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ABSTRACT

The carbon dioxide concentration has been measured in air samples collected approximately
once per week at 22 globally distributed sites during 1981-84. All samples were analyzed on
the same non-dispersive infrared analyzer apparatus at the NOAA/GMCC laboratory in
Boulder. The measured concentrations are directly traceable to the WMO primary CO,
standards. Samples which do not contain well-mixed, regionally representative air or which
have been contaminated during or subsequent to sampling, have been identified. The selected
data have been analyzed using an objective curve fitting method which enables improved
estimation of uncertainties associated with derived parameters. The latitudinal distribution of
annual mean CO, concentration at the network sites shows significant interannual variability
possibly related to the 1982-83 El Nifio/Southern Oscillation event. No evidence was found
for significant interannual variations or trends in the phase or amplitude of the seasonal cycle.
Significant interannual and interstation variability in the CO, growth rate was observed. A
growth rate minimum during 1982 was followed by a growth rate maximum in 1983, in
association with the intense 1982-83 ENSO event. The mean global growth rate for 1981-84

was .22 ppm yr~!.

1. Introduction

The increasing concentration of carbon dioxide
in the atmosphere due primarily to fossil fuel
combustion is an established feature of the mod-
ern global environment (see, for example,
Keeling et al.,, 1976a, 1976b; Pearman and
Beardsmore, 1984; Komhyr et al., 1985a). Within
the next 50 to 100 years, the effects of this
increase on global climate, vegetation, and sea
level may produce conditions which will seriously
disrupt existing social and economic systems
(DOE, 1985a, 1985b, 1985c; EPA, 1983). The

This paper was presented at the CACGP/IAMAP
Conference on Atmospheric Carbon Dioxide, its Sources,
Sinks and Global Transport, in Kandersteg, Switzerland,
September 2-6, 1985. Other papers from this meeting
were published in a special issue of Tellus (39B: 1-2).

Tellus 40B (1988), 2

magnitude and timing of the environmental
changes will depend in part on the rate of in-
crease of CO, and other radiatively active trace
gases, such as methane and the chlorofluoro-
carbons (Ramanathan et al., 1985).

To project future CO, levels, it is necessary to
quantify the anthropogenic source and the
natural sources and sinks of CQO,. The primary
anthropogenic source through 1984 is known
from fossil fuel production data (Rotty, 1983,
1987), but the projection of future emissions is
subject to great uncertainty (Edmonds and Reilly,
1985). Quantifying the natural sources and sinks
is also difficult because the complex exchanges of
carbon in the atmosphere-ocean-biosphere sys-
tem are variable in both space and time. Several
studies of the global carbon cycle have used
computer models to simulate the sources, sinks
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and fluxes of carbon. The principal test of a
model’s accuracy is its ability to reproduce
measured features of the atmospheric CO, distri-
bution which have not been used to “tune” the
model. Model output parameters have included
the latitudinal variation of annual mean concen-
tration, the latitudinal dependence of seasonality,
the global secular increase, and even the actual
time dependent concentration at a specific
location (Fraser et al., 1983; Pearman et al.,
1983; Oeschger and Heimann, 1983; Fung et al.,
1983; M. Heimann, C. D. Keeling and C. J.
Tucker, personal communication; Pearman and
Hyson, 1986).

The Geophysical Monitoring for Climatic
Change (GMCC) program of the National
Oceanic and Atmospheric  Administration
(NOAA) collects air samples from a global
network to determine the distribution of CO, in
the atmospheric boundary layer. These measure-
ments can be used as constraints on models of the
global carbon cycle. This program and the data
through 1982 have been described by Komhyr et
al. (1985a). In this paper we present the measure-
ment results from 1983 and 1984, together with
the previous results from 1981 and 1982. The
1981-84 measurements comprise a homogeneous
data set in that the methods of sample collection
and analysis were essentially unchanged over this
period. Also, inclusion of the 1981 and 1982 data
allows an examination of the atmospheric CO,
concentration preceding, during, and following
the 1982-83 EI Nifio/Southern Oscillation
(ENSO) event.

Various methods of data selection and curve
fitting have been used to calculate the parameters
of interest from CO, time series data (Keeling et
al.,, 1976a, 1976b; Cleveland et al.,, 1983;
Pearman and Beardsmore, 1984; Bacastow et al.,
1985; Komhyr et al., 1985a). In this work, we
have used a new objective statistical method of
smoothing the data which has allowed us to
better estimate the statistical uncertainties associ-
ated with derived parameters due to random
noise in the data. Although we have used the
1981-82 data as presented by Komhyr et al
(1985a), this new smoothing method has been
applied to the 1981-84 record. This leads to
differences in the results, e.g., monthly means
and seasonal cycle amplitudes, between this work
and Komhyr et al. (1985a) for the 1981-82

period. The smoothing used here is an improve-
ment over previous methods. We have not
applied it to the entire GMCC record as further
improvements are likely. The purpose of this
paper is to present our current best estimate of
the global CO, response to the 1982-83 ENSO
event.

2. Experimental

The samples used in this work were collected at
22 sites of the NOAA/GMCC flask sampling
network, Table 1 and Fig. 1. The three letter
station codes given in Table 1 will be used
throughout this paper when referring to the sites.
A description of the network from its inception in
1968 through the end of 1982 was given by
Komhyr et al. (1985a). Since 1982 fine tuning of
the network has continued with the deletion of
some sampling sites and the addition of others.

The sample collection procedures have been
described in detail by Komhyr et al. (1985a) and
Steele et al. (1987), so only a brief review is given
here. For part of 1981, samples were collected by
hand aspiration of air into previously evacuated
flasks. A sample consisted of two flasks collected
several minutes apart. During 1981, a new sam-
pling method was introduced and has been in use
since then. In this method, two flasks previously
filled with a dry gas of known CO, concentration
and connected in series, are flushed for S min at
~51 min~! with ambient air and pressurized to
1.2-1.5 times ambient atmospheric pressure. The
portable sampling apparatus includes a 2-m long
intake line and a battery-powered electrical pump
containing Parel diaphragms and Mylar reed
valves. The air is not dried during sample
collection.

The cylindrically shaped 0.5 1 Pyrex glass flasks
taper at both ends to ground glass stopcocks
lubricated with Apiezon-N grease. An exception
to this is CHR where samples were initially col-
lected in spherical evacuated 5 1 greased stopcock
flasks which were later replaced by cylindrical
evacuated 3 1 flasks fitted with one O-ring type
stopcock. Samples are collected in evacuated
flasks by opening the stopcock and allowing the
flask to fill to ambient atmospheric pressure.

The samples are generally collected once per

Tellus 40B (1988), 2



ATMOSPHERIC CARBON DIOXIDE MEASUREMENTS IN THE REMOTE GLOBAL TROPOSPHERE

80" N T T

83

P
.

2.9

T

T

i T

MOULD BRY(O

PT.BARROKW

3‘%

/v ,,,.
“_
c v

/ﬂ

STRT ! UN

coud BRY *
CAPE g
40° N MEARES . g}ggg {
AZORES }
200wl HAUNA LOR KL ¥ BISCRYNE \J\ P
) 3 'S RO X
& ’0% o suAn COraken 7. CRO. \Q
° o CuRIsTHRS
0 %gﬁ'—i@\\) [SLAND
sk J\ ) ® ASCENS 10N stmvm LES -
20" s+ SAMDA ISLAND
i > F’HS ERDFM
© ISLAND o
0% 54 CAPE® }NEN ;r
GRIM ZEALAND
.
60° S - .
M~ STATION

NSNS
Ev / N\*ED/L‘JT;I%LE

/J\fj =T
e
;“%;/ﬂ

S 1
100° £

80

HU £ 180° W HO W 100 W 60”“

20“ W : [lshs

Fig. 1. Locations of the sampling sites in the NOAA/GMCC flask sampling network.

week on a schedule determined largely by the
sample collector. The sample collectors have been
given guidelines concerning preferred wind
speeds, wind directions, and time of day for
sample collection when these can be identified
for a given site. However, various logistical
considerations such as work schedules and access
to vehicles often are the factors controlling the
day and time of sample collection. To improve
the chances of obtaining samples that meet our
criterion of being regionally representative back-
ground air, we have attempted to choose
sampling sites which have a high probability of
sampling well-mixed air, uninfluenced by local
sources and sinks of CO,. Therefore most of the
sampling sites are remote, marine locations
(Fig. ).

The flask samples are analyzed for CO,
concentration at the GMCC laboratory in
Boulder, using the semiautomatic nondispersive
infrared (NDIR) flask analysis apparatus de-
scribed by Komhyr et al. (1983). The apparatus
was modified in August, 1983 when the original
gas transfer pump was replaced with a new
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version. Results of extensive tests showed that
the new transfer pump did not remove small
amounts of CO, as did the original pump
(Komhyr et al., 1985a).

The system of standards used by GMCC to
determine CO, concentrations has been de-
scribed by Komhyr et al. (1985b) and Thoning et
al. (1987). The concentration values assigned to
the standard gases are traceable to the primary
standards maintained by the World Meteoro-
logical Organization (WMO) Central CO, Lab-
oratory (CCL) operated by C. D. Kecling at the
Scripps Institution of Oceanography. The data
reported here in parts per million by volume
(ppm) are based on manometric calibrations of
the GMCC standards performed at the CCL in
1982. This scale was referred to as the “SIO 1982
manometric scale” in Komhyr et al. (1985a) but it
is generally known as the SIO X83 mole fraction
scale (C. D. Keeling, personal communication).
Recent work at the CCL has resulted in the X85
mole fraction scale. For data obtained prior to
1985 there is very little (<0.1 ppm) difference
between the X83 and X85 scales.
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Fig. 2. Results of flask sample CO, measurements from 1981-84. Circles indicate samples collected in air believed
to be well-mixed and regionally representative. The values plotted are pair averages or individual measurements in
the case of retained single samples. Crosses indicate samples flagged as not representative of background
conditions. Triangles indicate interpolated or extrapolated points used by Kombhyr et al. (1985a) to constrain the
curve fits. The solid lines are cubic spline fits to the selected data following the method described in the text.

3. Results

The flask sample measurement results are
shown in Fig. 2(a-v). The plots are arranged in
order by latitude, starting with MBC at 76°N, to
facilitate comparison of sites and to emphasize
the variability of CO,; concentration with
latitude.

3.1. Data selection
Flask sampling is an economical way of acquir-

Tellus 40B (1988), 2

ing CO, concentration measurements from a
network of remote sites. The interpretation of
these data requires consideration of many factors
other than natural atmospheric variability which
may affect the CO, concentration of the sampled
air. These factors include errors in collection
technique by the sample taker; stopcock failure
following sample collection with subsequent
contamination of the sample; and the influence
of local anthropogenic sources and biospheric
sources and sinks of CO,. Since the purpose of
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these measurements is to determine the CO,
concentration of well-mixed regionally represen-
tative air, it is necessary to examine the data
carefully and reject or flag contaminated samples
and samples affected by local sources or sinks.

The data presented here from 1981 and 1982
were analyzed previously and we use the selected
data as reported by Komhyr et al. (1985a). For
the 1983 and 1984 data we used a similar selec-
tion scheme, described below.

First, since tests have shown that flask samples
collected as pairs using the methods described
above have nearly identical CO, concentrations,
we examined the agreement between members of
sample pairs. The distribution of pair differences

Fig. 2 (continued)

for 1981 through 1984 shows that 629, of the
pairs agree to within 0.25 ppm and 779 agree to
within 0.50 ppm (Fig. 3). The distribution has a
long tail and differences greater than 10 ppm
have been collapsed into the last cell in Fig. 3.
Based on this distribution, we have chosen a
cutoff point for acceptable samples at 0.50 ppm.
When the CO, concentrations in the two flasks
differ by more than 0.50 ppm it is probable that
an error in sampling or stopcock failure has
occurred resulting in contamination of one or
both flasks. Since contamination with room air or
air affected by other anthropogenic sources
usually increases the CO, concentration, the high
member of such a pair is rejected. The low

Tellus 40B (1988), 2
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member of the pair is flagged as being suspect
and will be reconsidered after curve fitting as
described below.

Next, sample pairs which differ by less than
0.50 ppm, but which are clearly the result of
incorrect sample collection are rejected. This
decision may be based on comments noted by
the sample taker on the data sheet indicating
incomplete flushing of flasks or suspected
contamination from some local source, possibly
the sample taker himself. In other cases the
measured concentration itself, either extremely
high or low, is an indication of incorrect sam-
pling. It is important that we reject clear outliers
before fitting a curve. The curve fits are based
on least squares procedures and outliers would
receive an inordinate amount of weight.

After the clearly defective values have been
rejected, the data are examined for samples
which appear to be valid measurements, but
which are inconsistent with the bulk of the data.
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These samples are flagged as being not represen-
tative of background conditions at the site. This
decision is often based on the wind speed or
direction at the time of sampling combined with
information concerning the location of sources
and sinks near the sampling site. In some cases
the decision is based only on the discrepancy
between the sample and the general trend of the
data. These samples, which are flagged somewhat
subjectively, are also reexamined after the curve
fitting.

The retained sample pairs are averaged to give
a single value and a cubic spline function, de-
scribed in detail below, is fitted to these values
plus the low members of pairs with poor agree-
ment and any other retained single flasks. The
samples flagged as not representative of back-
ground conditions are not included in this fit. The
final selected data set is obtained by re-examin-
ing the data with respect to the fitted curve and
the residual standard deviation (RSD) of the
points from the curve. Values falling within
+3*RSD of the curve are retained with no flag.
If a point was previously flagged but falls within
this envelope, the flag is removed. If a point was
not flagged but falls outside this envelope, it is
flagged as being not representative of back-
ground conditions. Low members of pairs with
poor agreement which were initially retained, but
which fall outside +3*RSD are rejected.

As mentioned earlier, this selection scheme was
applied to the 1983-84 data while the selected
data of Komhyr et al. (1985a) were used for 1981~
82. The selection scheme described above rejects
fewer marginal points than the method of Komhyr
et al. (1985a). Examination of the data indicates
that the difference in selection schemes produces
no significant difference in the estimated
amplitudes of the seasonal cycles or the monthly
and annual mean concentrations.

The plots in Fig. 2 show the fitted curves and
the selected data. The flagged values are included
in the plots since they may be valid samples
containing information concerning the CO,
concentration or variability at a site resulting from
local or non-background influences. In this paper
we are concerned with the distribution and
variability of CO, concentration in the remote,
well-mixed, global troposphere, so it is necessary
to remove these local effects which are difficult
to interpret based on the information available.

Samples rejected for poor pair agreement and
obvious sampling errors are not shown in the plots.
For 1983 and 1984, 809, of the data have been
retained as measurements of regionally rep-
resentative, well-mixed air; 109 are rejected due
to poor pair agreement; 4% are rejected due to
sampling errors; and 6% are flagged as not
representing background conditions.

The first few months of 1984 for CHR and CGO
have been extrapolated to enable calculation of
annual means. These extrapolations are based on
comparisons to NZL for CGO and unpublished
SIO data for CHR (C. D. Keeling, personal
communication).

The NOAA/GMCC flask data have been
archived with WMO and the Carbon Dioxide
Information Center (CDIC) at Oak Ridge
National Laboratory, Oak Ridge, Tennessee. The
data archived with WMO are pair averages with
flags distinguishing the categories of our selection
scheme. The CDIC archive contains a complete
listing of individual flask values with flags
indicating the results of our data selection.

3.2. Curve fitting

The analysis of CO, data typically requires
fitting some type of curve to the data. The reasons
for curve fitting are: (1) to aid in data selection and
determination of the scatter or noise in the
atmospheric signal at each site, (2) to interpolate
through missing or unevenly spaced data so that
estimates of monthly, seasonal, or annual values
are weighted properly, (3) to smooth the data so
that estimates of parameters such as the amplitude
and phase of the annual cycle are not dependent on
variations occurring over short (5-10 day) time
scales, and (4) to provide an analytic or at least
continuous function representing the variation of
CO, concentration with time which can be
manipulated mathematically to determine trends
or from which parameterized signals can be
separated.

Curve fitting methods which have been used by
different investigators are a least squares fit
to an oscillating power function (Keeling et al.,
1976a, 1976b); removal of an average seasonal
cycle followed by a least squares fit to a cubic
spline with knots every 12 months to determine the
long-term trend (Komhyr et al., 1985a); non-linear
digital filters to separate components with specific
frequencies (Cleveland et al., 1983); a least squares

Tellus 40B (1988), 2
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fit to a combination of an exponential long-term
trend, a four-harmonic seasonality, and a smooth-
ing cubic spline to the residuals (Bacastow et al.,
1985; Keeling et al., 1985); and the removal of the
seasonal signal determined by the complex de-
modulation technique followed by smoothing of
the residuals with low-pass filters (Thompson et
al., 1986).

While much useful information has been gained
from these techniques, they also have drawbacks.
The cubic spline with knots every 12 months is
subject to end effects and possible phase shifts
(Enting, 1986). Also, the use of cubic splines is not
completely objective because the knot spacing, or
the spline stiffness, in the case of smoothing
splines, can be adjusted until the curve is judged
(usually by eye) to be a satisfactory fit. The
imposition of a parameterized seasonality or long-
term trend, whether an analytical function or an
average determined from several years of data,
may result in poor fitting where the record departs
from the specified form and may not be appro-
priate for sites where the seasonality is
not yet well characterized. This is especially true
when the parameterized form determined for one
location is applied to another location (Keeling et
al.,, 1976a, 1976b). The complex demodulation
technique requires that the record be extended by
one year at the beginning and end, which is not
appropriate for short records.

The method used to obtain the curves in Fig. 2 is
a modification (M. Manning, personal com-
munication) of the smoothing spline {program
SMOOTH) presented by de Boor (1978). This
algorithm finds the piecewise cubic polynomial
function f that minimizes the expression:

N N . %,

) (1)

where y(i) are the data points at times x(/) and
Dy(i) are weights assigned to the data proportional
to their uncertainty. The parameter p determines
whether the fit pays more attention to minimizing
the distance from the data, resulting in more and
sharper curves, or to minimizing its own second
derivative, resulting in a smoother curve. The
problem is to objectively assign a value to p, rather
than varying p until the curve is judged by eye to be
a “good” fit.

Tellus 40B (1988), 2

M. Manning proposed that p be modified until
the residuals y(i) — f(x(i)) meet a statistical cri-
terion, namely the runs test. The runs test counts
the number of sign changes in the series of
consecutive (time ordered) residuals and compares
that to the number expected for a time series of
random numbers, in our case half the number of
observations. If p is large, the number of sign
changes is close to the number of observations as
the curve attempts to reach each data point. If p is
too small, f(z) will be too stiff and there will be few
sign changes. Our assumption is that the noise
does not exhibit serial correlation (has no
“memory”). Therefore, when the residuals meet
the runs test, we have effected a separation of
signal from noise that we believe to be close to
optimal.

Once the curve fits had been obtained, the
residuals were further analyzed for their statistical
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Fig. 4. Frequency distributions of the residuals from the
cubic spline curves for MBC, KUM, and SPO. The
smooth curves are normal distributions with mean =0
and ¢ = RSD for each site. The residuals for MBC and
K UM are normaily distributed while the distribution for
SPO is positively skewed and more sharply peaked than
a normal distribution.
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Table 2. Curve fit parameters and analysis of residuals

RSD  Dy(i) D (rms) s T T Orm
Site  (ppm) (ppm) N r, r r (ppm) N (Wk™') (wk) P (wk) (ppm)
AMS 039 016 304 —005 003 -022 0.2 104 1.5 69 0981 74 004
ASC 064 011 324 —-002 -—0.17 -020 023 77 1.6 48 0994 45 007
AVI 058 013 372 009 -033 —0.15 028 43 1.8 24 0999 29 0.06
AZR 135 016 194 —-001 -007  0.00 0.58 54 09 60 0973 9.1 020
BRW 085 006 207 -004 -0.15 —002 056 23 1.0 23 0966 60 0.12
CBA 1.39 011 281 020 006 019 058 57 1.4 41 0933 87 0.16
CGO 040 0.1 37 004 -009 -025 022 33 1.2 28 0.670
CHR 038 015 51 048 025  0.06 0.28 18 1.3 1.4 0982
CMO 1.5 011 168 -0.07 0.0 0.11 0.77 41 11 3.7 0.908 0.21
GMI 078 012 320 -003 003 -0.11 031 63 1.5 42 0957 78 0.09
HBA 041 012 55 —005 -0.37 007 021 38 05 76 078 9.6 0.08
KEY 102 010 141 011 -002 -007 0.60 29 07 41 0946 93 0.17
KUM 046 011 246 —0.16 -—033 —008 0.27 29 1.2 24 0999 29 0.06
MBC 057 009 323 -0.14 -030 =017 0.33 30 1.6 19 0999 25 006
MLO 051 006 198 —006 -0.09 —0.14 023 49 1.0 49 0903 79 0.07
NWR 093 0.1 208 —0.01 —0.19 -0.15 048 3.8 1.0 38 0991 55 0.3
NZL 098 011 143 009 -—042 —0.19 055 32 14 23 0.999 0.11
PSA 034 012 164 006 -006 000 0.15 52 08 65 0718 159 0.05
SEY 105 016 204 006 0.0l 0.03 0.42 63 1.0 63 0967 95 0.15
SMO 049 012 279  0.17 -004 —0.13 0.21 54 1.3 42 0978 68 0.06
SPO 0.16 008 199 -024 —029 -0.02 0.08 40 1.0 40 0990 50 002
STM 087 008 317 -0.10 -016 —0.15 04l 45 15 30 0993 41 0.10

properties. The serial correlation coefficients at
lags 1 through 3, r,, r,, and r; are not significant
(Table 2). Thus, we can indeed consider the
residuals as mutually independent and the method
is self consistent in this regard. Histograms of the
residual distributions were constructed which
suggested that the residuals were distributed
normally with mean=0 and ¢=RSD. The
distributions for MBC, KUM, and SPO are shown
as examples in Fig. 4.

The Kolmogorov-Smirnov goodness of fit test
showed that, for all sites but SPO, the residual
distributions are normal. The distribution for SPO
is positively skewed (more points above the best fit
curve than below, Fig. 2(v}) and is more sharply
peaked than a normal distribution. That we end up
with normal distributions is, of course, partly due
to the initial selection procedure. Wtihout selec-
tion the distributions would look somewhat
normal, but with very long tails.

The curve fit parameters and the results of the

statistical analysis of the residual series for each
site are given in Table 2. The residual standard
deviation is an output of the program and we
interpret it as a measure of the scatter due to real
atmospheric variability at each site. It is much
larger than the values we assigned to Dy(i). At
each site we made Dy(/) an estimate of the
analytical precision of the measurements by
calculating the average pair difference, DF,
between members of sample pairs for the four
years and setting Dy(i)=D_F/(2)J" for all i. This
turned out to be of no importance because, as long
as all Dy(i) are equal, assigning a value amounts to
scaling the parameter p. For different Dy(i) the
algorithm will find a different numerical value
of p that corresponds to the same amount of
smoothing.

From this analysis, we concluded that the best
fit curves produced by this modified smoothing
cubic spline have picked up the signal present in
the data and that the residuals are independent

Table 3—footnote

The values in the columns labelled Data and g, are the means and sample standard deviations calculated directly
from the flask sample data. The number of data points used is in the column labelled N. The mean values and
statistical uncertainties calculated from the best fit curves, as described in the text, are in the columns labelled

Spline and o,.
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Table 3. Monthly and annual mean atmospheric CO, concentration in ppm above 300 ppm

AMS ASC AVI
Data oy N Spline o, Data o, N Spline o, Data a4 N Spline o,
1981 Jan 386 04 7 385 02 395 08 393 02 412 07 6 413 0.2
Feb 383 09 5 384 02 388 06 39.0 02 419 05 8 419 0.2
Mar 386 038 S 387 02 397 07 394 02 424 08 5 426 0.3
Apr 392 05 11 39.1 0.1 396 038 39.6 02 439 05 7 439 0.2
May 396 04 6 394 02 390 04 39.1 02 432 10 6 43.1 0.2
Jun. 395 06 9 395 02 392 03 39.2 0.2 418 07 S 420 0.3
Jul 39.7 06 11 396 0.1 404 13 40.1 03 409 14 8 40.8 0.2
Aug 396 0.5 7 397 02 407 07 40.9 02 374 13 5 3717 0.3
Sep 397 03 8 397 02 409 07 40.8 0.2 367 1.1 8 36.6 0.2
Oct 397 02 8 397 02 402 05 40.3 0.2 356 07 3 362 0.4
Nov 399 04 5 398 02 403 06 40.2 02 387 04 4 382 0.3
Dec 399 03 10 398 02 397 04 39.8 0.2 392 04 2 398 0.4
Annual 394 06 92 3935 0.05 398 07 72 39.82 0.06 402 27 67 4033 0.07
1982 Jan  39.0 1 396 04 397 03 39.7 0.2 421 04 8 421 0.2

Feb 39.2 400 04 39.8 03 433 09 13 431 0.2

200 WO R B WD N0 OO0 LWL N

Mar 388 04 7 389 0.1 400 03 40.1 02 431 0.7 18 431 0.1
Apr 389 03 5 388 02 410 038 40.7 02 438 03 12 438 0.2
May 388 0.3 8 388 0.1 410 06 41.0 02 440 04 12 439 0.2
Jun 391 03 10 39.1 0.1 410 06 409 02 430 04 16 43.1 0.1
Jul. 395 05 6 394 0.1 404 0.2 41.0 03 407 1.1 15 407 0.1
Aug 398 02 7 397 0.1 420 02 41.6 02 373 09 10 375 0.2
Sep 397 04 9 398 01 411 05 414 02 36t 09 14 362 0.1
Oct 399 04 8 398 01 414 04 41.2 02 379 06 14 377 0.1
Nov 398 03 7 39.7 0.1 407 05 40.8 02 390 06 8 39.1 0.2
Dec 398 05 9 398 0.1 406 03 40.6 02 414 04 4 41.2 0.3
Annual 394 05 77 3938 004 407 07 66 4073 0.06 410 28 144 4094 0.05
1983 Jan 399 0.3 9 400 01 412 1.0 8 41.2 03 419 06 9 4138 0.2
Feb 40.2 05 7 40.2 0.1 421 1.0 6 41.9 03 432 07 7 43.0 0.2
Mar 405 06 6 405 0.1 414 1.1 8 41.8 03 446 09 8 447 0.2
Apr 407 0.3 8 406 01 425 09 7 422 03 454 05 7 452 0.2
May 406 04 7 40.7 0.1 425 1.2 8 426 03 436 08 9 438 0.2
Jun 409 03 8§ 41.0 01 432 06 7 432 03 450 05 9 448 0.2
Jul 414 02 8§ 413 0.1 434 05 8 434 03 423 09 6 425 0.2
Aug 416 03 7 41.6 01 433 08 9 432 03 390 1.1 7 390 0.2
Sep 418 0.2 6 41.8 01 430 07 7 432 03 401 1.2 7 401 0.2
Oct 41.7 0.2 6 41.8 0.1 434 09 9 432 03 396 05 7 39.6 0.2
Nov 420 03 4 419 02 431 05 7 432 03 388 09 4 389 0.3
Dec 419 04 9 420 01 431 07 9 431 03 414 09 3 405 0.3
Annual 41.1 0.7 85 41.11 004 427 0.8 93 4267 008 421 23 83 4197 006
1984 Jan 419 04 7 421 0.1 430 0.7 8 43.0 03 431 0.7 9 431 0.2
Feb 425 03 6 421 02 425 06 7 425 03 49 05 4 445 0.3
Mar 41.7 04 8 419 01 420 0.5 8 422 03 451 13 6 45.1 0.3
Apr 416 03 5 41.6 02 423 09 7 423 03 471 1.0 6 46.8 0.3
May 41.7 05 6 41.7 02 432 09 8 431 03 477 04 7 417 0.2
Jun 42.1 438 03 7 439 03 466 1.0 6 46.7 0.3
Jut 428 05 5 426 02 449 11 8 447 03 424 15 6 433 0.3
Aug 428 0.1 4 428 02 452 07 8 451 03 399 1.0 6 398 0.3
Sep 427 0.2 6 42.7 02 437 0.6 8§ 4.1 03 384 07 4 384 0.3
Oct 424 0.1 2 426 03 444 06 9 443 0.2 394 13 8 395 0.2
Nov 427 49 09 8 449 03 408 10 9 408 0.2
Dec 432 1 43.0 04 441 13 7 444 03 433 13 7 431 0.2
Annual 423 06 50 4233 0.05 437 1.1 93 4371 0.07 432 3.1 78 4322 0.07
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Table 3—continued

AZR BRW CBA
Data g, N Spline o, Data o4 N Spline o, Data o4 N Spline g,
1981 Jan 397 13 8 40.1 04 449 05 2 449 06 439 04 9 440 0.4
Feb 418 1.2 8 419 0.4 45.0 448 0.8 S 4438 0.5
Mar 443 09 S 434 06 455 0.5 3 457 05 454 05 S 457 0.5
Apr 434 06 3 438 0.7 467 0.6 2 468 06 464 06 S 46.2 0.5
May 435 08 2 428 09 462 02 3 466 05 452 0.7 9 450 0.4
Jun 397 28 4 40.2 06 435 20 3 431 05 415 1.6 8 4l.1 0.4
Jul 372 L8 5 372 06 337 26 2 362 06 355 24 6 357 04
Aug 35.8 1 350 1.3 310 19 4 314 04 312 1.7 6 325 0.4
Sep 333 0S5 3 345 0.7 330 20 4 330 04 329 22 7 339 04
Oct 365 1.2 5 358 06 387 25 3 382 05 399 20 3 382 0.6
Nov 38.7 1.6 5 382 06 421 09 6 422 03 424 08 8 419 04
Dec 404 19 5 404 06 449 09 S 446 04 443 09 7 440 04
Annual 395 34 54 3941 017 409 58 37 4144 0.13 4i.1 52 78 4104 0.12
1982 Jan 41.8 0.7 5 421 07 459 09 6 462 03 454 13 8 454 0.5
Feb 433 1.2 4 436 07 478 05 3 474 04 461 1.1 8 464 0.5
Mar 441 13 2 452 1.0 478 04 6 478 03 473 06 8 474 0.5
Apr 466 04 4 459 07 475 03 4 477 04 479 09 9 48.0 0.5
May 44.2 26 4 446 0.7 476 0.7 5 475 03 474 1.0 6 46.7 0.6
Jun 432 1.6 4 412 0.7 441 20 4 449 04 437 18 6 424 0.6
Jul 354 3.1 6 36.7 06 392 1.7 S 391 0.3 360 25 7 363 0.5
Aug 338 1.7 4 342 0.7 323 14 4 335 04 307 1.3 5 322 0.6
Sep 342 14 4 355 0.7 334 1.8 4 332 0.4 326 32 9 330 0.5
Oct 41.1 0.7 5 392 0.7 392 22 5 379 03 385 19 3 374 0.8
Nov 422 1.8 3 427 08 429 0.7 3 423 04 425 1.6 4 419 0.7
Dec 448 09 S 446 0.7 42 1.0 4 447 04 448 1.1 4 449 0.7
Annual 41.2 43 S50 4126 021 427 55 53 4265 040 419 6.0 77 41.79 0.15
1983 Jan 446 1.4 5 453 05 467 1.0 3 463 06 468 09 5 463 0.6
Feb 463 1.2 5 454 05 468 0.5 3 470 06 464 0.7 5 46.7 0.6
Mar 446 14 5 453 05 476 05 4 475 05 460 03 4 47.] 0.7
Apr 458 0.7 4 454 06 480 04 7 48.0 04 477 0.7 9 474 0.5
May 454 03 4 4590 06 480 03 6 48.1 04 465 0.7 5 462 0.6
Jun 439 03 2 434 09 469 0.7 4 46.1 0.5 438 20 5 425 0.6
Jul 411 1.1 3 410 0.7 401 22 4 400 0.5 353 34 4 378 0.7
Aug  38.1 1.1 3 388 07 333 13 2 344 07 332 03 2 356 1.0
Sep 379 1.8 5 384 0.5 344 27 5 351 04 379 3.1 4 377 0.7
Oct 398 1.1 5 402 05 41.1 21 4 40.7 0.5 439 18 4 418 0.7
Nov 449 05 3 427 0.7 455 1.4 S 451 0.4 458 0.6 2 450 1.0
Dec 440 19 3 448 0.7 464 1.1 4 472 05 463 09 4 468 0.7
Annual 430 3.0 47 4296 0.18 437 53 51 4377 014 433 50 53 4337 0.20
1984 Jan 462 2.0 6 46.4 0.6 49.3 1.6 6 49.0 04 479 1.4 6 48.1 0.7
Feb 476 1.3 3 473 0.9 50.1 0.6 5 499 0.4 49.7 0.7 5 493 0.8
Mar 474 18 6 476 06 495 05 5 49.7 04 492 1.8 S 498 0.8
Apr 46.1 06 2 474 1.1 493 02 5 496 04 494 0.5 4 497 09
May 479 1.3 4 468 08 502 04 18 501 02 487 13 S 482 0.8
Jun 451 24 4 448 08 484 12 4 474 04 454 30 6 442 0.7
Jul 413 3.0 4 419 08 398 27 5 40.7 04 382 1.7 6 395 0.7
Aug 39.8 355 06 4 36.1 04 375 20 7 376 0.6
Sep 388 08 4 394 0.8 360 07 2 371 06 386 33 7 393 0.6
Oct 413 1.6 S 409 0.7 417 3.0 4 411 04 447 12 5 433 0.8
Nov 444 1 435 1.6 443 03 4 46 04 467 1.1 8 46.8 0.6
Dec 465 1.7 4 46.5 08 476 1.5 4 477 04 49.1 2.1 9 488 0.6
Annual 448 30 43 4435 024 451 55 66 4522 0.11 454 47 73 4535 020
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Table 3—continued

CGO CHR CMO

Data gy N Spline o Data oy N Spline o, Data ay N Spline o,

1981 Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Annual
1982 Jan 42,7 09 2 431 0.8
Feb 44.4
Mar 453 1.5 2 454 0.8
Apr 457 0.9 4 456 06
May 450 1.1 4 444 0.6
Jun 41.5 1.6 7 417 0.4
Jul 377 1.6 8 383 0.4
Aug 345 05 5 359 0.5
Sep 362 1.7 4 36.1 0.6
Oct 387 09 4 38.1 0.6
Nov 420 19 3 403 0.6
Dec 419 09 4 420 0.6
Annual 41.0 38 47 4126 0.17
1983 Jan 433 1.5 6 435 0.7
Feb 450 1.3 6 448 0.7
Mar 453 1.5 6 46.0 0.7
Apr 474 23 5 466 0.8
May 46.1 2.2 6 453 0.7
Jun 417 20 4 424 0.9
Jul 41.0 1 394 1.8
Aug 368 20 4 376 0.9
Sep 374 29 6 382 0.7
Oct 425 24 3 410 1.0
Nov 439 1.6 5 444 0.8
Dec 485 1.3 6 470 0.7
Annual 432 36 58 4300 024
1984 Jan 40.9 44.2 45.9 1 47.7 1.6
Feb 40.8 44.7 46.8 1.1 7 476 0.6
Mar 40.9 453 0.2 4 455 2 477 14 7 4719 0.6
Apr 41.1 0.1 4 411 02 467 04 6 464 0.2 489 1.2 7 483 0.6
May 414 0.1 4 415 0.2 463 09 7 463 0.1 477 1.7 5 472 0.7
Jun 418 04 4 420 02 453 04 6 455 0.2 454 27 5 444 0.7
Jul 427 06 6 424 0.2 448 03 7 449 0.1 40.6 2.4 5 414 0.7
Aug 427 1 428 04 443 04 S 443 02 398 23 4 400 0.8
Sep 432 04 6 43.0 02 437 04 4 437 02 405 22 4 402 0.8
Oct 434 06 2 431 03 433 04 4 434 0.2 415 16 6 419 0.7
Nov 427 0.2 6 430 0.2 437 04 3 439 0.2 453 05 7 448 0.6
Dec 430 04 4 429 02 448 0.6 5 4438 02 489 23 5 482 0.7
Annual 424 08 37 4203 007 448 1.1 51 4479 005 449 34 63 4496 0.20
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Table 3—continued

GMI HBA KEY
Data o4 N Spline g, Data o4 N Spline o Data oy N Spline o,
1981 Jan 400 1.1 7 402 03 42.1 1 424 1.0
Feb 421 09 9 420 03 427 1 432 1.0
Mar 435 05 6 432 0.4 45.0 1 441 1.0
Apr 434 08 8 436 03 42 13 2 46 07
May 439 09 6 437 04 44.8 1 444 1.0
Jun 432 10 8 432 03 4.0 1 434 1.0
Jul 419 14 8 418 03 41.6
Aug 398 04 4 398 04 395 35 2 394 07
Sep 379 09 7 384 03 37.3 08 2 381 0.7
Oct 390 08 6 386 04 39.0 1 384 1.0
Nov 39.7 08 4 396 04 39.7
Dec 410 07 7 406 03 419 1.0 2 413 0.7
Annual 413 20 80 4121 010 421 27 14 4171 028
1982 Jan 414 04 6 417 03 427 03 3 428 0.4
Feb 432 0.7 5 428 04 438
Mar 434 1.0 4 434 04 44 04 44.7 0.4
Apr 436 04 8 438 0.3 451 1.0 450 05
May 44.1 03 6 440 03 45.9 44 07
Jun 431 1.2 7 432 03 426 0.1 429 05
Jul 417 08 6 415 0.3 416 0.6 406 0.5
Aug 388 19 4 390 04 38.3 384 07
Sep 365 09 7 370 0.3 365 1.5 37.5 0.5
Oct 374 16 4 369 04 379 382 07
Nov 38.1 13 6 383 03 399 06 39.8 0.5
Dec 402 0.7 7 399 03 415 1.0 416 05

Annual 41.0 2.7
1983 Jan 410 0.8
Feb 424 09
Mar 437 04
Apr 448 09
May 457 05
Jun 458 0.3
Jul 440 038
Aug 420 1.3

-
=
'
S
¥
4
e
=

415 31 2
39.7 03 4438
39.9 02 439

3
2
1
2
2
1
2
1
2
2
1 R
1 433 0.7
1 445 0.7
X : X 2 454 0.5
40.6 0.2 458 04 3 46.0 0.4
41.1 0.2 47.0 1 46.1 0.7
41.6 0.2 46.8 1 45.2 0.7
!
2
1
2
1
1
7
2
1
2
2
2
2
4
9

£
oo
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W
&
wv
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. 419 03 438 433 0.7
419 0.3 42.2 41.1 1.1 41.4 0.5

Sep 395 15 40.0 03 424 06 4 423 0.2 404 40.3 0.7
Oct 399 1.2 40.0 03 422 04 4 424 02 398 1.0 40.3 0.5
Nov 412 038 41.0 03 423 02 4 423 02 418 41.5 0.7
Dec 422 07 42.1 03 425 05 4 422 02 434 43.4 0.7
Annual 427 21 . 413 1.1 37 4136 0.06 436 24 17 4339 0.16
1984 Jan 43.1 0.9 43.1 02 419 08 5 420 02 461 02 45.2 0.8
Feb 440 1.0 44.0 03 418 05 3 418 03 46.1 46.3 1.1
Mar 45 07 448 03 414 02 2 418 03 470 26 47.1 0.8

Apr 463 05
May 468 06
Jun 46.7 0.6
Jul 457 03
Aug 436 09
Sep 415 1.7
Oct 418 038
Nov 43.1 0.7
Dec 438 08
Annual 442 1.8

46.0 0.3 41.8 472 09
46.8 02 422 42.0 05 479 05
46.7 0.3 423 469 0.0
45.5 0.3 42.6 437 038 4.2 0.6
43.7 03 426 1 429 05 423 07 42.0 04
42.0 0.3 43.2 406 1.0 16 41.1 0.3
41.7 03 438 04 43.4 03 430 15 21 426 03
427 03 434 43.6 05 447 13 12 446 0.3
43.8 03 434 0.1 43.6 03 456 15 16 457 0.3
4423 008 426 09 18 4258 0.1 451 23 8 4503 0.12

41.7 0.8
415 0.8
46.4 0.8
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Table 3—continued

KUM MBC MLO
Data o, N Spline o, Data ¢4 N Spline o, Data ay N Spline o,
1981 Jan 40.7 0.6 4 410 03 442 04 4 4.1 0.3 39.0 1 40.0 04
Feb 418 0.7 4 418 03 452 09 3 450 0.4 41.5
Mar 423 0.7 2 429 04 454 0.7 7 455 0.2 42.6
Apr 448 1 444 0.5 46.1 09 4 46.0 0.3 43.2
May 438 04 4 4.1 03 459 0.5 4 462 03 434 04 2 431 0.3
Jun 438 09 18 43.1 0.1 456 038 7 459 02 423 04 2 419 0.3
Jul 392 1.2 S 395 0.2 389 3.0 10 392 0.2 398 1.0 4 40.3 0.2
Aug 375 07 11 374 0.2 324 03 3 326 0.4 393 05 8 38.7 0.2
Sep 368 08 4 367 03 342 1.3 7 341 02 373 02 3 375 03
Oct 377 12 4 378 0.3 383 1.7 4 382 0.3 37.2 05 5 375 0.2
Nov 393 08 5 392 0.2 414 1.1 8 414 0.2 391 09 3 386 0.3
Dec 403 08 5 402 02 40 1.2 9 440 0.2 401 06 4 399 0.2
Annual 40.7 27 67 4064 006 418 48 70 4181 007 397 2.1 32 40.39 0.08
1982 Jan 414 0.7 7 416 0.1 460 0.9 3 459 03 409 04 5 41.1 03
Feb 426 06 5 426 0.2 460 0.7 7 46.1 0.2 423 0.6 S 423 0.3
Mar 441 04 5 40 02 469 0.2 3 466 03 41 03 3 434 0.3
Apr 444 0.2 7 444 0.1 473 0.6 5 473 0.2 438 06 6 439 0.2
May 450 0.5 5 450 02 474 04 8 474 02 439 04 4 438 03
Jun 430 1.1 4 433 0.2 457 1.2 9 459 0.2 432 0.1 2 430 0.4
Jul 410 09 3 409 0.2 401 1.1 6 398 02 416 0.6 5 414 0.3
Aug 382 1.0 5 383 02 330 038 9 340 02 391 1.7 3 393 03
Sep 370 09 4 369 02 336 1.1 8 335 02 376 08 4 1376 0.3
Oct 374 11 4 375 02 374 10 8§ 372 02 375 1.2 4 3715 03
Nov 394 0.6 5 395 02 414 15 6 41.2 0.2 389 1.0 3 388 0.3
Dec 413 0.8 4 41.1 0.2 439 1.1 8 442 02 403 1.2 5 403 0.3
Annual 41.2 27 58 4124 005 424 53 80 4240 0.06 41.1 2.4 49 41.02 0.08
1983 Jan 420 06 5 419 02 471 05 8 47.0 0.2 418 0.6 4 41.6 0.3
Feb 435 0.7 3 434 03 466 08 7 467 0.2 423 03 4 423 0.3
Mar 450 06 4 449 03 478 0.5 9 477 0.2 427 08 5 432 0.2
Apr 454 0.6 6 455 0.2 477 0.2 8 477 0.2 454 07 4 448 0.3
May 462 0.1 7 46.2 02 480 04 7 4719 02 457 03 4 456 0.3
Jun 49 09 4 45.1 03 468 04 8 464 02 450 07 5 450 0.2
Jul 419 1.9 4 420 0.3 398 1.3 6 405 03 435 1.5 3 432 0.3
Aug 389 1.6 4 392 0.3 344 1.5 8 345 0.2 411 1.0 4 41.1 0.3
Sep 382 08 4 382 03 345 16 7 349 02 396 04 5 397 02
Oct 406 0.8 8 40.1 0.2 393 1.0 8 395 02 398 06 4 398 0.3
Nov 41.1 0.1 3 414 03 448 09 4 447 0.3 407 07 4 408 0.3
Dec 433 038 4 431 03 465 1.0 5 471 0.3 424 07 5 423 0.2
Annual 426 26 56 4258 007 436 52 85 4368 006 425 21 51 4245 0.08
1984 Jan 437 0.7 4 438 02 494 06 5 493 03 435 06 4 435 0.3
Feb 454 0.3 4 453 0.2 50.1 05 9 50.1 0.2 442 0.2 4 442 0.3
Mar 460 0.2 4 460 0.2 498 05 7 498 0.2 448 04 4 452 0.3
Apr 476 06 4 475 02 492 0.2 8 493 02 464 05 14 463 0.1
May 47.7 06 5 478 02 501 04 5 50.1 03 470 06 12 469 0.1
Jun 463 1.0 4 46.5 0.2 482 1.0 9 48.1 02 462 04 4 46.2 0.3
Jul 436 2.2 5 437 02 423 18 8 424 02 446 08 4 46 0.3
Aug 403 1.3 4 404 02 363 08 8 36.6 0.2 427 0.6 5 427 0.2
Sep 399 0.7 8§ 40.0 0.2 37.1 1.0 7 371 0.2 405 0.2 3 414 0.3
Oct 414 06 10 414 0.1 4.0 22 8 409 0.2 415 03 4 414 0.3
Nov 427 08 8 426 02 443 02 8 445 0.2 426 0.7 4 424 0.3
Dec 443 09 5 444 02 479 18 6 48.1 03 436 0.7 4 436 0.3
Annual 441 27 65 4409 005 455 51 88 4548 007 440 20 66 4401 0.06
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Table 3—continued

NWR NZL PSA
Data o4 N Spline o, Data o, N Spline o, Data a, N Spline o,
1981 Jan 409 1.1 5 408 0.4 389 0.1 2 386 03
Feb 426 0.5 2 425 0.6 387 06 2 3838 0.3
Mar 43.0 1 432 0.8 39.1
Apr 435 1 432 08 388 03 2 395 0.3
May 412 1.2 3 420 0.5 400 04 3 399 0.2
Jun 400 19 7 395 0.3 402 04 S 403 0.2
Jul 365 1 3.7 08 407 0.5 6 406 0.2
Aug 340 1 348 08 408 0.5 3 409 02
Sep 356 07 2 353 0.6 409 05 3 410 0.2
Oct 379 09 7 379 0.3 413 04 3 41.0 0.2
Nov 405 0.8 6 40.6 0.3 408 04 4 408 0.2
Dec 419 05 6 419 0.3 40.7 03 3 405 0.2
Annual 398 3.1 42 3985 0.12 402 09 36 4008 0.07
1982 Jan 423 08 4 424 0.4 40.1
Feb 445 0.2 2 436 0.5 40.0 0.2 2 397 0.2
Mar 448 1.0 6 449 03 386 03 3 394 02
Apr 449 0.7 5 45.2 0.3 39.3 05 3 392 0.2
May 437 13 7 438 0.3 39.6 1 392 0.3
Jun 411 2.1 8 404 0.3 392 03 4 394 0.2
Jul 37.5 03 4 367 0.4 395 0.2 5 396 0.2
Aug 348 038 6 350 03 399 0.1 4 399 02
Sep 370 09 4 36.7 0.4 40.3 0.1 4 40.1 0.2
Oct 397 1.2 4 395 04 40.4 0.2 5 40.2 0.2
Nov 40.7 0.7 5 40.7 0.3 40.3 0.1 4 40.1 0.2
Dec 414 1.1 3 416 0.4 397 08 2 399 0.2
Annual 41.0 33 58 4087 0.10 397 06 37 39.74 0.06
1983 Jan 431 1.1 3 434 07 397 13 5 394 03 397 02 6 39.7 0.1
Feb 448 1.3 4 46 0.6 406 0.2 3 408 0.4 394 0.2 5 396 0.1
Mar 459 14 3 455 0.7 40.7 09 5 40.7 0.3 396 05 5 397 0.1
Apr 459 04 3 458 0.7 406 08 2 40.6 0.5 39.8 0.2 2 400 0.2
May 441 1.2 3 45 0.7 405 08 5 404 0.3 406 0.2 5 404 0.1
Jun 426 2.1 5 422 0.5 396 1.2 6 395 0.3 408 0.2 5 409 0.1
Jul 395 1.6 3 396 0.7 413 0.2 4 409 0.3 414 03 5 414 0.1
Aug 365 2.3 7 369 0.4 40.7 1.1 7 405 0.3 420 0.2 6 41.8 0.1
Sep 378 22 6 37.2 05 406 15 6 412 0.3 42.1 0.1 5 420 0.1
Oct 407 0.6 9 405 04 414 02 3 417 04 422 00 5 421 0.1
Nov 441 1.2 7 435 04 408 12 14 409 02 422 0.2 7 421 0.1
Dec 46.3 0.8 8 459 0.4 42.1 04 12 421 0.2 420 0.2 S 420 0.1
Annual 426 33 61 4246 0.15 407 07 72 4071 008 41.0 1.1 61 4099 0.03
1984 Jan 455 1.5 5 459 04 425 1.7 9 423 0.4 421 1 418 0.5
Feb 461 1.4 4 463 0.5 418 20 8 41.7 04 413 00 2 417 0.3
Mar 480 03 4 477 0.5 422 1.5 5 422 0.6 41.6 1 417 0.5
Apr 481 1.3 3 484 0.5 419 1.5 S 421 0.6 41.7 03 2 418 0.3
May 484 1.3 S 483 04 420 1.0 5 424 0.6 417 1 420 0.5
Jun 458 1.0 4 452 0.5 427 1.0 4 417 06 422 00 2 423 0.3
Jui 394 22 4 403 0.5 413 29 6 41.6 0.5 426 04 3 427 0.3
Aug 381 04 2 385 0.7 436 1.1 2 427 09 434 03 2 431 0.3
Sep 403 0.6 4 406 0.5 421 05 8§ 422 0.4 43.5
Oct 435 0.7 4 433 0.5 430 0S5 5 428 06 438 03 4 438 0.2
Nov 450 04 3 4438 0.5 422 21 8 423 04 442 07 5 439 0.2
Dec 457 09 S 457 04 434 05 6 432 0.5 437 07 7 438 0.2
Annual 445 35 47 457 014 424 07 71 4227 0.14 426 1.0 30 4267 0.08
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Table 3—continued

SEY SMO SPO

Data o, N Spline o, Data o4 N Spline o, Data o4 N Spline o,

1981 Jan 416 04 7 416 02 394 05 7 395 02 375 03 2 376 02
Feb 413 0.2 4 419 03 397 0.7 6 396 02 377 1 377 02

Mar 424 06 7 418 02 400 09 8 398 02 376 1 376 02

Apr 40.7 1.3 5 409 0.3 394 0.7 6 394 0.2 37.8 1 378 0.2
May 39.1 04 3 398 03 389 07 8 390 02 380 03 7 3719 01

Jun 395 0.7 3 392 03 389 04 6 389 02 380 0.0 2 381 0.2

Jul 391 04 6 390 02 391 05 10 390 02 388 05 3 387 0.1

Aug 38.8 392 04 6 39.1 02 393 02 5 393 0.1

Sep 388 09 3 390 03 389 02 4 391 03 393 0.1 4 394 01

Oct 394 0S5 7 394 02 392 07 5 392 02 394 03 4 393 01

Nov 399 02 4 399 03 397 03 5 395 02 393 02 S 393 01

Dec 406 04 4 405 03 396 03 6 397 02 391 03 4 39.1 0.1
Annual 40.2 12 53 40.13 008 393 04 77 3931 006 385 08 39 3848 003
1982 Jan 413 09 6 413 02 402 03 10 403 02 389 03 5 389 01
Feb 421 08 7 421 0.2 411 09 6 41.0 02 384 00 3 386 0.1

Mar 424 08 6 421 02 412 03 6 41.0 0.2 384 0.1 4 384 0.1

Apr 409 07 7 413 02 404 08 9 404 02 387 02 4 387 01

May 40.4 394 06 8§ 397 02 389 o0l 5 389 01

Jun 399 03 4 400 03 399 04 8 399 02 390 0.1 4 390 0.1

Jul 396 06 5 398 03 402 05 10 403 02 394 0.1 4 393 0.1

Aug 399 02 4 398 03 408 03 5 404 02 398 01 3 398 0.1

Sep 399 05 8 398 02 400 0.1 3 403 03 400 0.1 4 40.1 0.1

Oct 394 1.2 3 398 04 401 03 5 402 02 401 02 6 40.1 0.1

Nov 400 06 7 399 02 403 02 4 403 03 398 0.2 7 399 01

Dec 402 0.1 2 40.1 04 406 04 6 40.6 02 398 0.1 4 397 0.1
Annual 40.5 1.0 59 4051 008 404 05 80 4035 006 393 06 53 3928 0.02
1983 Jan 404 1.4 3 4.6 09 407 06 6 407 02 396 0.1 4 396 0.1
Feb 410 1.8 8 414 05 407 04 8§ 407 01 395 02 4 395 0.1

Mar 433 07 7 422 06 406 0.1 4 406 02 395 0.1 4 395 01

Apr 408 19 7 41.6 0.6 407 05 10 407 0.1 400 0.2 4 399 0.1
May 414 14 3 407 09 415 06 8 41.3 01 405 02 4 404 0.1

Jun 401 1.2 6 400 06 419 0.6 8§ 419 01 405 0.1 4 406 0.1

Jul - 391 1.1 4 397 08 420 03 10 420 01 410 01 5 410 0.1

Aug 395 1.2 4 403 0.8 418 03 4 418 0.2 416 02 4 415 0.1

Sep 427 06 2 412 1.1 416 03 5 41.7 02 417 0.1 4 418 01

Oct 41.6 420 05 4 418 0.2 418 0.1 4 418 0.1

Nov 416 13 2 419 1.1 418 04 4 419 02 418 0.1 5 418 0.1

Dec 423 24 5 426 07 421 02 4 423 02 417 00 5 417 0.1
Annual 41.1 1.3 51 41.14 021 415 06 75 4145 005 408 1.0 51 4075 0.0l
1984 Jan 436 1.6 5 434 06 432 03 5 430 02 416 04 4 416 0.1
Feb 436 25 2 437 1.0 434 04 4 435 03 416 1 416 02

Mar 43.7 442 0.7 3 437 03 414 03 5 414 01

Apr 43.6 437 1.1 3 435 03 413 00 4 414 0.1
May 43.6 424 04 3 429 03 414 02 4 415 0.1

Jun 428 0.7 2 437 1.0 426 03 5 426 02 418 02 5 41.8 0.1

Jul 446 1.3 9 442 05 429 063 4 429 03 421 03 4 4206 01

Aug 444 14 9 444 05 436 03 4 434 03 425 01 4 426 0.1

Sep 438 1.2 6 44.1 06 437 04 5 436 0.2 430 02 5 430 0.1

Oct 438 1.5 4 438 0.7 434 04 4 435 03 430 0.1 4 430 01

Nov 43.6 433 04 3 435 03 429 03 5 430 0.1

Dec 433 19 4 433 0.7 440 0.6 4 441 03 428 02 11 429 0.1
Annual 437 0.6 41 4375 021 434 05 47 4335 007 421 07 56 4213 003
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Table 3—continued

STM
Data a4 N Spline o,
1981 Jan 437
Feb 445
Mar 456 0.7 4 453 0.5
Apr 456 0.6 7 45.6 0.4
May 460 07 6 462 0.4
Jun 4438 23 9 446 0.3
Jul 375 1.6 8 373 0.3
Aug 327 1.0 10 330 0.3
Sep 360 1.8 7 355 0.4
Oct 393 22 8 1395 0.3
Nov 432 1.4 9 429 0.3
Dec 433 1.0 2 441 0.7
Annual 41.6 45 72 4182 0.11
1982 Jan 447 1.0 3 446 0.4
Feb 453 0.3 6 454 0.3
Mar 460 0.4 7 459 03
Apr 460 06 8 46.0 0.2
May 457 1.2 6 458 0.3
Jun 447 08 4 446 0.3
Jul 383 34 3 386 0.4
Aug 326 1.0 9 327 0.2
Sep 334 1.7 9 331 02
Oct 384 1.6 6 378 03
Nov 427 1.8 7 420 0.3
Dec 440 13 6 443 0.3
Annual 41.8 49 74 41.69 0.08
1983 Jan 450 08 9 448 0.3
Feb 446 13 4 451 0.4
Mar 463 1.0 5 46.4 0.4
Apr 471 0.6 5 470 0.4
May 461 09 10 46.2 0.3
Jun 445 1.7 7 444 0.3
Jul 387 1.9 9 388 0.3
Aug 338 1.2 8 339 0.3
Sep 351 20 8 352 0.3
Oct 413 1.3 6 40.] 0.3
Nov 44.1 1.3 8 439 0.3
Dec 458 0.7 6 46.1 0.3
Annual 427 45 85 4262 0.09
1984 Jan 476 1.0 7 415 0.4
Feb 47.7 1.2 7 478 0.4
Mar 48.7 0.9 7 486 0.4
Apr 49.0 1.5 8 491 0.4
May 477 14 9 477 0.3
Jun 452 15 7 453 0.4
Jul 408 24 9 40.6 0.3
Aug 357 07 8 36.0 04
Sep 386 29 7 384 0.4
Oct 429 13 3 424 0.6
Nov 448 1.0 7 448 0.4
Dec 47.1 09 7 410 0.4
Annual 447 43 86 4457 0.11

T. J. CONWAY ET AL.

and represent randomly and normally distributed
noise. It follows from this that the standard error
associated with the mean CO, concentration for a
given interval qf time (month, season, year) is
6,= RSD/(N())?, where N(i) is the number of
samples in the interval i. The monthly and annual
means calculated using daily values from the
curves and the standard errors calculated using the
expression above are given in Table 3. The means
and sample standard deviations (o,) calculated
directly from the selected flask data are also given
in Table 3. The mean values and uncertainties
obtained from the best fit curves represent our best
estimates of these parameters. Monthly and
annual means calculated directly from the data are
subject to incorrect weighting due to unevenly
spaced data. The interpolating feature of the
smoothing spline eliminates this problem. In
addition, the uncertainties, o, calculated from
the curve fitting analysis are due only to the
residual random noise. We emphasize that the g,
are statistical uncertainties. They are not absolute
uncertainties and do not take into account
possible systematic errors or biases. Note that g,
also includes the variation due to seasonality, so it
is not a good measure of how well a mean value is
determined.

While the residual standard deviation is a good
measure of the scatter of the individual data
points, the cubic spline curve itself is actually
better determined than +RSD. To demonstrate
this we took the best fit curve points at the actual
sample dates and added noise having a random,
normal distribution with g =0 and ¢ = RSD. We
then fit a curve to these newly obtained points and
calculated the root mean square (RMS) difference
between the artificial curve and the original best
fit to the data. The mean RMS difference, D (rms),
calculated for each site from 10 artificial data sets
is given in Table 2. This value is a measure of the
uncertainty at any point of the best fit curve due to
the scatter of the data. Examples of the curves
generated with randomized noise are shown in
Fig. 5. Since this empirically determined value can
be thought of as the standard error of a point on the
curve we can write

D (rms) = RSD/(N,q)", )

where N is the effective number of data points
used to determine a point on the curve. This
equation has been solved for N, at each site
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rre)

Fig. 5. Examples of the family of curves generated by
applying random noise with mean =0 and ¢ = RSD to
the best fit curves to the data, and then fitting a curve to
the artificial data. Each example shows ten artificial
curves in addition to the original best-fit curve.

(Table 2). From N, and the average sampling
frequency at each site, f (Table 2), the effective
averaging time, or bandwidth, of the cubic spline
fit, T, is calculated. The averaging time thus
calculated varies from 2 to 7 weeks with an
average of about |1 month.

After we had performed the above described
Monte Carlo calculations to determine the stan-
dard error of the curves, we found an expression
for the filtering properties of the spline (Craven
and Wahba, 1979). When the data are equally
spaced, the spline is a low pass Butterworth filter

with a transfer function proportional to
1+ Aw*

where w is the angular frequency, and A is Craven
and Wahba's stiffness parameter. The parameter A
is related to p by

1 1—-p

}.=N T{Dy(i)}z. 4)
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We can define the point at which the transfer
function has fallen to 0.5 as the frequency cutoff of
the filter and the inverse of that as the effective
averaging time in the time domain (7). That
gives us a definite relation between Tczand p. We
have calculated T in this way for each curve from
the given values of p (Table 2). T; determined in
this way is higher than what we found from the
Monte Carlo calculations. The Monte Carlo
simulations correspond more closely to a fre-
quency cutoff point where the transfer function
has fallen to 0.25. The comparison of these two
different ways of estimating the bandwidth of the
filter is crude: frequency cutoff points are not well
defined and the data themselves are not equally
spaced.

The summer drawdown of CO, at high northern
latitudes possesses significant high frequency
components and the splines don’t pass these
unattenuated. When the noise level is higher, the
passband automatically adjusts to lower frequen-
cies. An alternate approach would be to fix the
passband, but then we would introduce spurious
variability in a high noise record while leaving
signal unresolved in a record with low noise.

Another manifestation of the frequency re-
sponse of our filter showed up in the Monte Carlo
calculations. If the original best fit curve underfits
the summer drawdown and we inject random noise
around the original curve to define artificial data
sets, then the new curve fits to the artificial data
will also underfit the drawdown because the high
frequencies are again attenuated. We found that
the original curve fit tended to lie at the lower edge
of the family of artificial curves during the summer
drawdown periods (Fig. 5). The effect of this
limitation of the curve fitting method on determin-
ing the CO, seasonal cycle amplitude is discussed
below.

4. Discussion

The following analyses of the global distribution
and variation of atmospheric CO, concentration
are based on the best fit cubic spline curves
presented above. The curves are used to ensure
that mean values are weighted appropriately when
data are missing or unevenly spaced. This also
allows the calculation of uncertainties, due to
residual random noise, associated with the derived
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parameters. The uncertainties calculated in this
way are not absolute uncertainties and do not
include the effects of possible systematic errors
such as calibration or analytical biases. Since we
are comparing data from samples collected by the
same method and analyzed on the same apparatus,
we believe that biases of this type, if they exist, are
likely to be the same for all sites. These types of
biases will not affect the analyses presented here.

Other sources of error which might affect these
analyses are the effects of storage time, which
varies among sampling sites, and variable
amounts of water vapor in the samples. The flask
data from SPO clearly show that relatively dry
samples undergo no detectable change in concen-
tration during storage. The last samples collected
before station closing in February are analyzed
within several weeks. The samples collected after
station closing are analyzed nearly a year later and
no discontinuity in the time series is observed.
This result differs from Tanaka et al. (1983, 1987b)
who find decreases in CO, concentration in dry
samples of up to 1 ppm during one year. At other
sites, the water vapor content of the samples is
higher and more variable than at SPO. In moist air
samples it is possible that increases in CO, occur
over time (Komhyr et al., 1985a). Since most of our
samples are analyzed within several weeks of
collection, these effects probably contribute errors
of less than 0.2-0.3 ppm. Errors introduced by
storage and water vapor effects may or may not be
included in the calculated statistical uncertainties,
depending on whether they occur randomly or
systematically. These types of errors may affect
comparisons among sites.

Biases introduced during sample collection,
such as always collecting samples on the same day
of the week or at the same time of day, which
happens not to be a representative day or time,
could also affect comparisons among sites. To
detect this type of bias would require information
not available to us, so we mention the possibility,
but will not pursue it further.

One possible source of a systematic error which
could affect the internal consistency of the data is
the change from “*hand aspirated™ to the portable
battery powered pump method of collecting
samples. This change was accompanied by an
increase in the number of sample pairs meeting the
0.5 ppm criterion, but in general, a discontinuity in
the CO, concentration record was not observed.

An exception to this was found in the data from
AMS. We have compared the GMCC CO, flask
sample data to the data of the Centre des Faibles
Radioactivites (CFR) collected by continuous in
situ infrared analysis (Gaudry et al, 1983,
Ascencio-Parvy et al., 1984). A comparison of
annual and monthly means and individual flask
values with hourly continuous analyzer values
clearly shows that prior to the introduction of the
portable pressurizing unit at AMS in March 1982,
the GMCC data are higher than the CFR data by
~1 ppm. The GMCC data from March 1982 to
the present agree extremely well with the CFR
data (A. Gaudry, personal communication).
Although we will report the AMS data with no
actual adjustment, for the following analyses, we
have adjusted the 1981 data by —1.0 ppm. It is
possible that the PSA data for 1981 are also high
since they were collected by the hand aspiration
method and were stored for about the same
length of time as the AMS samples. Since we
have no independent record for comparison, no
adjustment will be made. However, the 1981 PSA
data should be viewed with some caution.

Since different curve-fitting methods were used,
the monthly and annual means for 1981 and 1982
(Table 3) are somewhat different from those in
Kombhyr et al. (1985a). The results in Table 3 are
internally consistent for the period 1981-84, thus
bracketing the 1982-83 ENSO event. The follow-
ing discussions are based on this analysis and
comparisons of the overall features with the
analysis of Komhyr et al. (1985a) are made where
appropriate.

4.1. Latitudinal CO, distribution

To extract the variation of CO, concentration
with latitude and time from the flask data, the best
fit spline curves were digitized at two-week
intervals and a matrix of the biweekly values
versus latitude was constructed. From this matrix
a surface with grid points spaced at two week
by 10° latitude intervals was calculated using
routines from the DISSPLA graphics package
(ISSCO, 1981). Data for NWR, MLO, AZR, and
KEY were not included in the matrix to avoid
complications due to continental influences
(NWR, KEY, AZR) and vertical gradients
(NWR, MLO). Since the remaining sites are
included regardless of longitude, the result is a
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Fig. 6. Three-dimensional representation of the variation of CO, concentration with latitude and time determined

from the flask network data.

smoothed, ‘‘zonally averaged” representation of
CO, variation in the remote marine boundary
layer (Fig. 6). The zonality implicit in this rep-
resentation will be discussed below.

The highly smoothed surface obtained in this
way extends the earlier result of Komhyr et al.
(1985a) and summarizes many major features of
the CO, distribution. The difference in both the
amplitude and phase of the seasonal cycles in the
northern and southern hemispheres is clearly
shown. The reversal of the north-south CO,
gradient during the northern hemisphere summer
is also well depicted, graphically illustrating that
the CO, fluxes between the atmosphere and the
biosphere are larger than the approximately 5 Gt
of fossil fuel carbon released to the atmosphere
each year. The seasonality of the atmospheric CO,
concentration is mainly the result of the seasonal
imbalance between photosynthesis and respira-
tion of land plants. The relatively small latitudinal
and seasonal variation observed in the southern
hemisphere illustrates that CO, sources and sinks
are smaller there than in the northern hemisphere.
In fact, the variations are so small it is difficult to
determine the relative contributions from north-
ern and southern hemisphere biospheric, marine,
and anthropogenic fluxes (see, for example,
Pearman and Hyson, 1986).

The annual mean CO, concentrations for the
flask network sites (Table 3) are plotted versus
sin(latitude) in Fig. 7. The plots for 1981 and 1982
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Fig. 7. Annual mean CO, concentrations versus

sin(latitude) for the GMCC flask network sites, 1981-84.
The smooth curves are cubic spline fits to the points
represented by squares. The crosses were not used in the
curve fits (see text). The vertical bars represent +3*c,,
where 0, is the statistical uncertainty of the annual mean
(Table 3).
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are similar to plots in Komhyr et al. (1985a). The
main difference is that the curves in Fig. 7 are
cubic spline curves fitted to the data pro-
viding a somewhat more objective basis for
discussing the CO, latitude gradient and its
interannual variability than the hand-drawn
curves previously used. The curves were deter-
mined using the method of Reinsch (1967) with the
smoothing parameter, S, set equal to N, the
number of points. In this case the stiffness of the
spline is determined by the weighting parameter
Dy (i) which represents the uncertainty associated
with the ith point. To obtain the curves in Fig. 7
we used

Dy(i) = 3*a (i), (5)

where the o (i) are the statistical uncertainties of
the annual means given in Table 3. The multiplica-
tive factor 3 was chosen somewhat subjectively in
that the curves thus obtained were judged by eye to
be reasonably smooth but fiexible enough to pick
up major features in the global CO, gradient.
While the weighting factors {3*s) overstate the
uncertainty of the annual means, the fact that a
smooth curve is obtained suggests that the longi-
tudinal variability, which has heretofore been
neglected in this discussion, is of the order of
3*0,. Thus the scatter of the points about the
curves may be due to the fact that the atmosphere
is not zonally well mixed and the CO,
concentration at specific sites is affected by the
location of regional sources and sinks as well as
by atmospheric transport. The general represen-
tativeness of the zonal means, to within 0.5-1.0
ppm, has been supported by the results of flask
samples collected aboard ships in remote ocean
regions (Nickerson, 1986; Harris and Nickerson,
1984). As mentioned above, it is also possible that
biases resulting from storage and water vapor
effects may contribute a few tenths ppm to the
scatter of the annual means.

Note that in Fig. 7 the means for NWR, KEY,
and MLO are plotted but have not been used in
fitting the curves to avoid continental (NWR,
KEY) and vertical gradient (NWR, MLO) effects.
SPO is included even though it is a high altitude
site. The AMS annual mean for 1981 has been
adjusted to agree with the CFR data and PSA was
not used in obtaining the 1981 curve. The vertical
lines in Fig. 7 represent +3*g,.

The north pole to south pole concentration
difference determined from the GMCC flask
network varies from 2.9 ppm in 1983 to 3.4 ppm in
1981, with a mean of 3.1 ppm (6 = 0.2 ppm). There
is no evidence for a trend in this difference over
the four years studied. The mean difference is less
than the 4-5 ppm reported by Pearman et al.
(1983) based on an analysis of provisional data, but
is not significantly different from that reported by
Komhyr et al. (1985a) and Pearman and Hyson
(1986). The mean north—south difference is gener-
ally believed to be maintained by the emissions of
fossil fuel CO,, primarily in midlatitudes of the
northern hemisphere.

The second most prominent feature of the mean
latitude gradients is the local maximum in CO,
concentration occurring at, or slightly north of, the
equator. Previous studies have shown that this
enhancement of ~1 ppm in atmospheric CO,
results from a source of CO, in the equatorial
oceans (Mook et al.,, 1983, Pearman et al., 1983;
Pearman and Hyson, 1986). In the equatorial
Pacific, the source is in an area of surface water
highly (~309%) supersaturated with CO,. The
supersaturation is due to the upwelling of
relatively cold, nutrient-rich water containing
more dissolved CO, than the warmer surface
waters (Keeling and Revelle, 1985; Feely et al.,
1987). Part of this excess CO, is released to the
atmosphere as this water warms and is advected
westward in the South Equatorial current.

The mean latitude gradients for the four years
1981-84 suggest the occurrence of, and recovery
from, an apparent anomaly in the equatorial CO,
source. The equatorial maximum evident in the
meridional gradients prior to 1982 (Kombhyr et al.,
1985a) is largely absent in 1982. A partial recovery
of the equatorial feature occurs in 1983 but it
appears flatter and farther south than normal. By
1984, the equatorial atmospheric CO, enhance-
ment appears to have returned to its normal
magnitude (~ | ppm) and location. The equatorial
CO, feature was less well determined in 1981
through 1983 due to the lack of a truly equatorial
sampling location, but it has been shown else-
where to be a persistent feature of
the meridional CO, distribution (Keeling and
Heimann, 1986; Tanaka et al., 1987a). The addi-
tion of CHR to the sampling network in 1984, in
cooperation with C. D. Keeling of the Scripps
Institution of Oceanography (SIO), has resulted in
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a much better determination of the equatorial
feature since 1984.

The absence of this feature from the 1982
latitude gradient has been attributed to a decrease
in the equatorial CO, marine source during the
1982-83 El Nifio/Southern Oscillation (ENSQO)
event (Komhyr et al., 1985a; Feely et al., 1987).
There is evidence that the weakening of the
normal upwelling of cold nutrient rich water in the
eastern equatorial Pacific, a characteristic of
ENSO events, also lowers the relative
supersaturation of CO, in the surface ocean water.
Feely et al. (1987) and Keeling and Revelle (1985),
have proposed that the combination of low pCO,
relative to the atmosphere and lower wind speeds
due to weakened trade winds may result in a
significant decrease in the strength of the
equatorial CQO, source. However, while Thompson
et al. (1986) are not able to rule out reduced
upwelling and changes in wind stress as factors
affecting the atmospheric observations, they
suggest that variations in biospheric fluxes should
also be considered. In any case, since fossil fuel
emissions continued at a nearly constant rate of 5
Gt yr~! during 1981-84 (Rotty, 1987), the absence
of an equatorial marine CO, source of this
magnitude would be expected to cause a decrease
in the atmospheric CO, growth rate. This point
will be discussed further in the section on growth
rates.

In the latitude gradients (Fig. 7) there is also the
suggestion of a local maximum occurring between
the South Pole and 40°S. In 1981 the PSA data are
questionable and have not been used in fitting the
curve, so the pattern in the southern hemisphere is
not very well determined. In 1982 the fitted curve
is fairly flat in this region but note that the annual
mean for PSA is higher than either SPO or AMS.
The feature is determined better in 1983 and 1984
due to the addition of HBA to the network.
Further, the data from NZL in 1983 and 1984
(even though NZL was not a representative site for
this latitude and required heavy selection) and
CGO in 1984, provide, with AMS, a tight
constraint on the midlatitude portion of the curve.
The 1983 and 1984 means for PSA and HBA
indicate the possibility of a CO, source in this
region. Whether this source is marine or related to
atmospheric transport has not been determined.
Care must be used in comparing SPO to PSA and
HBA since the air arriving at high altitude in mid-
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continent may be of different origin and history
than that arriving at the sea level sites along the
Antarctic coast.

In examining these plots (Fig. 7) it is clear that
determination of the latitude gradient depends on
having suitable sampling sites at approximately
10° latitude intervals and that sites at certain
latitudes are critical in defining the fine structure
of the gradient. Fraser et al. (1983) have pointed
out that resolving latitude gradients to a few tenths
of a ppm per 10° of latitude is necessary
to detect regional fluxes of ~0.5 Gt yr~!'. To
improve on the results shown here, in 1985 we
began sampling at Alert, N.-W.T., Canada (83°N,
62°W); Shemya Island, Alaska (53°N, 174°E);
Midway Island (28°N, 177°W); and South
Georgia Island (54°S, 38°W). These sites are
intended either to fill gaps in the latitude coverage
(Alert, South Georgia Island) or to replace an
existing site with one more regionally repre-
sentative for a zone (Shemya Island and Midway
Island as opposed to Cold Bay and Key Biscayne).
Sampling at Cape Grim, Tasmania (CGO) in
cooperation with G. Pearman and P. Fraser
of the Commonwealth Scientific and Industrial
Research Organization began in 1984 and sam-
pling at NZL was discontinued in 1985 after it
was established that CGO was a more suitable
site for representative measurements at this lati-
tude. We have yet to find a suitable site to fill the
largest gap remaining, the 24° between SMO
and AMS.

4.2. Seasonal variations

To examine the seasonal cycle of the data series
it is necessary to remove the long-term increase
due to fossil fuel combustion. Previous studies
have removed this trend by approximating it with
an exponential function (Bacastow et al., 1985) or
by fitting a cubic spline with knots every 12
months and then subtracting the trend from the
record (Komhyr et al., 1985a). Recent information
on fossil fuel emissions indicates that the use of an
exponential function for the long-term trend is no
longer appropriate (Rotty, 1987). Due to problems
associated with fixed node cubic splines this
method is no longer recommended for CO, data
analyses (Enting, 1986).

In this work we have determined the long-term
trend by calculating a 12-month running mean
which effectively removes signals with periods
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of one year and all of its higher harmonics. The
12-month running mean was applied to the best fit
curve values at biweekly intervals, as we have
found that the biweekly values are sufficient to
describe the best fit curves. Since the first and last
six months of record are lost in calculating a 12-
month running mean, we have used the last six
months of 1980 and the first six months of
preliminary 1985 data to obtain four complete
years of running mean. The running mean values
determined at biweekly intervals were then fit
with the cubic spline described above and this
curve was subtracted at daily intervals from the
best fit curve to the data to obtain the detrended
CO, record.

The statistical uncertainty of the detrended
record is dominated by D (rms), the standard
deviation of the best fit curve. The standard
deviation of the 12-month running mean (oyy,) is
much smaller. Valies for D (rms) and oy,,, are
given in Table 2.

The amplitude of the seasonal cycle in the
detrended record will be discussed using the

Table 4. Amplitude of the seasonal cycle

notation of Komhyr et al. (1985a) where the peak-
to-peak amplitude for a year is given by

CPP =CP* +CP~. ©)

CP+ is the CO, maximum above the long-term
trend and CP- is the magnitude of the minimum
below the trend. The statistical uncertainty of the
amplitude is then

(2)5 *D (rms). @)

The seasonal cycle characteristics for 1981-84
are given in Table 4. For the four years of data, the
average of the peak-to-peak amplitude and the
sample standard deviation for each site are also
tabulated. Since the records for CMO, HBA,
CHR, and CGO are too short to calculate a
satisfactory 12-month running mean, the seasonal
amplitude characteristics have been calculated
using the best fit curve and an estimate of the
growth rate.

Since changes in the seasonal cycle of CO;
concentration are likely to result primarily from
changes in the activity of the terrestrial biota

1981 1982

1983

1984

Site CP* CP- CPP CP* CP- CPP

Ccp*

Cp- CPP Cp+ CP- CPP CPP ¢

AMS
ASC
AVI

AZR

0.45
1.07
3.69
4.47

0.41
0.76
4.81
5.43

0.62
1.00
5.08

0.86 (0.18) 0.37
1.83 (0.34) 0.76
8.50 (0.40) 3.32
9.90 (0.87) 5.7

CBA
CGO
CHR
CMO
GMI
HBA
KEY 3.04
KUM 4.12
MBC 481
MLO 321
NWR 4.01
PSA 0.70
SEY 204
SMO 0.76
SPO  0.71
ST™M

5.49

10.46 (1.09)

2.80 3.17 597(0.46)2.94 4.20
437

5.05

3.86 6.90(0.88) 3.45
4.34 8.46 (0.39) 4.08
9.98 14.79 (0.47) 5.16
340 6.61(0.34)3.04
5.48 9.49 (0.70) 4.66
0.53 1.23(0.22) 048
1.30 3.34(0.63) 1.78
053 1.29(0.31) 1.05
0.40 1.11(0.12) 0.63

4.34

3.82

0.68
0.74
0.60
0.71

0.99 (0.18) 0.28
1.76 (0.34) 0.77
8.40 (0.40) 3.57
7.65 13.36 (0.87) 3.28
BRW 5.83 10.83 16.66 (0.81) 5.20 10.42 15.62 (0.81) 4.88
9.09 14.58 (0.85) 6.30 10.22 16.52 (0.85) 4.76

7.14 (0.46) 3.40

7.82 (0.88) 3.11
9.13 (0.39) 3.92
9.89 15.05 (0.47) 4.98
6.86 (0.34) 3.50
6.13 10.79 (0.70) 4.16
1.16 (0.22) 0.63
2.52(0.63) 1.73
1.65 (0.31) 0.56
1.34 (0.12) 0.61
9.97 14.31 (0.60) 4.88

0.24
0.98

0.52(0.18) 0.39 0.59 0.98 (0.18) 0.84 0.22
175 (0.34) 1.44 121 2.65 (0.34) 2.00 0.4
3.83 7.40 (0.40) 5.05 5.55 10.60 (0.40) 8.73 1.35
506 8.34(0.87) 3.61 5.37 8.98(0.87) 10.15 2.24
10.82 15.70 (0.81) 5.07 9.55 14.62 (0.81) 15.65 0.83
8.24 13.00 (0.85) 5.01 7.96 12.97 (0.85) 14.27 1.68
1.29 (0.31)
3.84 (0.40)
9.09 (1.09)
5.90 (0.46)
0.84 (0.30)
4.30 7.52(0.88) 7.28 0.47
482 8.93(0.39) 8.87 0.29
9.64 14.86 (0.47) 15.15 0.51
322 6.33(0.34) 6.67 0.26
6.48 10.74 (0.70) 10.49 0.67
0.55 1.46(0.22) 1.30 0.13
1.34 2.17(0.63) 2.85 0.60
0.65 1.54(0.31) 1.40 0.25
0.5 1.18(0.12) 1.25 0.13
9.18 14.25 (0.60) 14.43 0.26

9.81 0.69
6.46 0.62
1.25 0.60

9.87 (1.09)

6.82 (0.46) 2.84
1.65 (0.30)

3.75 6.86(0.88) 3.22
5.04 8.96 (0.39) 4.11
10.92 15.90 (0.47) 5.22
3.38 6.88(0.34) 3.11
6.76 10.92 (0.70) 4.26
0.72 1.35(0.22) 0.91
1.63  3.36 (0.63) 0.83
0.54 1.10(0.31) 0.89
0.76 1.37 (0.12) 0.62
9.85 14.73 (0.60) 5.07

3.42 3.06

The values in parentheses are the statistical uncertainties of the peak-to-peak amplitudes as described in the text.
o denotes the sample standard deviation of CPP for the available years.
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Fig. 8. The latitude dependence of the mean peak-to-
peak amplitude at the flask network sites. Circles
indicate 4-year means while squares indicate means for
less than four years. The error bars are the sample
standard deviations (Table 4). The circle for MLO is
filled to distinguish it from KUM.

(Bacastow et al., 1985) we examined the seasonal
cycle characteristics of the flask network data for
evidence of significant changes. Due to the large
interannual variability of these parameters (Table
4), no significant trends in CP*+, CP-, or CPP were
observed. Further, there was no tendency for the
variability in these parameters to be correlated or
even similar among the sites. While studies of
longer records (e.g., Bacastow et al., 1985; Enting,
1987) find evidence for an increase in the
amplitude of the northern hemisphere seasonal
cycle during the past decade, it is clear that the
year-to-year variability is too large for such
changes to be observed in a 4-year record.

The latitude dependence of the mean peak-to-
peak amplitude is shown in Fig. 8. The error bars
are the sample standard deviations (¢ in Table 4)
except for CGO and CHR for which we have
only one value. The maximum amplitude is ~ 16
ppm at BRW and the amplitude may drop off
further north. The seasonal amplitude decreases
smoothly through the northern hemisphere to

Tellus 40B (1988), 2

~ 1 ppm at SMO. Throughout the southern hemi-
sphere the seasonal amplitude changes very little
with latitude. These results are consistent with
those of Komhyr et al. (1985a) and Pearman and
Hyson (1986), although, by including the statisti-
cal uncertainty, we find no evidence for significant
variation of the seasonal amplitude at the surface
from SMO to SPO.

It should be pointed out that the determination
of the seasonal amplitude depends very much on
the behavior of the cubic spline fit. Examination
of Fig. 2 indicates that there is a tendency to
underfit the minimum of the seasonal cycle
especially at high latitude northern hemisphere
sites such as BRW and CBA. In these cases the
measured values in the minimum of the trough
tend to lie below the best fit curves. Similar effects
have been observed using other curve fitting
procedures (Keeling et al., 1985). Several factors
contribute to this problem. The high frequency
nature of the minimum tends to be filtered out by
curves which are intended to smooth the high
frequency noise in other parts of the record.
The relatively low sampling frequency results in
little weight being given to this portion of the
record relative to the overall fit to the
4-year record. Finally the high natural variability
which is often observed at this time of year further
reduces the effect of these points. The result is that
the high northern latitude seasonal amplitudes
may be underestimated by as much as 1-2 ppm.
While some of this error contributes to the
interannual variability, and thus to the error bars
in Fig. 8, it is likely that underfitting is a
systematic effect which is not accounted for by the
statistical uncertainty.

Possible solutions to this problem are more
frequent sampling during the summer and selec-
tion of sampling sites where the variability during
summer is low. These effects can be seen graphi-
cally by comparing CBA and MBC in Fig. 2. At
MBC samples are collected twice per week and the
variability is small even during summer. This
results in a good fit at the summer minimum. At
CBA samples are also collected twice per week,
but data selection due to occurrence of non-
background conditions reduces the number of
reliable samples. This, in addition to the larger
variability especially in summer, results in
underfitting at the summer minimum. In order to
determine trends in the amplitude of the annual



e S. Phase of the seasonal cycle

1981 1982 1983 1984
DD BU DD BU DD BU DD BU DD ¢ BU
 OlJan (8) 09 Apr (12) 29Jan (8) 12Jul (11) 27Oct (16) 24Jun (17) O5Mar (8) 27Jun (7) 07Jan 55 10Jun
29Jan (12) 10Jul  (5) 21 Nov (7) 11 Apr (7) 180Oct (15) 11 Apr (16) 15Jan (11) Ol Jun (14) 13 Dec 48 16 May
20 Jul (3) 27Dec (3) 15Jul (2) 12Dec (4) 19Jul (2) 13Jan (5) 16Jul (2) 22Dec (3) 18 Jul 3 26 Dec
25Jun (5) 14Dec (9) 17Jun (4) O0SNov (5) 22Jun (8) 29 Nov (10) 22Jun (5 02Dec (6) 22Jun 3 28 Nov
/ 25Jun (2) 13Nov (6) 29Jun (3) I8 Nov (6) 30Jun (2) 10Nov (5 27Jun (2) 27 Nov (6) 28 Jun 2 17 Nov
17Jun (3) 13Nov (6) 20Jun (3) I15Nov (4) 12Jun (4) 06 Nov (7) 10Jun (3) 04 Nov (6) 15Jun 5 10 Nov
24Jul  (4) 25Jan (5) 24Jul (4) IlJan (8) 04 Aug (4) 25Jan (9) O7 Aug (5) 28Jan (11) 30 Jul 7 22Jan
15Jul  (9) 26Dec (12) 04Jul (8) 26 Dec (11) 15Jul (8) 29Dec (9) 07Jul (8) 14 Dec (44) 10 Jul 6 24 Dec
A 07Jul (2) O4Jan (4) 11Jul @) O1Jan (7) 10Jul (2) 17Jan (7) 14Jul (2) 18Dec (9) 11 Jul 3 02Jan
> 08Jul (1) 27Nov (5) O05Jul (1) 02Dec (5) 03Jul (1) 12Nov (3) 04Jul (1) 04Dec (2) 05Jul 2 26 Nov
) 14Jul (4) 10Jan (5) 22Jul (3) 1lJan (7) 26Jul (3) 13Jan (9) 24Jul (3) 10Jan (8) 22 Jul 5 11Jan
R 14Jun (4) 13Nov (7) 13Jun (3) 06 Dec (18) 16Jun (4) 15Nov (4) 21Jun (3) 12Nov (10) 16 Jun 4 19 Nov
09 May (20) 17 Jan (13) 27 Jul (14) 13 Dec (13) 16Jun (14) Ol Jan (13) 20Jul (13) O1 Jan 18 25Jun
08 May (12) 05 Dec (23) 11 May (18) 12 Jan (25) 11 May (14) 27 Nov (38) 02 May (67) 08 May 4 15 Dec
27 Apr (9) 23 Dec (15) 21 Apr (7) 09 Aug (42) 21 Aug (14) 26 Dec (8) 05May (8) 19 Aug (21) 27 May 58 19 Oct
10Jul (3) O05Jan (10) 16Jul (7) 03 Dec (10) 30Jun (12) 04Jan (19) 27Jul (5 25Dec 19 13 Jul
14 Nov (3) 28Jun (2) 11 Nov (4) 25Jun (3) 19 Nov (6) 27 Jun 2 15 Nov

e values in parentheses are the statistical uncertainties of DD and BU, in days, as described in the text
up dates and the o are the sample standard deviations (days) for the available years.

. DD and BU are the mean drawdowr
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cycle from flask data, long records (10 or more
years) and frequent sampling (minimum of twice
per week) would probably be needed to overcome
the effects of statistical uncertainties and possible
systematic errors in determining the amplitude of
the cycle. We are also trying to develop a better
algorithm to extract a smooth signal from the data
that does not underestimate the summer
minimum.

The phase of the seasonality in CO, concen-
tration was examined using the detrended best fit
curves. Because the dates when CQO, reaches the
maximum and minimum concentrations in the
seasonal cycle are not very well determined due
to the flatness of the slope combined with local
and regional variability and the considerations of
curve fitting mentioned above, the days when
decreasing and increasing concentrations cross the
12-month running mean are used as indicators
of the phasing of CO, drawdown (DD} and build-
up (BU), respectively. These crossing dates vary
less from year to year than the dates
of minimum and maximum CO, and thus, are
useful for examining the variation of the phase of
the seasonal cycle with latitude and time (Komhyr
et al, 1985a). The statistical uncertainties
associated with DD and BU were determined by
dividing the standard deviation of the best fit

curve, D (rms), by the slope of the curve at DD and
BU. The seasonal cycle phase characteristics are
summarized in Table 5. As with the amplitude,
DD and BU were examined for significant trends
or patterns in the 4-year record but none were
observed. The mean and standard deviation of
DD and BU were calculated for each site, and are
plotted versus latitude in Fig. 9.

In the northern hemisphere the drawdown (DD)
occurs on the same day, within +1 week, each
year at a given site. This suggests that the
drawdown is closely related to a growing-season
factor, such as increasing sunlight, which varies
little from year to year. The drawdown occurs
earliest at ~50°N in mid June, and occurs later
both to the north and south (mid July at MBC and
late July at GMI). This result must be due to the
combined effect of at least three factors: the onset
of photosynthesis, the temperature dependence of
ecosystem respiration, and atmospheric transport.

At higher northern latitudes the growing season
and therefore the CO, drawdown, starts later
than farther south. Also any transport of the
midlatitude seasonal signal to the north would
result in a lag in the phase of the transported
signal, depending on the transport time. Thus to
the north, the local seasonality and transport both
contribute to the phase lag of the CO, seasonality
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Fig. 9. The latitude dependence of the mean phase of the CO, seasonal cycle 1981-84. Circles represent the
drawdown dates (DD) and squares represent the buildup dates (BU). The error bars represent the sample standard
deviation (Table 5). The symbols for MLO are filled in to distinguish them from KUM.
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with respect to S0°N. Southward of 50°N the
situation is more complicated. Here the growing
season starts earlier and in the tropics there is little
or no seasonality in growth. In these latitudes,
respiration is stronger and probably more closely
matched in time with photosynthesis, resulting in
a smaller local seasonal CO, amplitude. There-
fore, the observed phase lag compared to 50°N
must be due primarily to transport. It follows that
also the amplitude of the seasonal cycle observed
south of 50°N is due to transport from the north.
The locally produced CO, seasonality must be so
small that it is essentially masked by the signal
transported from midlatitudes.

A similar pattern is observed in the CO, build-
up in the northern hemisphere, although the date of
the buildup is not as consistent at each site as it is
for the drawdown. This suggests that the return of
CO, to the atmosphere depends more strongly on
more variable parameters such as temperature and
moisture, rather than just length of day. Still, a well
defined pattern is observed with the buildup first
occurring at ~ 50°N during the second week of
November. The buildup occurs later to both the
north and south of 50°N, coming in late Novem-
ber at MBC and mid to late January at GMI. As in
the case of the CO, drawdown, the latitudinal
variation in the phase of the CO, buildup is due to
a combination of transport and factors controlling
the local seasonality. It is interesting to note that
the drawdown and buildup at the high altitude
MLO site tend to occur later than at KUM, again
suggesting a phase lag due to (vertical) transport.
This is confirmed by the seasonal amplitude at
MLO which is 25%; lower than at KUM.

These results, which are consistent with the
analysis of Komhyr et al. (1985a), demonstrate
that the variation of the phase of the CO,
seasonality with latitude in the northern hemi-
sphere is well determined from the flask network
data. The interannual variability and the statisti-
cal uncertainty in determining the phase of the
seasonality are comparable and relatively small.
This latitudinal variation in seasonality can
provide a powerful test for carbon cycle models
since it results from the combination of local
seasonality in the biospheric CO, fluxes and the
transport of these signals through the northern
hemisphere.

In the southern hemisphere, the variation of
seasonality with latitude is not well defined (Fig.

9). At SMO and SEY the observed seasonality is
not due to changes in local biospheric fluxes but is
the result of seasonal variations in the transport of
northern air across the intertropical convergence
zone (ITCZ) into the southern hemisphere. The
transport of northern hemisphere air to SMO has
been observed previously to occur season-
ally but is subject to considerable variability
(Bortniak, 1981 ; B. Halter and J. Harris, personal
communication). The situation at SEY is similar
and the effect of intrusions of northern hemisphere
air on CH; concentrations supports this interpre-
tation of the observed CO, seasonality (Steele et
al., 1987).

The seasonality at ASC, which is between
SMO and SEY in latitude, does not appear to be
affected by transport of northern air, suggesting
that interhemispheric transport in the Atlantic
is different from that in the Pacific and Indian
Oceans. At ASC, AMS, PSA, and SPO the
drawdown occurs in December-January and the
buildup in May-June. Although there is consider-
able variability in these dates, the southern
hemisphere seasonality is, in general, 6 months out
of phase with the northern hemisphere. In the
southern hemisphere we find no evidence for the
propagation of a seasonal signal from midlatitudes
to higher and lower latitudes. This reflects the
absence in the southern hemisphere of the strong
forcing by the terrestrial biosphere which drives
the northern hemisphere CO, seasonality.

The seasonality in the southern hemisphere is
difficult to determine because it is small relative to
the uncertainties in the data. These uncertainties
are the result of both natural variability and
problems of data frequency, quality, and analysis.
Therefore, the southern hemisphere is less of a
constraint on carbon cycle models. We are not able
to determine from these data whether the domi-
nant source of the observed seasonality is
interhemispheric transport, the terrestrial bio-
sphere, or local sea/air exchange. As suggested by
Pearman and Hyson (1986), measurements of
carbon isotopes are needed to resolve this issue.

4.3. CO, growth rates

The long-term increase in atmospheric CO, due
to fossil fuel combustion can be well determined by
measurements at a small number of carefully
chosen sites, for example MLO and SPO.
Variations in the growth rates observed at these

Tellus 40B (1988), 2
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Fig. 10. The time dependence of the CO, growth rate at 18 flask network sites. The error bars indicate the statistical

1
uncertainty of the growth rate curves, (2)° D (rms) (see text and Table 2).

sites have been shown to be related to changes in
fossil fuel use and natural variations in the global
carbon cycle (Bacastow et al., 1980; Gammon et
al., 1985). The flask sampling network provides
the opportunity to examine the spatial as well as
the temporal variability of the growth rate. The
spatial variability of the growth rate may provide
insight to the variability of regional, as opposed to
global. CO, sources and sinks.

The CO, growth rates for the flask network sites
were calculated using the biweekly values of the
best fit curves. Differences between corresponding
biweekly values in consecutive years were comput-
ed, and these defined the growth rate values (ppm
yr~') assigned to the midpoints. This method 1s
equivalent to taking the derivative of a one-year
running mean using values at biweekly intervals.
The statistical uncertainty (one standard devi-
ation) of the growth rate is then (2)'*D (rms),
where D (rms) is the statistical uncertainty of the
best fit curve. The growth rates for each site are
plotted in Fig. 10. An important feature in this
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figure is the inclusion of a measure of the statistical
uncertainty of the calculated growth rates. While
Bacastow (1976) acknowledged the problem in-
volved in judging the significance of growth rates
determined by differentiating smooth curves fit to
noisy data, most subsequent analyses have failed
to address this point (e.g., Keeling et al., 1985;
Komhyr et al., 1985a; Thompson et al., 1986).
Fig. 10 clearly shows that the uncertainty in
determining the time variation of the growth rate
is relatively large and varies considerably among
the sites. The error bars in Fig. 10 result from the
scatter of the measured points about the best fit
curve. Thus the uncertainty tends to be higher in
the northern hemisphere where the natural vari-
ability in the atmosphere is greater due to the
proximity of sources and sinks (Fig. 2). Interpret-
ing the growth rate plots is turther complicated by
the fact that even at sites with similar statistical
uncertainties (e.g., MLO and KUM) the high
frequency structure of the derivatives can be very
different. Since the smoothness of the growth rate
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curves depends on the smoothness of the best fit
curves, this illustrates how small differences in the
smoothness of the best fit curves are amplified
when growth rates are determined. Taken togeth-
er, the relative magnitudes of the statistical
uncertainty (error bars in Fig. 10) and the high
frequency structure of the growth rates indicate
that a longer smoothing time 1is appro-
priate for analyzing the growth rates than for
the data per se, so that short-term growth rate
variations of no statistical significance would be
filtered out. A longer smoothing time would also
reduce the effect of small changes in the phase of
the seasonal cycle, which appear in Fig. 10 as large
swings in the growth rate.

Of the 18 growth rate records shown in Fig. 10,
16 show a similar pattern: a growth rate minimum
in 1982 followed by a maximum in 1983. The
maxima and minima are clearly significant.
Considerable variability in the timing and magni-
tude of the minima and maxima among the sites is
apparent. The two exceptions to the pattern are
AZR and AVI which are dominated by large
oscillations in growth rate throughout the records.
Examination of Fig. 10 shows that the largest
oscillations at both AZR and AVI are peaks and
troughs separated by one year intervals, a pattern
which could be caused by variations in the phase
of the seasonal cycle. Fig. 8 and Table 4 show that
the variability in the seasonal cycles at both AZR
and AVl is large enough to account for the growth
rate oscillations. This is due to problems of data
quality, selection, and curve fitting as mentioned
above.

A number of previous studies have found a
correlation between the Southern Oscillation
Index (SOI) and the CO, growth rate (e.g.,
Bacastow, 1976, 1977; Bacastow et al., 1980;
Komhyr et al., 1985a), and a similar relationship
has been observed in the growth rates presented
here. To quantify this observation we have
calculated the cross-correlation coefficients of the
growth rates of Fig. 10 with the SOI (Climate
Analysis Center, 1986). Based on the studies cited
above, we compute correlations only where the
SOI leads the growth rate records. Caution should
be used in interpreting the correlations between
short records, especially if only one event occurs
during the record.

Significant negative correlations were found at
16 of the 18 sites considered. The maximum cross-

correlation coefficients and the lag in months
when the maximum correlation occurs are given in
Table 6. The significance of the correlation
coefficient is judged by comparing it to the
standard deviation of the correlation coefficient
near zero lag if the two series are uncorrelated,
Table 6 (Box and Jenkins, 1976). The lags ranged
from 2 months at ASC to 12 months at SEY and
there is a tendency for the lags to be shorter near
the equator and longer toward the poles. No
significant correlation is found for AVI and AZR
due to the high variability of the growth rates
mentioned above.

The global CO, growth rate has been
determined using the latitudinally weighted global
average CO, concentration calculated from the
flask network data. The result in Fig. 11 is similar
to a figure published previously based on a
preliminary analysis of these data (Harris and
Nickerson, 1984). The SOI is also shown for
comparison. The maximum correlation between
the global growth rate and the SOI is —0.70 with a
lag of 7 months, and a standard deviation near 0
lag {if there is no correlation} of 0.38. While the
maximum correlation occurs at 7 months there is
actually a rather broad ( + 2 months) region of high
correlation.

Table 6. Correlation of CO- growth rate and SOI

Lag
Site Finan o* (months)
AMS -0.87 0.37 B
ASC -0.67 0.28 2
AVI —0.25 0.19 7
AZR -0.26 0.21 1
BRW —0.81 0.31 8
CBA —0.68 0.32 8
GMI —0.65 0.40 4
KEY —0.58 0.37 5
KUM -0.55 0.33 4
MBC -0.70 0.32 9
MLO -0.67 0.36 6
NWR —0.55 0.28 8
PSA -0.66 0.39 6
SEY —0.86 0.36 12
SMO —0.68 0.29 7
SPO —0.88 0.37 6
STM —0.62 0.34 8
global average  —0.70 0.38 7

* 5 is the standard deviation near 0 lag if there is no
correlation.
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Fig. 11. (a) The globally averaged CO, growth rate
determined from the GMCC flask network, 1981-84. (b)
The southern oscillation index, 1981-84 (Climate Analy-
sis Center, 1986).

Our results are consistent with previous studies
of the relationship between the SOI and CO,
growth rates. They found that low SOI is
associated with higher CO, growth rates and that
high SOI is associated with lower growth rates
(see, for example, Bacastow, 1976 Bacastow et al.,
1980; Keeling et al., 1985). If a connection
between SOl and CO, growth rates had to be
based solely on the measurements presented here,
we could only call the correlation coefficients
suggestive. To be conclusive we would require the
correlation to hold up strongly during the next
ENSQO event.

The mechanism by which the global atmos-
pheric CO, content is altered in connection with
the southern oscillation is by no means clear, and
several hypotheses have been proposed (see, for
example, Bacastow, 1976; Newell and Weare,
1977; Machta et ai., 1977; Bacastow et al., 1980;
Ascencio-Parvy et al., 1984; Keeling and Revelle,
1985 Feely et al., 1987). A full discussion of the
question is beyond the scope of this paper.
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The mean growth rates for the period 1981 to
1984 for 17 sites were calculated by dividing the
difference between the 1984 and 1981 annual
means by 3 (Table 7). The statistical uncertainty of
the mean growth rate is then

t
06 = 1/3%(0%y + 0j5)"- (8)

The 4-year global mean growth rate calculated
from these 17 sites is 1.22 ppm yr~', ¢ = 0.01 ppm
yr~!. The uncertainty of the global mean was
calculated form the individual uncertainties, o,

according to the formula

1 )
o {E (1/03)} ®

from Bevington (1969). This growth rate is lower
than that observed over the past decade due to the
effect of the 1982-83 ENSO event discussed
above.

The 4-year mean growth rates are plotted versus
latitude in Fig. 12. The most obvious feature in this
plot is the high scatter relative to the mean
compared to the statistical (1¢) uncertainty of the
individual 4-year means. The growth rate at PSA
appears to be low relative to SPO and AMS, which
may be due to poor data quality at PSA in 1981 (see
above). The growth rate at STM is also low relative

Table 7. Mean CO- growth rate 1981-1984

Site Growth rate ppm yr~! oG

AMS 1.33 0.02
ASC 1.30 0.03
AVI 0.96 0.03
AZR 1.65 0.10
BRW 1.26 0.06
CBA 1.44 0.08
GMI 1.01 0.04
KEY 1.11 0.10
KUM 1.15 0.03
MBC 1.22 0.03
MLO 1.21 0.03
NWR 1.57 0.06
PSA 0.86 0.04
SEY 1.21 0.07
SMO 1.35 0.03
SPO 1.22 0.04
ST™M 0.92 0.05
global 1.22 0.01

The statistical uncertainties, a;, are defined in the
text.
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Fig. 12. Latitudinal variation of the 4-year mean CO,
growth rates for 17 flask network sites. The error bars are
the statistical uncertainties of the mean growth rates (see
text and Table 7). The symbol for MLO is filled to
distinguish it from KUM. The dashed line indicates the
global mean growth rate calculated from the 17 sites for
1981-84.

to sites to the north and south of it. There is a
suggestion of a pattern in the scatter of the growth
rates with values greater than the mean in
midlatitudes of the northern hemisphere (AZR,
NWR) and growth rates lower than the mean in
the northern hemisphere tropics (GMI, AVI).
Since the mean growth rate due to the fossil fuel
CO, source is expected to be the same at all sites,
these results suggest that variations in regional
scale non-fossil fuel sources and marine or
biospheric sinks may be manifested temporarily in
regionally different growth rates. The pattern in
Fig. 12 could be caused by an increasing sink or a
decreasing source in the northern hemisphere
tropics acting in concert with an increasing source
or decreasing sink in midlatitudes of the northern
hemisphere. This scenario is consistent with
formulations of the mechanism for the ENSO
perturbation of CO, growth rates mentioned
above. Mean growth rates from longer records
would be expected to show little variation with
latitude, but variations on shorter time scales, as

observed here, may prove valuable in
understanding the variability of regional scale
sources and sinks.

5. Conclusion

Several features of the 1981-84 NOAA/GMCC
flask network record have been analyzed using
an objective statistical method. The 4-year mean
north-to-south interhemispheric concentration
difference was 3.1 ppm. Interannual variability of
the meridional gradient was observed, particularly
of the local CO, maximum normally found in the
equatorial region. The observed decrease in this
feature during 1982 may be related to the 1982-83
ENSO event. The latitudinal variation of the
seasonality of CO, concentration is well defined in
the northern hemisphere but is more variable and
difficult to determine in the southern hemisphere.
No evidence for trends in either the phase or
amplitude of the seasonal cycle was found in the
four years studied. The global atmospheric CO,
concentration continued to increase but consider-
able spatial and temporal variation in the rate of
increase was observed. The spatial and short-term
temporal variability of the CO, growth rate is
likely due to regional variations in CO; sinks and
non-fossil fuel CO, sources. A significant long-
term anomaly in the CO, growth rate was
observed in association with the 1982-83 ENSO
event. Low growth rates in 1982 were followed by
high growth rates in early 1983. Growth rates in
late 1983 and 1984 returned to values more typical
of the period preceding the ENSO event. The flask
network data clearly demonstrated the global
extent of the ENSO related carbon cycle perturba-
tion and the four years studied span the complete
cycle of low and high growth rates associated with
ENSO events.

The statistical uncertainties, due to residual
random noise, associated with parameters derived
from the data have been quantified. Annual and
monthly means, the phase of the seasonal cycle in
the northern hemisphere, and long-term growth
rates are determined with relatively small
uncertainties. The amplitude of the seasonality,
the phase in the southern hemisphere, and short-
term growth rates are determined with relatively
large uncertainties. These uncertainties limit the
amount and type of information that can be
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extracted from a flask data record. For example,
the ENSO effect is clear in the long-term CO,
growth rate, but no significant ENSO effect on the
amplitude or phase of the CO, seasonality was
observed. If there is a biospheric CO, effect on
seasonality associated with ENSO events, it is
obscured by the noise in the data.

This study of an internally consistent, globally
representative set of atmospheric CO, concen-
tration measurements provides a detailed record of
the atmospheric response to the combined effects
of the global carbon cycle and anthropogenic and
natural perturbations of that cycle. These results
can be used to evaluate the estimates of sources,
sinks, and fluxes of CO, in the atmosphere—ocean—
biosphere system produced by carbon cycle mod-
els. This combination of models and measure-

ments to constrain them will lead to a greater
understanding of this complex system.
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