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ABSTRACT

A technique is presented for evaluating sampling strategies based on in situ measurements and
output from a 3D photochemical model. The technique quantifies the expected ability of various
sampling strategies to give a representative picture of the actual mean trace gas concentration
at the location being sampled. The representativeness is considered as a function of three
parameters: (1) the number of samples, (2) the time between individual samples, and (3) the
total time from the first to last sample. The technique is applied to analyzing the quality of
various sampling strategies for ozone above five locations, ranging from the equatorial Pacific
to the northern Atlantic. The analysis is based on data obtained by O; sondes during the
CEPEX and NARE campaigns, along with the output from the global 3D photochemistry-
transport model MATCH-MPIC. It is found that for all regions, the synoptic time scale of
3-5 days is a critical parameter for O;. As long as the interval between soundings does not
exceed this time scale, the number of soundings within a specific period does not strongly affect
the representativeness of the sample mean profile; instead, the total period from the first to last
sample is the most important parameter. For longer intervals between soundings, the behavior
becomes more complex, with certain intervals resulting in better or worse representativeness
than other intervals for the same total number of soundings. The model output is shown to
generally be able to capture the synoptic time scale variability, and thus can be useful for
establishing the relationship between synoptic meteorology and sampling strategies for various
locations. However, the model underestimates the variability due to sub-gridscale processes
(mainly convection), and thus must be used more cautiously in regions where this is critical,
such as in the tropical upper troposphere. Future analyses such as this using previous observa-
tions and model output could assist field investigators in planning sampling strategies for
campaigns or long-term monitoring.

1. Introduction

Trace gas mixing ratios vary substantially in
time and space. Typical tropospheric O; mixing
ratios range over an order of magnitude, from
about 10 to 100 nmol/mol. At the extremes, O in
different regions of the upper troposphere has
been observed to range from less than 5 nmol/mol
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over the equatorial Pacific (Kley et al., 1996), to
as much as 500 nmol/mol over the tropical
Atlantic (Suhre et al., 1997). The temporal variab-
ility in tropospheric O; observations is also rela-
tively large, with a standard deviation equal to
some 20—40% of the multi-year mean, depending
on location (Logan, 1999). Furthermore, shifts in
airmass origins can lead to rapid changes in
concentrations; for instance, in an 18-h period,
Oltmans et al. (1996) observed a change in ozone
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at 7km above Cape Race from 150 to 50 nmol/
mol, which they attributed to a shift in back
trajectories from northern Canada to the Pacific
Ocean. This large degree of variability makes it
difficult to accurately determine the mean distribu-
tion of atmospheric trace gases. Nevertheless, there
is an interest in accurately quantifying the average
concentration of trace gases in various regions of
the atmosphere over longer periods of time (e.g.,
seasonal or annual), for various purposes such as:
determining the long term trends of O5; simulating
the climatic impact of key trace gases via absorp-
tion of solar and infrared radiation; and evaluating
the ability of photochemical models to compute
average trace gas concentrations.

Since the atmosphere cannot be sampled every-
where continuously, strategies must be devised for
how best to obtain goals such as determining mean
trace gas levels. In situ trace gas measurements are
generally made within one of two frameworks:
(1) during a field campaign over a limited time
period that is focused on a particular region, or
(2) at a long-term monitoring station. In either case,
the appropriate sampling strategies will depend on
the characteristics of the trace gas in question. In
particular, Gibbs and Slinn (1973) and Junge (1974)
established that an inverse relationship generally
exists between the variability of trace gases and
their tropospheric residence times; this implies that
more measurements are needed of a shorter lived
gas with greater variability to accurately establish
its mean level (as well as other parameters of interest,
such as seasonal cycle magnitudes).

A few studies have examined sampling strategy
issues in more detail for various types of measure-
ments. Gillette and Hanson (1983) considered
flask sampling of CO,, and used a simple analysis
to show how one would expect the estimate of the
seasonal cycle magnitude to improve if one were
to increase the number of samples taken per year.
Recently, Logan (1999) considered several decades
of O; sonde data and found that, depending on
the location, some 20-35 total soundings are
needed to determine the multi-year mean profile
to within +15% at that location. The trace gas
sampling strategies employed in specific field cam-
paigns have also been examined. Ehhalt et al.
(1997), using a 3D model with a set of tracers
with various lifetimes, showed that the sampling
applied during the PEM-West A and B campaigns
likely provided a good picture of the actual mean
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trace gas distributions for the period sampled.
Lawrence et al. (1999a) presented a similar analysis
for O; measurements from CEPEX (the Central
Equatorial Pacific Experiment) and found that
while the single ship cruise which was made
through the region was likely insufficient to cap-
ture the mean distribution of O; in the equatorial
Pacific, on the other hand the ten O; sondes
launched from Christmas Island were apparently
sufficient to capture the mean profile there during
the week of sampling.

Here, the issue of evaluating sampling strategies
is addressed from a more general perspective. A
technique is established for determining the
expected departure from the mean (or any other
target, such as the median value) for a large suite
of possible sampling strategies. The intent is to
provide supplemental information which can be
used in choosing actual sampling strategies, in
particular providing an estimate of a minimum
level of sampling which is needed to determine
the mean to a desired degree of accuracy over a
certain period. This approach can be used with
either actual observations or model output. Often
insufficient observations are available to provide
good statistics, in which case output from a model
must be used as a surrogate. The best insights
come when both field and model data can be used
for the same location, with the observations pro-
viding a check on the model’s accuracy, and with
the model providing additional information on a
level of detail not possible from the observations.

The technique is applied in this paper towards
evaluating various sampling strategies for O;
sondes at 5 different locations, ranging from the
equator to 64°N. For this analysis, data are
employed from two recent field campaigns,
CEPEX and NARE (the North Atlantic Regional
Experiment), along with corresponding output
from a global photochemical model. The model,
MATCH-MPIC, is described in an Appendix. The
approach to assessing sampling strategies is first
discussed in the next section, and Oj; sampling
above each of the five chosen locations is then
discussed in turn. Finally, a conclusions section
considers implications of the results and possible
further applications of this technique.

2. General description of the technique

Throughout this study, sampling strategies con-
sisting of evenly-spaced O; soundings will be



24 M. G. LAWRENCE

considered. Such sampling strategies can be
described in terms of 3 parameters, defined as
follows:

N, =the number of soundings in a sampling
strategy

I, =the interval between each sounding

T, = the period being sampled (i.e., the time from
the first to last sounding)

From these definitions, T;=1I, x (N;—1). The
technique presented here could also be applied to
unevenly-spaced soundings, although the extra
parameters required would make such an analysis
much more complex.

The objective here is to use observations (where
possible) and the output from MATCH-MPIC to
see how well different sampling strategies are
expected to represent the mean O; profile during
a certain period (in this case, one month). The
observations or model output are thus sub-
sampled in the same way as the real atmosphere
would be sampled for a given sampling strategy:
one or more O profiles, separated by a chosen
time interval, are averaged together to obtain a
mean profile for a specific sampling strategy. This
will be called a “sample mean”. This sample mean
profile can then be compared to the “reference”
mean Oj profile for a month, which is calculated
from all available observed or modeled profiles,
as appropriate. It is important to note that this
reference mean profile is itself a sample mean; here
it will be assumed that the reference mean is close
enough to the actual mean profile (which is
unknown) that it will not make a difference to this
analysis (this assumption should be reasonable for
O; in this study as long as the reference mean
consists of about daily or more frequent samples).
In this section, the technique will be demonstrated
using only the output from the model during
March, 1993, above Christmas Island (2°N,
158°W). In the next section observations and four
other locations will also be considered.

For a gas like O; with a large temporal variabil-
ity, an arbitrarily chosen individual profile can
differ significantly from the monthly mean; the
same can apply to the sample mean of a set of
profiles, especially when only a few profiles are
included in the set. The expected difference can be
characterized by various statistics. For this study,
the statistic of the absolute deviation (d) will be
used. This statistic is chosen because it applies

regardless of how Oj; is distributed in time (e.g.,
normal, bimodal, log-normal, etc.). To obtain
values which are readily comparable for different
regions, d,, the normalized absolute deviation
(relative to the mean), will be used. For a time
series of O; data during March at a particular
vertical level k, d, is defined as:

1
N & 103k 1) = <03 (k)|

i=1 , (1)

<O;3>(k)

where k is the vertical level index, i is the time-
sample index, O;(k, i) is an individual sample or
a sample mean, {O;>(k) is the March mean O,
value at level k, and N is the total number of
samples or sample means (note that this differs
from N, which is the number of samples compris-
ing each of the sample means). d,(k) thus indicates
the average relative difference between an arbit-
rary O; value (or sample mean value) and the
March mean value at level k.

The profile of d, above Christmas Island based
on the MATCH-MPIC output for March is plot-
ted in Fig. 1. The corresponding Oj profile is in
Fig. 2, discussed in the next section. The model
O; data were archived every 3 h for the month,
so the total number of samples in this case is N =
248 (=31 x 8). The figure indicates that on aver-
age a single sounding would be expected to differ
from the March mean by some 20-40%.

M=

d, (k) =

16—

T AN, ] T

L . e '\ -

CI i N, 1

r ! i B

12 : P e

L . o 4

glor I .

< L \ : N

3 8F - W il

2 4 N N
= | ™.

6 - BN _

< °0 iy dn (Ne=1) D

a4l i W = — -t (Ne=2)=4d) 7 _

L \ YRAITEE dn (Ne=10,ls=1d) ]

2r / /s ——0n y .

L . \ \ ~--—-dn/on __/f" 4

0 N ' PENY I RS R
0.0 0.2 0.4 0.6 0.8 1.0
Fraction

Fig. 1. Profiles of d, and o, as computed from the
MATCH-MPIC output above Christmas Island for
selected sampling strategies. The dotted line at 0.8 indi-
cates the value of d, /g, expected for a normal distribution
(from eq. (2)).
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Fig. 2. Analyses for Christmas Island: (a) modeled and observed mean Oj profiles; (b) modeled and observed normal-
ized absolute deviations (d,); (c) values of the column mean normalized absolute deviation (D,) as a function of the
number of soundings (N;) and interval between soundings (I), focusing on scenarios mainly appropriate for a field
campaign; (d) values of the column mean normalized absolute deviation (D,) as a function of the interval between
soundings (I) for selected values of number of soundings (N;), focusing on scenarios mainly appropriate for long-
term monitoring sites. For panels (a) and (b) the MATCH-MPIC values are for model output times corresponding
to the CEPEX sonde launch times; for panels (c) and (d) the values are based on the entire month of 3-h model
output for March, 1993, and the column mean is computed by first interpolating the model output onto 1 km thick
layers from O to 16 km, then averaging the column (based on eq. (3)).

It is also possible for the O;(k, i) data in eq. (1)
to consist of sample mean profiles instead of
individual profiles. For instance, consider a sam-
pling strategy with N;=2 and I;=4d (i.e., each
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sample mean is the average of two soundings
separated by 4 days). For this sampling strategy,
there are N =216 (=[31—4] x 8) possible com-
binations for the March model output (less than
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for Ny=1 because 4 days must separate the first
and last sample). Using these 216 sample mean
profiles for O;(k, i) in eq. (1) results in the profile
of d, shown in Fig. 1. The N;=2 case shows a
clear improvement over the N;=1 case, particu-
larly in the upper troposphere (UT), leading one
to expect that a sampling strategy with Ny =2 and
I, =4d would result in a profile which on average
differs by 15-30% from the actual March mean
profile. Another example sampling strategy is Ny =
10, I, = 1d; in this case, N =176 (=[31—-9] x 8,
since 9 days must separate the first and last
samples). The d, profile for this sampling strategy
is also plotted in Fig. 1. On average, a sample
mean ozone profile obtained using this sampling
strategy would be expected to differ from the
simulated March mean by about 10% over much
of the tropospheric column, considerably closer
than the N, =2 or N, =1 profiles discussed above.

The normalized absolute deviation can be
related to the more familiar statistic of the (normal-
ized) standard deviation, a,, by:

2 < 1 >
d,=ad, [—|1——=]~0280q,, (2)

T N
provided the data are normally distributed; if not
the relationship will deviate from eq.(2). The
approximation on the far right applies for values
of N larger than about 10. g, is also plotted in
Fig. 1, along with the ratio d,/o,. In general, the
relationship in eq. (2) holds fairly well, particularly
in the lower troposphere, though there are some
notable deviations in the UT; this is consistent
with the more extensive normality tests done in
Logan (1999) (thus readers wishing to know the
approximate equivalent value of g, for subsequent
results in this study can generally multiply d, by
about 1.25).

To facilitate evaluating a wide range of possible
scenarios, the average of d, over the vertical
column will be considered. This will be termed
D,, defined as:

1 X
D,=— ) dik 3
n K/ kgl n( )9 ( )
where d,, (k) is the d,(k) profile interpolated onto
an evenly-spaced vertical grid, and K’ is the
number of levels in the evenly-spaced grid. Since
model output and observations are often on an
unevenly spaced grid (e.g., with more grid points

near the surface), such a vertical interpolation is
necessary to reduce the dependence of D, on the
spacing of the vertical levels on which d,(k) is
defined. For the model output at Christmas Island,
the grid used here has K'=16, with 1 km thick
layers from the surface to near the tropopause at
16 km. For the three sampling strategies consid-
ered in Fig. 1, the D, values computed from eq. (3)
are listed in Table 1 (rightmost three columns).
The variation of D, with N, I, and T; will be
considered more generally in the following
sections.

3. Sampling strategies for O sondes at
5 locations

This section considers O soundings at 5 loca-
tions: Christmas Island (2°N, 158°W), Tenerife,
Izania (28°N, 16°W), Bermuda (32°N, 64°W),
Azores (38°N, 28°W), and Keflavik, Iceland (64°N,
24°W). The first location was sampled by CEPEX
during March, 1993, while the latter four were
sampled by NARE during August, 1993. An elec-
trochemical concentration cell (ECC) detector was
used during CEPEX, with an instrumental uncer-
tainty of about 0.1 mPa O (Smit et al., 1994), or
about 1-2 nmol/mol near the surface, and about
5 nmol/mol in the UT. An ECC detector was also
used during NARE, with an estimated accuracy
of about 10% for normal tropospheric O; mixing
ratios, and 15% for very low O; levels (Oltmans
et al, 1996). The output from a corresponding
run by the MATCH-MPIC model (see the
Appendix), driven by meteorological data for 1993,
is also considered.

3.1. Christmas Island

10 ozone soundings were made from Christmas
Island during the CEPEX campaign in March,
1993 (Kley et al., 1996, 1997). The mean of the
observed and modeled profiles are plotted in
Fig. 2a. There is good agreement between the two
mean profiles, and the model captures the main
features of low Oj near the surface, slowly increas-
ing into the mid-troposphere, then falling again
to a UT minimum before increasing rapidly near
the tropopause (around 16 km). The model does
not do as well at capturing the observed variability
(Fig. 2b), notably overestimating it in the lower
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Table 1. Column mean values of D, for selected scenarios

Modelled — full month®

Observed® Modeled?* N, =2, N, =10,
Location N,=1 Ny=1 N,=1 I,=4d I,=1d
Christmas Island (0—16 km) 0.27 0.16 0.25 0.17 0.10
Tenerife (0-15 km) 0.18 0.15 0.18 0.13 0.10
Bermuda (0-15 km) 0.26 0.16 0.15 0.11 0.07
Azores (0-14 km) 0.18 0.15 0.15 0.10 0.07
Keflavik (0-8 km) 0.15 0.14 0.15 0.11 0.08
Keflavik (8-12 km) 0.50 0.37 0.34 0.25 0.19

#The values correspond to the curves in Figs. 2b, 4b, 5b, 7b, and 9b, respectively; for the model they are computed
from the set of model profiles corresponding to the launch times for the observed soundings; the number of soundings

made from each location is given in the text.

®The values are computed from the full month’s worth of 3-h model output data, for March, 1993, for Christmas

Island, and for August, 1993, for all other locations.

troposphere (LT), and underestimating it in the
UT. The underestimate in the UT is largely due
to the finite model resolution, which smears out
the effects of convective events, which stochastic-
ally pump Oj-poor boundary layer air into the
UT and enhance the variability. This same feature
will also be seen later for other locations. It is
interesting to note that the variability in Oj is
greater in the UT than near the surface, although
its residence time would be expected to be shorter
in the tropical marine boundary layer (MBL).
This is in contrast to the general conclusions of
Gibbs and Slinn (1973) and Junge (1974) noted
earlier. However, Junge (1974) makes clear that
the relationship should only hold under certain
assumptions which can often be applied to the
troposphere as a whole, for instance that the
variability of the sinks is much smaller than
the variability of the sources; separating out the
subdomains of the UT and MBL results in a
failure to fulfill these assumptions.

The rest of this section considers how D, at
Christmas Island is expected to vary with N, I,
and T;. For this, the 3-h model output dataset will
be used, since the 10 observed soundings are
insufficient to produce the statistics required for
this analysis. Fig. 2b indicates that one should
expect that the mean deviations computed by the
model will likely underestimate the deviations that
one would expect in reality for the UT, and
overestimate those for the LT; in the UT in
particular this means that more sampling would
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need to be done in actuality than indicated by the
model to obtain a certain desired D,,.

Fig. 2c shows D, as a function of Ny and I,
focusing on the range of values primarily applic-
able to a campaign scenario, that is, at most a few
days between the soundings, and up to 31 sound-
ings in all. On the whole, D, decreases fairly
smoothly as N, and I, (and thus T;) are increased
(the small fluctuations are due to random vari-
ations in the statistics of the model dataset). It is
somewhat counterintuitive that sampling less fre-
quently (i.e., increasing I;) actually leads to a
better representativeness (smaller D,). This is
because increasing I, while holding N, constant
means that a longer part of the month is being
sampled.

On the whole, among the three parameters
affecting D, T; is the most important. For a given
T, (recall that T, = I x [N, — 1]), there is generally
not a significant improvement when more profiles
are included in the sample mean (within the range
of possibilities shown in Fig. 2c). For example,
suppose ten days are available for sampling.
During this period, six soundings could be made,
once every two days, yielding a sample-mean
profile which, according to the model, is expected
to differ from the mean by about 10%. Launching
21 sondes during a 10-day period (once every 12 h)
would provide no notable improvement in the
representativeness expected based on the model:
D, would still be about 10%. This is because the
diurnal cycle of O; over the equatorial Pacific is
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small (e.g., Thompson, et al., 1993), and the main
variations in the O; mixing ratios in this region
occur on time scales of several days. Thus, as long
as a sample is taken at least once every 4 days,
the mean distribution over the limited period
being sampled will already be fairly well repres-
ented, and adding more soundings during the
same period (i.e., launching more frequently) will
do little to improve this; the main factor control-
ling D, in this case will be how representative the
period being sampled is of the entire month. In
other regions where a large diurnal cycle has been
observed, such as the Indian Ocean (Rhoads et al.,
1998), this conclusion would likely not hold as
well; in that case daytime and nighttime sampling
would be required to accurately estimate the mean.
The behavior of D, becomes much more complex
when longer intervals between soundings are con-
sidered, as shown in Fig. 2d. This figure provides
information which is generally more relevant to
long-term monitoring scenarios. For all cases con-
sidered in the figure, the value of D, decreases
monotonically as the interval is increased up to
some certain point, then enters a regime of notable
fluctuations around roughly constant values until
the maximum number of samples which can be
made in a month for a certain I is reached (i.e.,
until T; =31d). The particularly large fluctuations
immediately prior to the T, = 31d cutoff are due to
poor statistics (since N in eq. (1) becomes small).
Fig. 2d shows that the point made earlier about
T, being the most important parameter is limited;
here it is seen that this only holds up to a certain
maximum interval between soundings, which is
approximately 4-5 days for this location. This is
demonstrated by the extra markings on the figure:
the squares indicate the points along each line
(Ny=1 to Ny=10) where T,=5d, while the tri-
angles indicate T; = 10d, and the diamonds indi-
cate T, = 20d. When T, = 5d, D,, is about the same
value (0.15-0.17) regardless of the value of N, (and
thus I;), similar to what was seen in Fig. 2c.
However, for the markings indicating T; = 10d or
20d (triangles and diamonds), this only holds if I
is less than about 4 days. If I is increased much
beyond this (e.g., the diamonds on the Ny =2 or
3 lines), then D, increases. Thus, a minimum
criterion for obtaining a good estimate of the
mean Oj profile in the equatorial Pacific appears
to be that a sounding should be made at least
once every ~4 days (i.e., the synoptic time scale).

The synoptic time scale of ~4 days can also be
ascertained from the autocorrelation of the model
dataset, that is the correlation of the dataset with
itself, but lagged by a certain amount of time. The
autocorrelation (averaged over the column) as a
function of the lag time is plotted in Fig. 3, which
shows that the values for r* drop steadily from 1.0
at zero lag time to a minimum at about 4 days
lag time, indicating the synoptic time scale. In
Fig. 3 there is also a peak around 20 days, similar
to the peak seen in Fig. 2d in the N,=2 and N, =
3 lines. This is due to the occurrence of strong
convective activity during the first few days of
March and around 20 March (Lawrence, 1996),
which leads to similar patterns in the O5 profiles
for these two periods, in particular in the lowest
few kilometers where subsidence associated with
the convection drives the O; towards higher
mixing ratios. It is unknown whether such a
20-day cycle is a typical feature of the region; a
multi-year analysis of this nature would reveal
this, and may thus provide valuable information
for planning future measurements in this region.

3.2. Tenerife

During the August 1993, component of NARE,
Oj; soundings were made from four islands in the
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Fig. 3. The column mean autocorrelation (%) of the
MATCH-MPIC output above Christmas Island; the
column mean is computed by first interpolating the
model output onto 1 km thick layers from 0 to 16 km,
then averaging the column (based on eq. (3)).
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North Atlantic. The southernmost of these was
Tenerife, Izafa, from which 9 sondes were
launched. The observed and simulated means and
normalized absolute deviations are plotted in
Fig. 4. On the whole, the model reproduces the
observed quantities quite well, with the only not-
able discrepancy being an underestimated varia-
bility from 6-11km. The mean O; level is
considerably higher than above Christmas Island,
while the variability is much less, indicating a

Tenerife (281lgl, 16W)
— - 3

lesser influence of maritime convection and greater
role of nearby precursor emissions and synoptic
meteorology. In this case, more confidence can be
placed in the model’s predictions than in the
previous section.

Fig. 4 also shows the values of D, computed by
the model for various sampling strategies (again
only model output is used here, in lieu of sufficient
observed soundings). The main points which were
brought out in the previous section also hold here.
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Fig. 4. As Fig. 2, except for Tenerife; panels (a) and (b) use data from the NARE campaign and corresponding model
profiles; panels (c) and (d) use only model output from August, 1993, and consider the column from 0 to 15 km for

computing D,.
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In Fig. 4c, it is seen that for scenarios with I <4d,
T, is the critical parameter. Fig. 4d shows the same
behavior of a decrease in D, with increasing I out
to about the synoptic time scale (about 4 days),
then reverting to fluctuations around a base value
which depends on N; (e.g., ~0.13 for Ny=2, or
~0.10 for N;=3). Also similar to Christmas
Island, the extra markings on Fig. 4d for T, =5,
10 and 20d show relatively constant values when
I, <4d, and a sharp increase for I, >4d. As was
done in the previous section, the synoptic time
scale of 4 days for this location can also be
confirmed by the autocorrelation (not shown). On
the whole D, at Tenerife is considerably lower
than at Christmas Island, particularly when only
one or a few profiles are included in the sample
mean (best seen in Table 1). This is likely in large
part due to the lesser intensity of convective
activity at this subtropical site, and indicates that
it is not as difficult to obtain a good estimate of
the mean profile here as it is over the equatorial
Pacific.

3.3. Bermuda

The next location to the north which was
sampled during NARE in August, 1993, was
Bermuda, on the other side of the Atlantic Ocean
from Tenerife; 19 soundings were made. As for the
previous sites, Fig. 5 shows that the mean profile
is simulated well, while the variability is generally
underestimated, especially in the UT. Bermuda
lies in the path of major tropical storms and
hurricanes which cross the Atlantic, and is prone
to convection due to the warm waters of the Gulf
Stream. Furthermore, Bermuda is closer to the
subtropical tropopause break than Tenerife, and
is thus more prone to the influence of downward
mixed stratospheric air in the UT. Specific events
reflecting both of these features are documented
in Oltmans et al. (1996). These processes lead to
an enhanced UT variability, as seen in Fig. 5b. As
with Christmas Island, the model significantly
underestimates this variability; it also underesti-
mates the variability near the surface, although it
does show the feature of greater variability there
than in the mid troposphere. The main features of
the sampling strategies analysis (Fig. 5¢,d) for this
location are in good agreement with the previous
two sections, with the synoptic time scale of 4 days
again delineating a break in the expected quality

of the mean profile estimated from possible sam-
pling strategies.

Above Bermuda, unlike the previous stations,
sufficient soundings were made to allow the same
analysis to be applied directly to the observations.
The analog of Fig. 5d, but instead using observed
data, is plotted in Fig. 6 (the analog to Fig. 5c is
not shown because 19 soundings are still insuffi-
cient to fill in the contour space well). The basic
character of the model prediction is confirmed in
this figure, with the values falling off from the D,
for Ny =1 (~0.25) to a minimum near the synoptic
time scale before the onset of fluctuating values
for longer I,. The first minimum in the observa-
tions is reached at I, = 5d, later than in the model
(I, =4d). Whether this is due to a deficiency in
the model, or instead to statistical variations in
the relatively small observed dataset, is unclear.
Furthermore, the model underestimates the D,
values, which could be anticipated based on
Fig. 5b. The observations show a notable peak in
D, at I,=7-9d; this peak is also present, though
weaker, in the model curves for N;=2 and N, =
4. Similarly, the minimum in the N;=2 line at
20 days is also reproduced by the model. Though
this agreement could certainly be fortuitous, sim-
ilar agreement is also seen in later sections, and
thus is probably due to the model capturing gross
synoptic features which influence the variability.

3.4. Azores

The next NARE station to the north is Azores,
from which 23 soundings were made during
August, 1993. Like at the previous stations, the
modeled and observed mean profiles are in good
agreement (Fig. 7a), while the simulation also cap-
tures the observed variability very well except near
the tropopause. Oltmans et al. (1996) concluded
that the same stratospheric influx events which
were noted at Bermuda also influenced O; in the
UT above the Azores, resulting in the enhanced
variability. Since the model clearly captures the
mean level here, but not the variability, it is likely
able to simulate the overall O5 flux to this region,
but more smeared out than in reality. The results
for the sampling strategy analysis in Fig. 7c and
Table 1 are very similar to those computed for
Bermuda, consistent with the connection between
these two locations suggested by Oltmans et al.
(1996). Based on Fig. 7d (as well as the autocorrel-
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Fig. 5. As Fig. 4, except for Bermuda.

ation, not shown) it appears that the synoptic time
scale is about three days, shorter than at the
previously-discussed locations.

The observations (Fig. 8) also indicate a shorter
synoptic time scale, with the first minimum in D,
occurring at 4 days (compared to 5 days at
Bermuda). The values of D, based on the observa-
tions are, not surprisingly, somewhat higher than
those predicted by the model. However, as for
Bermuda, the model captures certain key features:
on the N,=2 curves, there are peaks at I;=17
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and 24d (15 and 23d for the model) surrounding
a wide minimum, while on the Ny =3 curves there
is a minimum at I;=8-9 days surrounded by
peaks at 7 and 12 days (model: 6 and 12d).

3.5. Keflavik

The final NARE location considered in this
analysis is Keflavik, Iceland, from which 22 sondes
were launched during August, 1993. Here, as
before, the model closely simulates the mean pro-
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Fig. 6. Sampling strategies analysis based on NARE Oj;
soundings from Bermuda: values of the column mean
normalized absolute deviation (D,) as a function of the
interval between soundings (I;) for selected values of
number of soundings (N;). This is analogous to Fig. 5d,
except for observations instead of model output. The
column mean is computed by first interpolating the soun-
dings onto 100-m thick layers from O to 15km, then
averaging the column (based on eq. (3)). (Note that no
value could be computed for Ny =4, I, = 2d; no combina-
tion of the actual sonde launch times met this
requirement.)

file (Fig. 9). It also captures the variability better
than at the other locations, in particular the peak
near the tropopause, though this is still underesti-
mated. In this case the variability is controlled
mainly by synoptic variations (see below), rather
than convection, so that one might expect the
model to provide a better simulation. Because
there are two distinct regimes apparent in the
profiles in Fig. 9, the analysis of sampling strat-
egies will be split into two columns, one extending
from the surface to 8 km, the other from 8 km to
12 km. For the lower regime, the values of D, for
various sampling strategies with I, <4d (Fig. 9c
and Table 1) are consistent with the other North
Atlantic locations, while the values near the tropo-
pause (8—12 km) are higher than those for any of
the other locations in this study.

The sampling strategies analysis plots for the
observed data (Fig. 10) are also split into the same
two vertical regimes. In the 0—8 km regime, unlike
in the previous cases, the D, values are similar in

magnitude to those computed by the model
(Fig. 9d). Like for the Azores, both the model and
observations (as well as the autocorrelations, not
shown) indicate a synoptic time scale of about
three days for the 0—8 km regime.

For the 8—12 km regime, the model somewhat
underestimates the values of D, based on the
observations, though it captures some of the main
features, such as the peaks at I, =8, 15-19, and
24 days, and the dip around 6-7 days. Both figures
show evidence of regular oscillations on the
3-4 day synoptic time scale (the observations
more clearly than the model). The very high D,
values and the pattern of fluctuations are due to
the nature of this region. Keflavik is located at a
latitude that is alternately inside or outside the
polar front, which influences the tropopause
height. South of the front, the tropopause is gener-
ally 12-14 km, whereas north of the front it is
generally lower, around 8—10 km. Thus, depending
on whether the front is north or south of Keflavik,
O; levels in the 8—12 km regime are either low or
high; north-south movement of the front leads to
the very large variability observed here. A similar
feature has also been seen at other high-latitude
O; sounding sites (Kyro et al, 1992). Fig. 11
shows the variation during August of the “chem-
ical tropopause” height, defined here as the alti-
tude at which Oj first exceeds 150 nmol/mol (the
same qualitative result is obtained when a thresh-
old of either 100 or 200 nmol/mol is used); the
heights based on both the model and observed
profiles are plotted. The strong oscillations on
about a 3-day (peak-to-valley) time scale due to
the polar front motion are simulated remarkably
well by the model, which lends considerable con-
fidence to using a model like MATCH-MPIC to
evaluate sampling strategies in regimes where well-
modeled synoptic processes such as this are the
key factors controlling the O variability.

4. Conclusions

This study addressed the issue of using a 3D
photochemical model along with previous in situ
observations to provide quantitative information
on the representativeness which can be expected
from various sampling strategies. The technique
was demonstrated with the example of Oz sound-
ings made from a stationary launch point; how-
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Fig. 7. As Fig. 4, except for Azores, and for a column only extending from 0 to 14 km.

ever, it can also be applied to other types of
sampling. Lawrence (1996) considered its use for
Oj; sondes launched during a research ship cruise.
Other possible applications are to long-term mon-
itoring with flask samples, flight trajectories
(especially for commercial aircraft programs such
as MOZAIC, Marenco et al., 1998), and perhaps
even satellite remote sensing, in terms of choosing
orbital parameters. Furthermore, the technique
can also be used to estimate the representativeness
of other parameters besides the mean, such as the
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median, quartiles, and the standard deviation; an
example of this was given in Lawrence (1996).

In this study, ozone soundings were considered
from Christmas Island (March, 1993) and from
Tenerife, Bermuda, Azores, and Keflavik (August,
1993). Scenarios appropriate both to field cam-
paigns and to long term monitoring were exam-
ined. The model was found to reproduce the
observed mean well at all of the locations, and
also to mostly capture the variability, except for
generally underestimating it in the UT and occa-
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sionally near the surface. The underestimated vari-
ability is in large part due to smoothing out of
sub-gridscale processes such as convection. It may
also point towards missing O; sinks, such as
halogen reactions (Dickerson et al., 1999) or reac-
tions on ice (Kley et al, 1996), which would
reduce the lifetime and thus enhance the variabil-
ity. In any case, for most locations the model
appears to be an appropriate surrogate where
insufficient observations are available for the
analysis.

A key feature found for all the locations was
the importance of the synoptic time scale of
3-5 days, which was generally shorter for the
higher latitude sites considered here. As long as
the interval between soundings () does not exceed
this time scale, then the representativeness depends
almost entirely on T;, the total period from the
first to last sample, which is related to the number
of soundings (N;) and I by T, = I x (N, — 1); for
a given value of T;, changing the values of N, and
I, does little to change the representativeness of
the mean. Once I exceeds the synoptic time scale,
however, the representativeness becomes worse
for increasing I, (assuming a constant T;).
Furthermore, certain clear structures in the ana-
lyses curves indicated principle O3 variations on
various longer time scales (e.g., 20 days at
Christmas Island), due to large-scale meteorolo-
gical patterns; in several cases, the structures evid-

ent in the observations were also reproduced by
the model. One such structure that was surpris-
ingly well reproduced was the variability near the
tropopause above Keflavik due to motions of the
polar front. This indicates that the meteorological
observations network in and around the North
Atlantic is able to constrain a model like MATCH-
MPIC to a relatively high degree of accuracy, at
least for a synoptically-based process and dia-
gnostic such as this. This also suggests that estab-
lishing a network of this density in other regions
could significantly improve global atmospheric
tracer transport simulations.

The analysis presented here suggests that an
“optimal” sampling frequency for O sondes from
long term monitoring stations in marine locations
with small diurnal cycles is once every 3-5 days
(since sampling more frequently would not do
much to help improve the estimate of the mean).
At many stations, sampling this frequently is pres-
ently unrealistic. According to the global Oj
sounding compilation of Fortuin and Kelder
(1998), on average about 3 soundings/month are
made at long term monitoring stations, though
the number varies from less than 1/month at some
stations to more than 10/month at others. In
reality, this comes from various sampling proced-
ures; at many stations, soundings are made once
per week (usually on Wednesdays, the interna-
tional geophysical observations day), while at
others soundings are made only every other week,
or in some instances up to three times per week
(Jennifer Logan, personal communication, 2000).
For the stations considered here, 4 soundings/
month (assuming one every 7 days) results in a D,
in the range of 6-13%, whereas 2
soundings/month (one every 15 days) gives a D,
of 10-23%. Although this level of uncertainty is
generally quite sufficient for evaluating global
chemistry models, it is more difficult to apply
towards analyzing trends in tropospheric Oj,
which are generally in the 1-2%/year range
(Logan, 1994). On the other hand, if a station
were to launch 8 soundings/month (one every
4 days), this would result in D, <2%, according
to the locations considered here. The considerable
improvement in the latter scenario is because
sampling every 4 days means that the sampling
frequency has been reduced to about the synoptic
time scale, seen earlier to be a critical factor in
long-term sampling accuracy. Note that these
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Fig. 9. As Fig. 4, except for Keflavik, and for columns extending from 0 to 8 km (panels ¢ and (d) and from 8 to
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Fig. 11. Observed and modeled values of the “chemical
tropopause” height (see text) above Keflavik during
August 1993.

results only apply to a single month in a particular
year. Interannual variability can also be consider-
able for O;. Logan (1999) found that some 20-35
soundings in a given calendar month are needed
to establish the interannual mean to within 15%.
According to the present analysis, more than 20
(evenly-spaced) soundings in a single month would
be expected to give an estimate of the mean profile
which is within a few percent of the actual mean

for that specific month; thus most of the larger
uncertainty indicated by the analysis of Logan
(1999) is due to interannual variability.

The main value of this technique is in estab-
lishing a minimum amount of sampling which is
expected to achieve a desired degree of accuracy.
On the other hand, one should be cautious about
using the results of this study to argue for limiting
sampling to only a moderate rate (e.g., 8 soundings
per month), even where the means may exist for
more intense sampling. It is important to bear in
mind that any decision to limit the amount of
sampling, for whatever reason (financial, model-
based, or otherwise), comes with the risk of missing
rare phenomena and surprises which are always
in store in the atmosphere.
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6. Appendix

Model description

The model used in this study, MATCH-MPIC
(Model of Atmospheric Transport and Chemistry),
is briefly described in this section. The model is
described in detail in several other works: the
meteorological component is introduced in Rasch
et al. (1997), and evaluated with tracer studies in
Mahowald et al. (1997a,b); the photochemical
component is described and evaluated in
Lawrence (1996) and Lawrence et al. (1999a,b).
(For reference, this study employs the version
MATCH-MPIC 1.2 as discussed in Lawrence
et al.,, 1999b.)

MATCH-MPIC is an offline model. The version
employed in this work is driven by wind, temper-
ature, pressure, water vapor, and surface heat flux
and wind stress data from the National Centers
for Environmental Prediction (NCEP) reanalysis
(Kalnay et al., 1996), at T63 horizontal resolution
(roughly 1.9 degrees in latitude and longitude),
and with 28 vertical levels (from the surface to
about 2 hPa); a 30-min time step was employed

for the simulation considered here. The model
version considered here uses the Semi-Lagrangian
Transport algorithm for advection (Rasch and
Williamson, 1990); convection is diagnosed online
based on the Pan-Wu scheme (which is native to
the NCEP model; Pan and Wu, 1995); cloud
fractions are diagnosed based on a modified ver-
sion of the Slingo scheme (Slingo, 1987); and a
semi-explicit cloud microphysics scheme (Rasch
and Kristjansson, 1998) is used to obtain cloud
water amounts and large-scale precipitation.

The MATCH-MPIC tropospheric photochem-
istry module includes explicit source terms for the
major NO, and CO emissions (e.g., fossil fuel
burning, biomass burning, etc.); methane is fixed
at the surface based on observations (Fung et al.,
1991), and O; and NO, are fixed in the strato-
sphere based on satellite observations (Keating
et al., 1987) and observed ratios between NO, and
O3 (Murphy et al., 1993), respectively. The chem-
ical transformation processes are handled by
employing a quasi-steady-state approach. The
reaction rates (from DeMore et al, 1994) are
reevaluated each time step. The photolysis rates
are also recomputed each time step, based on the
method of Landgraf and Crutzen (1998). The dry
deposition sink is based on monthly gridded
deposition velocities (Ganzeveld and Lelieveld,
1995). Wet scavenging is applied based on the
cloud water and precipitation rate parameters
from the convection and microphysics para-
meterizations, with Henry’s Law constants
reevaluated each time step. Finally, heterogeneous
loss of N,0O5 on aerosols and cloud droplets is
included based on Dentener and Crutzen (1993).
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