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ABSTRACT

Simple physical relations (namely, the Rossby ratio between vertical and horizontal scales in quasi-geostrophic
flow and the dispersion relation for internal gravity waves) are used to estimate the vertical resolution consistent
with a given horizontal resolution. Using these relations we find that virtually all large scale models and observing
systems have inadequate vertical resolution. In models, the excess horizontal resolution can lead to increased
model “noise” rather than improved accuracy. In observing systems, the finer horizontal scales can be severely

misrepresented.

1. Introduction

We have long known that a given spatial resolution
demands a minimum time resolution in order to avoid
numerical instability (Courant et al. 1928). The
mechanistic basis for this instability is reviewed in ap-
pendix A. Briefly, the instability arises when the spatial
resolution defines modes whose time scale is too short
to be resolved with the existing time steps.! It should
be emphasized that the striking implication of the CFL
condition is that it calls for a time step that is usually
much smaller than the time scale associated with the
dominant spatial scale of the phenomena being de-
scribed. The point is that as long as we resolve the
smaller scales for which the CFL condition may be
violated, these scales will eventually be excited by non-
linearity or even roundoff error.

More recently, it has been noticed that a similar
consistency requirement exists between vertical and
horizontal resolution. It was noted by Hong and Lind-
zen (1976) that excessive horizontal resolution could
resolve modes whose vertical wavelength might be too
small to be resolved with the existing vertical resolution,
and that this situation could lead to spatial instability
(Lindzen 1970). When the radiation condition is used,
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! To be sure, one can avoid explicit numerical instability by using
semi-implicit time differencing; however, failure to satisfy the CFL
condition is inevitably accompanied by gross inaccuracy even in the
absence of numerical instability.
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this can actually lead to spurious amplitude growth
with height; when there is a lid, the manifestation is
more complicated. When there are so few levels that
spurious growth can’t manifest itself, one simply ob-
tains incorrect solutions (Lindzen et al. 1968). Here
too, the vertical resolution may be adequate for the hor-
izontal scales one is physically concerned with. Smaller
scales, however, are inevitably generated in the course
of integration. Despite this awareness, little evidence
in the literature shows that any serious attempt is being
made to achieve any consistency between horizontal
and vertical resolution in general circulation models,
in models for numerical weather prediction, or even
in so-called mechanistic models (for stationary waves,
sudden warmings, etc.). This is despite the fact that
the problem was early recognized by Charney (1949).

The purpose of the present note is to develop criteria
for such consistency and to examine current models
in the light of these criteria. The criteria developed also
apply to the resolution of observing systems, and we
shall examine this as well.

2. Consistency relation

In general, the atmosphere supports a variety of
physical wave mechanisms, and it is difficult, therefore,
to uniquely establish a consistent relation between
horizontal and vertical resolution. We shall separately
consider the quasi-geostrophic regime and the scaling
appropriate to gravity waves. -

a. Quasi-geostrophic flows

If one restricts oneself to waves which are quasi-geo-
strophic, then a relation between horizontal and vertical






