swith respect to
conduction - equivalent to 1m of ice. Tab 1 gives the amount of ice produced
in the course of 7 months from integrating L*dz./dt = k.(T
-T f )/z ff
.
1
1
b ot s c e
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8 -3
for different snow heights and with L=3*10 Jm ,k.=2W/(m*deg), Tb -T~f = 30
deg.
Two ice floes with small differences in saow height can ~fiow~ ~trong
differences in growth rates, particularly at low levels of snow height as the
last row of the table indicates.
To what degree thermodynamic forcing
in creating asymmetric ice thickness
ideal experiments. These preliminary
will be checked in extended range
resolution.

and in particular snow cover are involyed
fields should rise from a series of more
results obtained from a coarse-grid model
integrations using a finer horizontal

Table 1 Ice produced in seven months for different values of snow height
starting with different initial values for ice thickness.
Recalling
the equivalence of 15cm of snow and 1m of ice a snow cover of fqr
example 60cm can be thought of as composed of say 3m of ice and 15cm
of snow.
'-----------zi(ttO) 1cm]
0
100
200
300
z . ( t=7)[ cm]
l.

difference

I zs
I

I

-~

[cm]

-~

-15
0

45
60
75
90
105
120
135
45
30
60
75
90
105
120
15
30
45
60
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0
15
30
45
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269\/187\/136\/103 \/82 \/68 \/58 \/ 50 \/ 44 \/ 39
32
21
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52
8
6
5
0
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15
0
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Fig 1 Monthly mean fields for MAR2: a) ice thickness [cm] , top left; b) snow
height [cm], top right; c) net ice growth (MAR2 minus MARl) [cm], bottom
left; d) surface temperature [degC],' bottom right.
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NMC'S REGIONAL ANALYSIS AND FORECAST SYSTEM -RESULTS FROM THE FIRST YEAR OF DAILY, REAL-TIME FORECASTING

James E. Hoke, Norman A. Phillips, and Geoffrey J. DiMego
National Meteorological Center, NWS, NOAA
Washington, DC 20233

Beginning on 22 June 1984, forecasts have been produced daily from the
new Regional Analysis and Forecast System (RAFS) at the National Meteorological
Center (NMC). This new system, with the fundamental goal of improving opera- '
tional forecasts of heavy precipitation out to 48 hours, supplements the current
Limited-area Fine-mesh Model (LFM). The RAFS is composed of a hemispheric
analysis by optimal interpolation with 16 sigma levels and horizontal resolution
of about 1.5° latitude, a normal mode initialization using a hemispheric,
16-layer wavenumber-80 version of NMC's operational spectral forecast model,
and a forecast by the Nested Grid Model (NGM). The NGM is a grid-point primitive-equation model that is being run in a three-grid configuration. Resolution
of the innermost grid is 91 km at 60 0 N (84 km at 45°N).
An extensive, two-month preimplementation evaluation of the RAFS began
on 9 January 1985. The evaluation to date indicates that the analysis is
providing a very realistic representation of the atmosphere. Most striking
has been its ability to take advantage of multilevel data sources, such as
si~nificant-Ievel data from radiosondes, and produce an analysis with realistic
detail in the vertical.
The primary purpose of the RAFS normal mode initialization, developed by
Joseph G. Sela, is to remove nonmeteorological oscillations present at the
outset of the forecast, without damaging the meteorological component of the
forecast. For the most part the initialization has been very successful at
this. NGM forecasts at 48 h, run with and without initialization, 'are very
similar. Significant differences only exist early in the forecasts and are
primarily manifest in the surface pressure field.
Although there are numerous improvements yet to be made in the NGM, the
evaluation indicates that NGM forecasts of many meteorological fields are
better than those of the LFM, especially for precipitation. A summary of the
results follows. The RAFS is more aggressive than the LFM in indicating the
southward advection of cold air masses by its pattern of sea-level isobars,
especially in the high plains east of the Rockies. The RAFS sea-level isobars
indicate the retention' of shallow cold layers east of the Appalachians better
than do the isobars from the LFM. The new system does somewhat better than
the LFM in the eastern two-thirds of North America in predicting the location
of sea-level lows. In several cases of deep lows (e.g., 960 mb) that deepened
about 500 km east of the Atlantic Coast and moved up toward Davis Strait,
however, the RAFS forecasts incorrectly lagged the LFM by about 9 h in predicting the time of maximum intensity.

8.2

Vorticity patterns are usuallr somewhat more intense and detailed in the
RAFS than in the LFM; in both the analyses and the forecasts. The additional
detail seems to behave reasonably during the forecast. The RAFS is uniformly
superior to the LFM in 48-h wind forecasts for general aviation. Two systematic
errors in RAFS temperatures have been identified in this winter period: .a) a
warm bias at almost all levels and b) the cold error in the bottom model layer
in cold air masses that have moved rapidly during the forecast.
The new system does well in forecasting significant amounts of precipitation. The relative skill in forecasting rain or no rain at 60 stations in
the conterminous D.S., however, is almost identical for the two models in
terms of threat scores. A scatter diagram of threat scores for the LFM versus
RAFS for 0.5 inches of precipitation is presented in the figure. For this
statistic the RAFS is clearly superior. A common improvement in the RAFS
precipitation forecasts is the shape and location of the heavy rain area.
The RAFS precipitation forecast has a more realistic elongated shape compared
with the wider shape typical of the LFM.
Numerous improvements to the RAFS are planned within the next year or two.
The most significant efforts will include the mode ling of a diurnal solar cycle
and radiation effects. Also, the resolution of the topography will be increased
and the desirability of supplementing the analysis with a higher-resolution
isentropic analysis over North America will be investigated. Finally, greater
accuracy in specifying latent and sensible heat fluxes from oceans and lakes
is planned.
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8.3
Meso-a scale modeling studies
Richard A. Anthes and Ying-Hwa Kuo
National Center for Atmospheric Research 1
Boulder, Colorado 80307 USA
The meso-a scale limited-area model developed in cooperation with
'!he Pennsylvania State University has been used dur ing the past year
in the following studies:
(1) Observing systems simulation experiments to study the value
of using temporally continuous UHF/VHF Doppler wind profiler data to
calculate the temperature field using the complete divergence equation. In a simulation of a possible operational system in which wind
observations with random errors of 1 m s_1 are available on a 350-km
grid and boundary values of geopotential height contain errors typical
of a 12-h model forecast, the der ived temperatures and heights on the
interior of the grid contain root-mean-square errors of 1.55°e and
18.8 m, respectively (Kuo and Anthes, 1985).
(2) Predictability exper iments with the model indicate that the
growth of errors due to uncertainties in the initial conditions are,
in at least some cases, insignificant over 72-h time periods compared
to the forecast error.
In four cases, very similar 72-h simulations
are obtained from slightly different initial conditions.
In these
cases, similar mesoscale features develop, and there is no significant
transfer of initial error energy from the smallest to the larger
scales.
(3) The model, with 80-km horizontal resolution, is being used
to study the explosive cyclogenesis over the Ibrth Pacific dur ing the
period 12-14 November 1981.
Preliminary simulations indicate the
importance of latent heating in the rapid deepening of the storm
(more than 50 mb in a 24-h period).
(4) A number of optional physical parameterizations for the
model have been developed and are undergoing final testing prior to
the start of a systematic study of the model on 12 different cases.
Other modeling groups are invited to participate in a model intercomparison study using some or all of these cases.
A comprehensive
objective ver ification program has been wr itten to estimate the skill
of regional models in predicting the wind and temperature at various
levels, and the precipitation.
Groups or individuals interested in
participating in this long-term research effort should contact
R. Anthes at NeAR.
Reference
Kuo, Y.-H., and R. A. Anthes, 1985:
Calculation of geopotential and
temperature fields from an array of nearly continuous wind observations. J. Atmos. Ocean. Tech. (in press) •
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Sensitivity of a Mesoscale Model to Initial Specification of
Relative Humidity. Liquid water and Vertical Motion
M. W. Kalb
Universities Space Research
Association
Atmospheric Sciences Division
Marshall Space Flight Center
Huntsville, AL 35812

D. J. Perkey
Department of Physics
and Atmospheric Science
Drexel University
Philadelphia, PA 19104

A characteristic of numerical weather prediction models is that they require
several hours to generate non-convective precipitation from a drYJ
synoptic-scale initial state. This "spin-up" time can be a serious drawback for
limited-area mesoscale models which are run for relatively short time periods
«24 h). The purpose of this study is to investigate the relative importance of
the initial specification of specific humiditYJ cloud water, rain water and
vertical velocity. These four parameters were chosen because of their likely
significance and obvious relationship to precipitation.
Results from several simulations with the LAMPS (Drexel University's
.limited Area Mesoscale Prediction System) mesoscale model for the Gulf Coast
precipitation system on March 6-7, 1982 suggest that failure to provide accurate
mesoscale initial fields of water vapor, vertical motion, cloud water and rain
water causes substantial modification to both the areal coverage and total
rainfall amounts calculated by the model. Mis-specification of these key
parameters is sUfficient to account for the several hours commonly required to
spin up precipitation in mesoscale numerical simulations.
It was found that, although initial fields of cloud and rain water were not
essential for reproducing the total amount of surface precipitation after the
first several hours J neglecting these fields in the initial state did result in a 2-h
delay in generating basic observed precipitation patterns. The primary effect of
initializing the model with synoptic-scale vertical motions (instead of
mesoscale) was to increase this time delay between model startup and initial
generation of surface precipitation.
Alteration of the mesoscale initial specific humidity field had the greatest
impact. Smoothing this moisture field resulted in smaller total accumulation
and areal coverage of precipitation. The effects of smoothing were two-fold.
About half of the model impact was because smoothing reduced the areas
experiencing saturation. The other half resulted from the elimination of
small-scale structure in the humidity field.

8.5

Numerical Modeling Activities at the University of Wisconsin
Space Science and Engineering Center
George R. Diak
Space Science and Engineering Center
1225 West Dayton Street
Madison, Wisconsin 53706
Modeling activities at the University of Wisconsin Space Science and
Engineering Center are generally directed at assessing the value of satellite
data and satellite derived products in short range (12-24 hrs) numerical
prediction.
The vehicle for these investigations is mesoscale analysis/prediction
system developed by the Australian Numerical Meteorological Research Centre
(ANMRC) adapted for the U.S. region.

The analysis system is a combination

successive correction and variational blending in three dimensions allowing for
the input of both scalar and gradient information.

The forecast model is a

ten-level primitive equations model covering most of the continental U.S.
Studies are underway to evaluate the characteristics of satellite soundings
and cloud drift winds (used as height gradient information) in analysis/
prognosis.

The complimentary nature of· data coverage from these two data

sources has led to intense investigations as to how they may be combined to
yield the best analysis product.
Another area of investigation involves the sensitivity of numerical
forecasts to variations in the surface energy balance and energy budget
parameterizations.

We have found that especially forecasts of precipitation are

very sensitive to small changes in the surface energy balance.

Methodologies

for satellite estimation of the surface energy balance are under development.
Lastly, sensitivity studies are currently underway to evaluate the
importance of mesoscale moisture information in the initial field for the
development of precipitation features.
02/GDl/02
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SIMULATION AND INVESTIGATION OF THE ALPINE-LEE-CYCLOGENESIS
T. Crueger
Meteorologisches Institut der Universitaet Hamburg.
Bundesstiasse 55, D-2000 Hamburg 13, FRG

Problem: The ~ntention of this study is the numerical simulation of cyclogenesis in theiee of the Alps and the investigation of the energetic processes
involved in the development of these cyclones with particular e~phasis to the
orography.
Model: We use a 8-sigma-Iayer-channel-version of the Hamburg GCM (Roeckner,
1979) with AY
1,4 and 4)..=,2,8. The channel has an extent of 4200 km (zonal) and of 4400 km (meridional) and an idealized Alpine orography with 2600 m
height.
Initial conditions: The initial data are synthetic with a baroclinically unstable cyclone centered about 1000 km northwesterly of the Alps.
Synoptic development: After a few hours of integration a secondary pressure perturbation in the lee of the Alps is formed, which develops to a
quasi-stationary cyclone.
The 500 hPa field intensifies, too, but no
Cut-off-Iow occurs. At t = 36 hours the secondary-cyclone starts to move to
the northeast and weakens. The control experiment without mountains produces
no secondary cyclone, but the primary one shows stronger development.
Energetics: In order to identify the involved energetic process'es we investigated the barotr~pic and baroclinic generation of eddy-kinetic-energy.
KZKE = - - " -

3

AEKE = -

L
SP

'd ( .u. )
( rcosfu') v , ?:J
rrcos P -

~
,,'aU
-uw -

8

dp

w'T'

where the overbar stands for the zonal mean and the prime for the deviation of
the zonal mean.
Integration of these terms over the region A of the lee-cyclone (see Fig. la)
gives the following results:
1)

During the first 12 hours the -growth of eddy-kinetic energy is mainly caused by barotropic conversion both in 850 hPa and 500 hPa. The baroclinic
part brings only in 500 hPa an increase for KE, whereas in 850 hPa it
tends to reduce KE.

2)

From t = 12 to t = 30 hours both the barotropic and baroclinic conversions
increase the eddy kinetic energy, at which the baroclinic part dominat'es
the barotropic one.

3)

From t = 30 hours until t = 45 hours only in 850 hPa positive baroclinic
conversion takes place, while in 500hPa AEKE is negative. In,thi~ period
the barotropic conversions are negligible~ After 45 hours the cyclone leaves the region A.

8.7

4)

In contrast to the mountain-experiment the no~mountain integration brings
negative values for AEKE in 500 hPa, whereas in 850 hPa both experiments
show roughly similar development. The barotropic conversions of the nomountain-experiment are negligible.

Thus we conclude that. both the formation and the further
lee cyclone are affected by the orography!
AEKE
M

I

development of the

KZKE
NM

M

I

I
I

NM

6-12
hours

-0,63 I 0,00
+0 ,33 : -0,33

+0,701 -0,03
+0,67: -0,07

12-30
hours

+0,67
+0 57

+0,38 'I -0,08
+0,38 , -0,02

850 hPa
500 hPa

I

30-45
hours
Table 1:

,

I
I

J

+0,77
-0 28
'

+0,541+1,28
-0 26 I +0 01
,

I

'

850 hPa
500 hPa

I

+0,12 1 +0,04
-0,10 1 +0,06
1

850 hPa
500 hPa

Time and space mean of the baroclinic and barotropic energy conversions (10- 6 m/s) of the region A (see Figure 1) for the experiment
with mountain (M) and without mountain (NM)

Fig~ 1)

a) Surface pressure (hPa, thick lines) and temperature for 850 hPa (e,
thin lines)
b) Geopotential for 500 hPa (deviation from 5000 gpm in gpdm)
after 24 hours
Ir~tf}r{r~ orography
Fig.2) as Fig. 1) after 36 hours
Fig.3) as Fig. 1) fo·r the experiment without mountains after 24 hours
Fig.4) AEKE (10- 6 ~), experiment with mountains (solid lines) and without
mountains (dashed lines)
a) 850 hPa
b) 500 hPa
Fig.5) KZKE .(10- 6 ~ )
a) 850 hPa
b) 500 hPa
References:
Lange (1977), eontr.Atm.Sci.~ Vol 50, 143-153
Roeckner (1979), Beitr. Phys .Atmos., 52, 262-286
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A Numerical and Analytical Investigation of
lee Cyclogenesis
J •. L. Hayes, R. T. Williams, and M. A. Rennick
Department of Meteorology, Naval Postgraduate School
Monterey, California 93943 USA

The effect of topography on the evolution of a disturbance in
a barocl inically unstable mean flow is studied using analytical and
numerical simulations.

In particular, dynamical mechanisms involved

in cyclogenesis in the lee of long, meridional barriers similar to
the Rocky Mountains are explored.

The rapid growth observed in lee

cyclogenesis is highly dependent on the superposition of a growing
baroclinic wave with a steady, orographically forced wave of the
same scale.

As the baroclinic wave moves over the mountain,

development is masked by the orographically-forced, high-pressure
ridge.

As it moves down the lee side of the mountain, the

baroclinic wave appears to grow rapidly due to superposition with
the forced, lee-side trough.

Indications of enhanced, lee-side

baroclinic instability are present in the numerical simulations, but
the effect on wave development is minor compared to the effect of
superposition. The rapid continuous-mode growth which has recently
been demonstrated by Farrell (1982) is not observed in any of the
simulations.

8.11

Frontal Interaction with Orography during ALPEX
Wi11iam B1umen, Campus Box 391, University of Colorado,
Colorado 80309

Bou~der,

Two related and important aspects of frontal interaction
with the Alpine orography are being examined: 1) the process
of adjustment that occurs when a southward moving cold front
first encounters the Alps and 2) the atmospheric conditions
that are associated with retardation and blocking of the front
in contrast with those that permit frontal passage into the lee.
The data base includes the ALPEX level IIb surface, upper
air and aircraft observations, ALPEX microbarographic observations and high resolution ALPEX radiosonde data from four Swiss
stations. The analyses are being carried out by use of the
Shapiro and Hastings (1973) objective cross-section routine
that makes use of interpolation on isentropic surfaces. This
cross-section routine has been modified to include the presence
of orography and equivalent potential temperature has been included as an ana1yzed field.
Vertical sounding reconstruction
by means of cubic splines, with measurement errors taken into
account, and contour analyses of both surface and upper air.data
are being used to delineate the atmospheric fields.
Various aspects of frontal dynamics, including convergence,
tilting,' deformation, diabatic contributions, and threedimensiona1ity are being delineated. Whenever possible, these
features will be compared with theoretical models that incorporate the same physical processes.
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CLIMATE MODELING AND
FORECASTING OF THE DISTRIBUTION OF
AIRPOLlijTION IN A TOWN -WITH COMPLEX
TOPOGRAPHY
P.Gburcik
Federal Hydrometeorological Institute, Beograd, Yugoslavia
Large sources of pollution in the-atmospherei plants and
-towns produce clouds of pollution consisting of many individual plumes. These clouds drift in the prevailing air
stream. In complex topography this motion is modified by
the existence of vortices with horizontal axes and other
speciphical charact~ristics of t~e airstream over obstacles.
In earlier papers the seasonal distribution of the air-pollutionin Belgrade, a town with complex topography, wai
studied (1), (2J. The immision of pollutants was measured
for several· years i i1 a seri es of poi nts. In thi sway it was
possible to analyze the-areal distribution with satisfactory
accuracy. "
The yearly mean distributions for S02 and soot exhibited
quite different characteristics (Figs.- 1 and 2) •. The
prevail ing winds are from St4-NW 41% and from E-SE 38%. The
maximum concentrations are mostly in thelee~side of the
ridge situated at the-mouth of river Sava. This typical
distribution maybe seen also in the climatic distribution
of soot (Fig. 2). The- yearly mean distribution of S02 does
not exhibit the influence 9f the ridge. To explain this
difference, computations of the influ~nce of obstacle on
the concentration at the ground were conducted. Also
experiments in a hydraulic channel were conducted.
Dail y va 1ue s 0 f con cen t rat ion s q.e ha ve qui -t e s i mi 1ar for
S02 and soot (Figs 3 and 4).
It was found that the center bf the pollution cloud (pollution
maximum)- drifted downwind but most often was situated in the
leeside of the main ridge that extends through the city center of Belgrade.
The clear connection between the meteorological conditions
and the pollution distrib~tion was used to compute the quantitative relations of-prognosticrel~vancy and to formulate
adequate prognostic rules.Refefence"s:"
Gburcik, P.-1983-Influence of the prevailing air-stream on
the pollution in Belgrade; Za~tita atmosfere
1) (2)-57-60; Sarajevo.
Gburcik, P.-1984-Climatic and topographic influences on
areal distribution of air pollutants in Belgrade;
Bulletin de la Societe Serbe de Geographie,
Tome LXIV-No 1; Belgrade.
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Fig. 1. The yearly mean distribution of S02 in
Bel grade (f~
g m- 3 )
\.

,>
\".

Fig. 2. The yearly mean distribution of soot in
Belgrade (t- 9 m- 3 ).

\'~"
\.
{

.Figs. 3 and 4. lanes of maximal co~centratians in the period
4-9.XII.1978.The wind in this period was N on 4-th,
SE on 5-th to 7-th and i-Jfrom 7-th to 9-th.

,.,-
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Test of a closure hypothesis for atmospheric. macro turbulence
Robert Sausen
Max-Planck-Institut fur Meteorologie, Hamburg
A spectral model of two-dimensional turbulence on a rotating sphere
with orography has been developed by Sausen (1983). A closure hypothesis similar to Kraichnan's Test Field Model is used.
Both a numerical T1~ and a T2~ model are used to study the consequences of the closure hypothesis on the energy spectra. The influence
of the so-called "memory production rate", the angular velocity of the
sphere, the damping terms, the forcing and the orography on the steady
state energy spectra is studied.
The results show the expected anticascade of energy. An inertial
subrange with a slope close to Kraichnan's k- 3 -law is found in·some
experiments. Increasing angular ~elocity results in a zonalization
of the flow.
Reference:
Sausen, R. (1983): Obertragung der Theorie der zweidimensionalen
Turbulenz auf die rotierende Kugel mit Orographie, HamburgerGeophysikalische Einzelschriften, Nr. A66.

9.2
Rossby wave-wave interaction:
Greg Holloway
Inst. of Ocean Sciences
Sidney, B. C. Canada
V8L 4B2

a disturbing second look

Dave Ram sden
Interact Computing Services:-2035 Mi Us Road.
Sidney, B.C., Canada
V8L 3S1·

The effect of nonlinear interaction under a broad spectrum of finite
amplitude Rossby waves is among the cornerstone problems for large scale
geophysical turbulence.
Interpreting results from numerical simulations in
terms of two-dimensional turbulence (2DT) at smaller scales and weakly
nontinear Rossby waves at larger scales, Rhines (1975) was able to account
for gross features of the spectral evolution on a ~'-plane. Especially Rhines
argued that a 2DT tendency for energy 1;0 transfer to successively larger
scales would be suppressed by non-zero ~•. and that the anisotropic Rossby wave
dispersion would account for a tendency of initially isotropic eddies to
develop anisotropy with zonal velocity variances greater than meridional.
A quantitative theoretical account was developed by Holloway and
Hendershott (1977), hereafter HR.· Extending a class of turbulence theories
represented, e.g., by Kraichnan (1971), HH sought to show that Ros sby wave
propagation could be included naturally.
. The result supported previous
argument.s of Rhines while providing both quantitative details concerning
energy transfer processes and also anticipating new phenomena.
Especially,
extensive anisotropy· in smaller scale motions was predicted from theory and
confirmed in direct numerical experiments.
Further work concerning heat
transport in baroclinic turbulence by Salmon (1980) or predictability of
~-plane turbulence by Hottoway (1983) made use of HR and, again, found
confirming evidence from numerical experiments. Moreover, a nice feature of
HR was that the work provided a unifying account of wavesl turbulence ranging
smoothly from fully developed turbulence to infinitesimally weak waves.
For
these several reasons, one might want to think that HH were correct.
Possible defects in HH were discussed by Holloway (1979), Legras (1980)
and Carnevale and Martin (1982).
In renormalization jargon, a main question
is how (or if) one ought to "dress" the "bare" Rossby wave frequency.
Briefly, a goal of
HH was to predict the evolution of the relative
vorticity variance spectrum
Zk = < \·'k \'1. > where "5\':. is a Fourier
expansion coefficient of the relative vorticity- field at wavevector k.
A
result is

=

I '::e~t\ (CA.~~\lr"l,
-

(1)

"'k\..~

where akpq and b!cpq are coefficients calculated from wavevectors k, .£. and
S. The key quant1ty is e!Es for which HH give

e ~ r!- --

t"'- \;

-r

\"-!.

-t . ~ '\r

\:.Y

(2)

(-SL k + n. y. ~.5L'\:.y- -+ (",,~ -t ~,,-t t'"
in which fA k is an eddy damping rate at K as prescribed from the turbulence
theory and -.52.k is the free or "bare" Rossby wave frequency at k.
If
amplitudes are small, theory gives tAl< ~ 0, whence
selects only Rossby
resonant wave interactions.
. When turbulence dominates such that .Jl.k is
negligible, ~~(t"k + fp + fAq)-l as Kt-aichnan (1971).
-

e

9.3
Interesting questions arise when fA-k and 5tk are comparable. In particuular, should the cumulative effect of
nonlinear interaction lead to
systematic shift of the .SL k appearing in (2)?
Unable to provide a
quantitative basis for answering, or even to determine if there should be an
effect, HR ignore the question.
The question was taken up carefully by Legras (1980) and by Carnevale
and Martin (1982), employing somewhat different theoretical approaches.
Legras' calculations, carried out in spherical geometry, showed that the
shift of frequency.6w is very small compared withSl at large scales and only
approachesSl. at very short scales.
In the short scales, p.. is large compared
with either SL or Aw.
Carnevale and Martin did not evaluate their formal
results
numerically.
Subsequently,
we
have
approximately
done
so
(unpublished) and found results not unlike those of Legras.
Thus, while
there would appear to be a basis for correcting HH, the effect should be only
very slight.
However, we have pursued the. question of
numerical experiments of ~-plane turbulence.
complex autocorrelation functions

A't(~) =

frequency shifts by direct
For all k, we accumulate

'.l:,(t) 'S~(t+'r)

where overbar

denotes time. averaging and ~ is normalised to Ak(O) = 1.
distribution ~k(w) at k is then the Fourier transform of .Atethe frequency distribution are obtained from derivatives of A:

u.> "

5

u.>

<p.l-w

=- i..

!A \
.).<\

tf-::.O

a"-= SW'~.l-w -co

Frequency
Moments of

2-

2= -

~<t~ \ -u!

(3)

If-.. 0

We have investigated the behavior of wand of (5" over k-space for a
variety of cases.
The supposition of HH was that @k =. SL~
the bare
frequency, and that O"k' would be an increasing function of \ k-, and of eddy
kinetic energy. Legras or Carnevale and Martin anticipated small but nonzero
w~ -St'=.which should be most evident at low \ k \.
Results
from
many
numerical
experiments
reveal
a
consistent,
reproducible and quite unexpected picture.
Although 0"" behaves nearly as
expected, W\c. -SL\<exhibits large, positive (Le. westward)', systematic
shifts.
An example is illustrated in Fig. 1.
Empirically we observe that
the shift on the.8 -plane takes a form w~ -.5L\::. ~ F(~ )E) kx where E is eddy
kinetic energy density.
The anomalous dispersion relation consists of
uniform westward translation of vorticity phase with no accompanying mass
translation. At small ~, the vorticity translation rate is linear in
At
large ~, the translation rate saturates short of {E.

p.

We have further
present, then Fourier
propagation with W\c,
translation of tracer

observed that if a passive tracer fluctuation field is
expansion coefficients of the tracer field also exhibit
near F k x which, again, is not accompanied by any net
substance.

One may wonder why. such large effects, which were not taken into
account by HH, did become evident by deteriorating the comparisons of (l),
(2) with results from numerical experiments.
An· answer is that to the extent the -anomalous dispersion resembles uniform translation, the condition
.E. + ..9. -= k in (1) causes the anomalous dispersion contributions in (2) to
cancel.

9.4
References
Carnevde, G.F. and P.C. Martin. 1982.
Geophys. Astrophys. Fluid Dyn., 20,
131-164.
Holloway, G. and M.C. Hendershott. 1977. J. Fluid Mech., ~, 747-765.
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Figure 1. The shift of mean frequency W
from the "bare" frequency n i , s
plotted as a function of zonal wavenumber k x ( solid) and of total wavenumber
k (dashed) for a rigid lid case with moderately large f3..
The "bare" frequency is also shown (solid) as is the frequency distribution standard
deviation (dotted). Light guidelines inclicate slopes .3 u k; .5 iu k and u k
where u is r.m.s. eddy fluid speed.
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PASSIVE TRACER IN A GENERAL CIRCULATION MODEL
Ren' Laprise*
Dept. of Physics, University of Toronto
ABSTRACT
A passive tracer has been implemented in the Canadian
(Boer et al.,1984). Two month integrations indicate clearly a
equipartition of tracer variance, Q(N) ex N, when no explicit
included, and for a spectral slope of· -1 when diffusion is
accord with similarity theory.

Spectral GCM
tendency for
diffusion is
included, in

INTRODUCTION
The constituent equation for a tracer is
dr/dt = S,
where r is the tracer concentration and S are possible sources and sinks.
Expanding the Eulerian form of this equation into the sigma coordinate system and combining with the mass continuity equation leads to the flux form
ex/at +

v •

+

x v + a(X;)/ecr

= PsS,

where X=psr, Ps is the surface pressure, and
vector and scaled vertical velocities.

V and

~ are the horizontal

The tracer equation may also be combined with the continuity equation
to give the following integral constraint after integrating over the mass of
the atmosphere:
(a/at) I!! fer) dm = I!! S (df/dr) dm
This shows that in the absence of source/sinks, all the moments ·of r, fer),
are conserved.

DISCRETIZATION
The tracer transport equation is discretized in the GCM with second
order finite differences in the vertical that conserve the mean, f(r)=r, and
variance of tracer, f(r)=r 2 , when S=O, as far as vertical discretization is
concerned, as in Arakawa and Mintz (1974). A truncated series of spherical
harmonics is used for the horizontal representation of the variable X = psr,
on sigma surfaces. This ensures exact conservation of the total tracer amount when ! S dcr = 0, even if the atmospheric mass is only approximately
conserved in the model (Laprise, 1985). An explicit leap-frog timestep is
used to march in time, along with a weak running time filter.

*

on leave from the Atmospheric Environment Service
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EXPERIMENTSThe GCM was started from a FGGE January day and the tracer field was
initially assignell a bell-shape blob centered at 180° of longitude~ 30 0 N,
with a half-width of 10°, uniformly at all levels. The model used triangular
truncation at 20 waves, with 10 levels extending to 0=0.010. The history
file was later interpolated from sigma to pressure levels and the results
will be presented in the form of N-spectra of tracer variance
Q(N)

Po
fo

N
L

2
IrNI dp, for N = 1 to 20.

m=-N

In a first experiment, a two month integration was carried out without
any sources/sinks: S = O. Physically we expect equipartition of the tracer
variance in all the resolved modes in the long" term limit. Equipartition
implies Q(N) proportional to N for large N. Fig.1 displays the assigned
initial distribution and time averaged N-spectra for the first (Jan) and
second (Feb) months. The redistribution of variance from large to small
scale is evidenced as is the tendency toward a +1 slope to develop first at
the shortest scales then at larger scales. Although interesting, this simulation is not realistic because the neglect of dissipation together with
finite truncation is not physically admissible.
In a second experiment, dissipation was included in the form of vertical and horizontal diffusion in an attempt to parameterize the effect of
transports by the unresolved scales. The form used follows closely the one
for temperature in the GCM (Boer et al., 1984). The long term limit is expected to be one of uniform spatial distribution, with no variance in wavenumbers greater than zero. While this dispersion takes place though, it is
possible to make prediction of the spectral slope based on a dimensional
argument. The tracer variance Q (units of tracer variance times distance) in
a given wavenumber N (units of inverse distance) is affected by the diffusion rate d (units of tracer variance per time) and the stirring ability of
the advecting flow: for quasi-geostrophic atmospheric flow, this is characterized by the enstrophy cascading rate n (units of time to -3 power). The
only dimensionally correct combination of these parameters is

This similarity argument implies a spectral slope of -1, which may be contrasted with the -5/3 slope when the stirring flow is in an energy cascading
inertial subrange (see for example Panofsky and Dutton, 1984, p. 182). Fig.2
displays the GCM results. The spectral slope of -1 is indeed observed, at
least at the shortest scales, as variance is gradually decreasing due to the
explicit diffusion.

9.7

CONCLUSION
The feasibility of introducing a passive tracer in a spectral GeM of
modest; resolution has been demonstrated. Incremental cost is about' 6% for
running time and 8% for central memory. By adding relevent physical effects
this tool could be used to study large-scale atmospheric tracers dispersion
such as arctic haze, volcano dust clouds, acidic pollutants and cou;Ld be
used to incorporate photo-chemical feedbacks in the GCM thermodynamics.

B.EPEUNCES
Arakawa, A. and Y. Mintz, 1974: The UCLA AGCM. Dept of Meteo, UCLA.
Boer, G.J., N.A. McFarlane, R. Laprise, J.D. Henderson and J.-P. Blanchet,.
1984: The cce Spectral AGCM, Atmos-Ocean, (22), 4, 397-429.
Laprise, R., 1985: Mass conservation in a spectral GCM. GARP Num.Exp.Rep.
Panofsky, R.A. and J.A. Dutton, 1984:· Atmospheric Turbulence. Wiley Intersc.
Pub., 397 pp.
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Variance of tracer concentration without diffusion (Fig. 1, left) and with
diffusion (Pig. 2, right): assigned initial distribution (T • 0, dashed
line), average of first month (JAN, dash-dot line) and second month (FEB,
full Une).

