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Abstract. An adaptive grid model, called AMR (Adaptive Mesh refinement) is used for the
first time to study the stratosphere over the Southernn Hemisphere. The model was used to
study the evolution of potencial vorticity (PV), a passive dynamical tracer, during the
particularly perturbed 2002 Antarctic ozone hole season. The AMR-CTM is a mechanistic
model driven by winds obtained from an operational data assimilation model and reanalysis
run by the European Centre for Midrange Weather Forecasting (ECMWF). The current
model characteristics will be introduced and the results of the 2002 event, together with
observations and independent reanalysis products will be presented, in order to demonstrate
the capabilities of this new approach to  modeling fluid behavior as the described here.
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1 INTRODUCTION

One of the major challenges to understand the transport and mixing processes in the
atmosphere using chemistry transport models (CTMs), is the need for very high grid
resolution to evaluate accurately the chemistry following the flow, the finer scale features and
the consequences of particularly perturbed flow conditions. However, inspection of
assimilated data product maps indicate that very high grid resolution is only necessary over
some parts of the domain, e.g. along the edge of the polar vortex or at some particular
filaments splitting from it, near the subtropical barrier which separates the tropical
stratosphere from mid latitudes, in the vicinity of the tropopause, and probably in the vicinity
of strong tropospheric jets and frontal regions (Canziani and Legnani4). The problem was
solved in this work with an Adaptive Mesh Refinement (AMR) code for global atmospheric
flows developed in the Department of Chemistry, University of Cambridge1. The code was
based on a planar AMR code developed by E.P.Boden and E.F.Toro at the Manchester
Metropolitan University and previus work of Hubbard and Nikiforakis1. The code was
adapted to carry out the advection 2D equation integrations over the South Hemisphere by the
authors.

The developments of this code involved (i) using the code to solve model atmospheric
problems, (ii) extension of the code to solve flows on a spherical surface and (iii) the
modification of the code to be used in off-line models.

The AMR characteristics are presented in the next section. Subsequently the AMR
application results to the particularly perturbed 2002 ozone hole event are introduced and the
results discussed

2 THE AMR CONCEPT

The AMR algorithm is an adaptive grid strategy involving a hierarchical structure of
progressively finer meshes. Some constraints are required for this structure. Consider any two
mesh levels that are adjacent in the hierarchical structure: these are referred to as the coarse
level and the fine level. Any cell inside a given a mesh on the fine level lies completely within
the bounds of a single mesh on a coarse level or not at all. There will be precisely r x r cells on
the fine level 'covering' the coarse cell, where r is the refinement factor between the levels,
and r is always an integer. Note that r may vary between grid levels, but is the same
throughout a given level. Any mesh patch on the finer level is properly nested within the
coarse level; i.e. it does not straddle the boundary between two meshes on the coarse level.

There are a number of techniques for mesh refinement, e.g. block-structured meshes, cell-
by-cell, moving grids, etc, each with their pros and cons.  The basic idea of the AMR scheme
are shown in the figure 1, which can be included in the category of the cell-by-cell adaptive
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schemes which replace the bad cells with variable number of it. The selected method is
memory expensive but fit best to our physical object of study, the polar vortex. This model
runs on a spherical geometry, i.e., all features of the computational algorithms associated with
the meshing of the computational domain, and the integration of the advection equation with
the metrics of the spherical co-ordinates.

The placing of fine grid patches is determined by user-defined adaptation criteria. The
criterion may be either static, in which case the mesh patches are fixed in position and size at
the start of the run and stay unchanged from then on. This implies that the mesh sets for the
run are

Figure 1. The Adaptive Mesh Refinement concept

computed before the integration according to a certain refinement criteria and in fixed in each
time step. Otherwise it can be dynamic, in which case mesh patches are created and destroyed
as the run progresses depending on some data dependant condition, e.g. if a particular
variable, or gradient of variable, is greater than a given value. Thus mesh patches compose the
mesh shapes, over zones in which the refinements are required. It can also be run without
adaptation, so the 2D advection equations are integrated using WAF (weighted average flux)
which is a kind of finite volume scheme.  Data is transferred between mesh patches via rows
of boundary cells around each mesh patch. At the start of each time step, these boundary cells
are filled with data. For a given level, if there are non-boundary cells on the same level where
the boundary cells are, the data is simply transferred from these; otherwise it is interpolated
from finer levels. Fig. 2 shows examples of mesh structure.

Figure 2.
Example of mesh patches over the polar vortex region and a close-up of the boundary region
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The term temporal refinement refers to the process by which each grid level is integrated
with its own time step. The reason for this feature, rather than integrating all meshes with is
same time step, is that the time step would then be unnecessarily small for the coarser grid
patches in the calculation, resulting in excessive numbers of time steps on these meshes. This
leads to an accumulation on numerical viscosity and, as a result, inaccurate solutions.

The flux fix is the process by which conservation is maintained at fine-coarse mesh patch
boundaries when conservation laws are being solved.  At a fine-coarse mesh patch boundaries
a number of fine cells abut a given coarse cell. In order that strict conservation is maintained,
the sum of the intercell fluxes into (or out of) the fine cells must equal the intercell flux out of
(or into) the coarse cell. This will not necessarily be the case, since the fine cell intercell
fluxes are, in general, computed from interpolated data.  This condition can be enforced by
replacing the coarse cell flux by the sum (in space and time) of the fine cell fluxes. This is
usually done after both fine and coarse grids have been integrated, by subtracting the coarse
cell flux from the affected cells and then adding the sum of the fine cell fluxes in its place.
During the model runs AMR requires precise flagging of the adaptation criteria. In first place,
to preserve the linear numerical stability of the convective integration, the Courant number
(CFL) is supplied (usually set to 0.9). With this number fixed, and with the spatial size of the
mesh, the time step is derived for the time integration. The refinement factors for the a.m.r.
process between grid levels, as well as the number of refinement levels must be supplied, i.e.,
this defines the adaptation strategy. When dynamical adaptation is used, the flagging routines
require various flags, which determine when a particular quantity implies flagging is required.
Their precise function and range depends on the flagging routine used. The Clustering fill-up
proportion is a dimensionless parameter between 0 and 1 that tells the clustering routines
when a new mesh is acceptable (typically this parameter takes the value of 0.95). If, out of the
total number of parent cells covered by the new mesh, the ratio of flagged cells to total cells is
less than this parameter, then the mesh is deemed unacceptable and divided into smaller
meshes. Finally, the model is configured to integrate the advection of a variable number of
tracers. For each tracer the model requires an advection equation. Thus the number of tracers
needs to be specified for all run types.

The model advection equations are:

      (1)

Using the finite volume approach:

                                                                                                                      (2)
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For each finite volume unit:

                                                                                                                       (4)

                                                                                                                       (5)

                                                                                                                        (6)

And the model equations become:

                                                                                                                        (7)

3 THE 2002 OZONE HOLE EVENT

Each year, since 1984/1985, during the austral spring the Antarctic ozone hole appears
over Antarctica. This phenomenon results from man-made pollutants bearing chlor-fluoro-
carbonates, which slowly break down in the stratosphere, realizing halogens such as chlorine
and bromine. In the extreme harsh environment of the winter and spring polar stratosphere,
the air enclosed within the Antarctic polar vortex, becomes extremely cold and heterogeneous
ozone destruction takes place. The lifespan of the polar vortex/ozone hole system depends on
the particular conditions of atmospheric dynamics each winter and spring. Nevertheless
interannual fluctuations are comparatively limited and, as a result of the delayed warming due
to ozone depletion (ozone is a greenhouse gas), the polar vortex has tended to delay its
breakup date from mid/late November till early or mid December, between 1985 and 2000.
Atmospheric wave activity deforms and erodes the polar vortex, which looses strength and
filamentation or lamination takes place (Hoppel et al 2), with the possible transport of ozone
poor and/or chemically active polar air into mid latitudes. Such processes are sub-grid in
standard fixed grid models Dragani et al 5).
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Figure. 3
Evolution of total column ozone as observed by the GOME sensor, on the 17th, 21st, 25th and 27th September

2002, showing the anomalous breakup of the polar vortex/ozone hole system into two

The evolution of the 2002 polar vortex/ozone hole system was different. The ozone hole
was the weakest since 1985 and was strongly perturbed during September (fig. 3). After
splitting into two between the 23rd and 25th September, the lobe off South America drifted
towards the Pacific as it slowly diluted and vanished. The other lobe drifted towards the South
Pole, where it became quasi-circular again and slightly picked up some strength.  The
remaining polar vortex finally broke up in October. Note that since fig. 3 shows total column
ozone, which mainly represents the processes between 20 and 25 km the vertical structure is
partially lost in the plots. The early breakup, suggesting the anomalous occurrence of a
Southern Hemisphere major sudden warming event similar to more common Northern
Hemisphere sudden warming processes, was totally unexpected2 (Hoppel et al, 2003). It
should be noted that Taguchi and Yoden3  had suggested in a model study of the troposphere-
stratosphere coupled variability, using a 1000-year long integration, that very warm events,
with extreme positive temperature anomalies (more than 6σ), had a very low but non-null
0.5% probability of occurrence, i.e. 5 events over the integration period.

4 MODEL RUNS AND RESULTS

The integration for a stratospheric flow, using ECMWF meteorological reanalyses ERA-
40, is performed to demonstrate the abilities of this code to study and analyze the Antarctic
polar vortex, in this case during a sudden warming event. Its adaptation to the Southern
Hemisphere constitutes a new model, never used nor tested before. The model outputs show
the evolution of potential vorticity between September 17th and 27th, 2002, at 00UT, for
isentropic surfaces between 395 K to 850 K. 395K represents the lowermost vortex/subvortex
region.  430K corresponds to the lower half of the vortex and the lower reaches of the ozone
hole. 530K and 600K correspond to the core of the ozone hole region, while 850K shows the
vortex above the ozone hole region.
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6-hour ECMWF winds every six hours are read from files which contain the winds and
their co-ordinates in the initial mesh. The initial conditions are supplied, given by the initial
distribution for a specific field, i.e. potential vorticity or ozone. In this study the initial
conditions were set with potential vorticity fields. The model includes chemistry but these
routines are deactivated during this study. For these runs the initial mesh had 320 point in
longitude by 160 points in latitude, between the Equator and the South Pole. The AMR
scheme was applied with 3 refinement levels, with 2 adaptation sublevels each, to fulfill the
refinement requirements imposed on predetermined values of the PV gradient.

a)

b)
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c)

Figure 4. Comparison of NCEP reanalysis PV fields with AMR model run results: a) 25th September, at 395K, b)
25th September at 430K, and c) 25th September at 850K

Not surprisingly the general structure of the PV fields is very well reproduced at all levels
in the model runs. The daily PV plots were compared with the standard resolution (2.5°x2.5°)
daily NCEP reanalysis PV plots calculated by the Goddard Automailer system. Examples are
shown in fig. 4. The model was able to reproduce all main, broad features observed in the
reanalysis product, at all heights under study, throughout the period sampled. Furthermore
some of the larger elements of the fine structure which are sketchily reproduced in the
reanalysis, for example the sources of stretching of the broader filaments or laminae close to
the main vortex structure are better depicted in the model fields. The comparison of the larger
fine structure with the GOME total ozone fields suggests that the model is able to reproduce
such features to a reasonable degree5.

Figure 4b and 4c show the evolution differs with altitude. In the upper level the vortex has
already split in two. Note as well the drawing in of lower latitude lower PV air. In the lower
level the cleavage has not yet taken place but there appears to be already some lower PV air,
from the vortex edge, slipping in between the two main lobes. The latter feature as well as the
shearing and peeling of air masses from the two broken pieces at 850K is not visible in the
standard grid NCEP reanalysis. On the lower level (fig. 4a), near the bottom of the lower
stratosphere, it is interesting to note that the vortex has also split there. Furthermore there
appears to be considerable mixing of higher vorticity polar air into mid latitudes. These
features are coincident with the existence of synoptic weather features (not shown) extending
from the troposphere into the lower stratosphere4. Such features are not clear in the PV
reanalysis fields but inspection of geopotential height reanalysis plots confirms their
existence. Proper identification of  such features and understanding their evolution is very
important from a chemical perspective since such processes could contribute to local or
regional changes in ozone content as well as in the chemical balance and reactivity.
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September 18 September 23

September 19 September 24

September 20 September 25
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September  21 September 26

September 22 September 27

Figure 5. Evolution of SH PV and the polar vortex at 850K

Figure 5 shows the daily evolution of the PV field and polar vortex during the September
splitting process. The model faithfully reproduced the off-pole displacement of the polar
vortex and the subsequent elongation and split. The dilution of the Pacific lobe is well
depicted. Other interesting features are the intense mixing of mid latitude air with air drawn
from the vicinity of the polar vortex, as well as the intrusion into high latitudes of lower
potential vorticity air from the tropics/subtropics.

Another interesting feature is that though the vortex split at al levels, the separation was
distinct in the upper levels and in the lower one, while in the middle levels the Pacific lobe
slowly wrapped around the surviving lobe. Thus the vertical structure of the vortex split
looked like an X.
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5 CONCLUDING REMARKS

The results obtained using the AMR model approach are interesting in two main aspects. In
first place, they show the validity of the adaptive mesh refinement code in spherical geometry
to resolve and model the evolution of atmospheric fields, including fine scale structures. At
the same time these model runs provide insights into the behavior of the fields during
particularly perturbed stratospheric conditions, such as this previously unheard of Antarctic
sudden warming event.

From a numerical perspective these results show the viability of an efficient approach to
handle high resolution modeling, without the need to use computationally expensive very
small meshes throughout the domain under study. The mesh refinement process responded
well to the physical criterion used to determine the mesh changes. From a physical perspective
the present results provide credible information on the evolution of the polar vortex.
Particularly interesting is the difference between the splitting process, separation and dilution
of one of the lobes at the upper and lower limits of the vertical range, and the apparent re-
merger and delayed dilution of the smaller lobe in the center of the vertical domain with
respect to the other two levels.

Future work will proceed with the inclusion of an atmospheric chemistry model and work
to change the current 2-D isentropic version into a full-blown 3-D model which could thus be
applied not only in the upper troposphere and the stratosphere but also in the mid and lower
troposphere where significant transport and chemical processes also take place.
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