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Abstract. Atmospheric transport models are used to constrain sources and sinks of carbon
dioxide by requiring that the modeled spatial and temporal concentration patterns are consistent
with the observations. Serious obstacles to this approach are the sparsity of sampling sites and
the lack of temporal continuity among observations at different locations. A procedure is
presented that attempts to extend the knowledge gained during a limited period of measurements
beyond the period itself resulting in records containing measurement data and extrapolated and
interpolated values. From limited measurements we can define trace gas climatologies that
describe average seasonal cycles, trends, and changes in trends at individual sampling sites. A
comparison of the site climatologies with a reference defined over a much longer period of time
constitutes the framework used in the development of the data extension procedure. Two
extension methods are described. The benchmark trend method uses a deseasonalized long-term
trend from a single site as a reference to individual site climatologies. The latitude reference
method utilizes measurements from many sites in constructing a reference to the climatologies.
Both methods are evaluated and the advantages and limitations of each are discussed. Data
extension is not based on any atmospheric models but entirely on the data themselves. The
methods described here are relatively straightforward and reproducible and result in extended
records that are model independent. The cooperative air sampling network maintained by the
National Oceanic and Atmospheric Administration Climate Monitoring and Diagnostics
Laboratory in Boulder, Colorado, provides a test bed for the development of the data extension
method; we intend to integrate and extend CO, measurement records from other laboratories
providing a globally consistent atmospheric CO, database to the modeling community.

1. Introduction

The monitoring of carbon dioxide (CO,) in the atmosphere
serves a twofold purpose. First, it documents the gradual global
buildup of this gas due to man's activities. Toward this end, one
or two remote measurement sites would be sufficient. Second,
the measurements are used to try to better elucidate the
operation of today's global carbon cycle. Success in the second
endeavor will allow better predictions of future atmospheric
levels of this greenhouse gas for given scenarios of fossil fuel
burning. The ultimate goal of CO, monitoring therefore is to
provide an assessment of some important large-scale and
long-term environmental consequences of the burning of fossil
fuels and deforestation. A major tool in the study of the
contemporary carbon cycle is provided by the detailed temporal
and large-scale spatial patterns of the mixing ratio of CO, and
its stable isotopic composition in the atmosphere. These
patterns reflect the location and strength of major sources and
sinks as modified by the action of transport and mixing in the
atmosphere. An essential component of this study is the use of
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numerical models of atmospheric transport and mixing to
translate the COy mixing ratio patterns into sources and sinks,
invoking conservation of mass.

Two-dimensional (latitude, height) atmospheric transport
models have been used [Bolin and Keeling, 1963; Pearman and
Hyson, 1980; Tans et al., 1989; Enting and Mansbridge, 1989,
1991] to deduce time-dependent surface sources and sinks of
CO, from the observations. A major drawback is that in the real
three-dimensional world there is considerable variation as a
function of longitude that is entirely ignored in the two-
dimensional approach. This leads to some misallocation of
sources as a function of latitude by the two-dimensional model
because the observations have thus far tended to be biased
toward the marine boundary layer [Tans et al., 1989].

Three-dimensional models have been used to explain the
observed seasonal cycle of CO, at various places around the
globe in terms of the patterns of photosynthesis and respiration
of land plants [Fung et al., 1983; Heimann et al., 1989] and to
deduce from the observed annual mean mixing ratios the annual
balance of sources and sinks, i.e., net uptake (positive or
negative) by large areas of the oceans, net uptake by ecosystems
on land, and their locations [Keeling et al.; 1989, Tans et al.;
1990, Law et al.; 1992; Yamazaki and Chiba; 1993]. When
using three-dimensional models it is very apparent that the
observations are extremely sparse, even if we limit our questions
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to spatial scales as large as the entire expanse of boreal forest
ecosystems.

A global COy monitoring system with unprecedented spatial
resolution and temporal continuity is needed. Since both the
costs and the logistics of operating such a global system prove
too formidable a task for a single organization, an international
effort is required. Carbon dioxide is being monitored by an
increasing number of laboratories around the world, with careful
attention to the calibration and the methodology of the
measurements. The World Meteorological Organization
(WMO) has played for many years and continues to play a
coordinating role in this activity through its Global Atmosphere
Watch Programme (GAW) and its forerunner Baseline Air
Pollution Monitoring Network (BAPMoN) program. Since
1991, the international monitoring of CO, is also one of the
activities of International Global Atmospheric Chemistry
(IGAC), a core project of the International Geosphere-Biosphere
Program (IGBP). We are indeed witnessing the gradual
emergence of a global carbon cycle observing system with the
explicit purpose of using the integrating action of atmospheric
mixing to detect the sources and sinks of CO, on very large
regional scales.

Considered alone, high-precision measurements made by
individual laboratories will continue to be sparse because of
operational costs and logistical constraints. Considered
together, an international measurement database will expand
spatial and temporal coverage. Although the issue of sparse data
is not eliminated, it is improved, and this is an immediate
benefit to the modeling community. It is our aim to integrate as
many measurements as possible from different laboratories into
one global database with careful attention to direct compatibility
with respect to the calibration and methodology. The
observations from most of the sites are in the form of flask
sample data where the measurements have been performed on
discrete samples of whole air obtained at the site on a regular
(e.g., weekly) basis. At a smaller number of sites, continuous
measurements have been made. We would also like to
incorporate air measurements of a more purely episodic nature,
such as those performed on oceanographic research ships and
during aircraft measurement campaigns.

The introduction of many measurement records into a
transport model poses an additional problem. Data records tend
to begin and end at different times. Nonsimultaneous records
that "appear” or "disappear” to a model may be misinterpreted
by the model. As an example, weekly measurements from the
middle of the Baltic Sea were added fairly recently to the
National Oceanic and Atmospheric Organization (NOAA),
Climate Monitoring and Diagnostics Laboratory (CMDL),
cooperative air sampling network. Especially during the winter
season, CO, mixing ratios over the Baltic tend to be high
compared to mid-oceanic sites at the same latitude. This is to be
expected because of the relative proximity of the Baltic Sea to
major regions of fossil fuel burning and terrestrial respiration. I
in a model the measurements from the Baltic begin suddenly,
the model would be forced to infer that fossil fuel burning or
terrestrial respiration abruptly increased at that same moment in
Europe, or equivalently, that some CO, uptake process suddenly
diminished. We would like to have a way to extend the
knowledge gained during the period when the Baliic
measurements were active to other times when there were no
data from the Baltic.

The problem of deducing sources and sinks of CO, from
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sparse observations, which include a component of noise as
well, has been characterized as a mathematically ill-posed
inverse problem. The potential for serious instability of the
solutions increases as the time resolution and the spatial scale
become smaller [Newsam and Enting, 1988]. To at least
partially overcome that problem, we remove some of the
high-frequency variability in the data by using smoothing filters
in the time domain. Clearly, the transport model, with its
sources and sinks, should not be required to reproduce every
measured point exactly because then certainly measurement
errors and "random" weather events at the site would be
translated into enormous apparent significance in terms of
sources and sinks. Likewise, the model should not be required
to exactly reproduce the spatial differences of time-smoothed
records of sites in relative proximity to each other, as this would
certainly lead to the appearance of strong but unstable source-
sink pairs. We think that the best strategy for the community to
proceed is to try different versions of the inverse approach in’
practice, add other constraints and/or prior knowledge, and see
how far it can be pushed, while being aware of the problems that
have been pointed out by the more theoretical work [Newsam
and Enting, 1988]. After all, this approach has already
produced, with fewer data and on the largest spatial scales
(hemispheric), one of the more significant findings of recent
carbon cycle research, namely, the existence of a large terrestrial
sink of CO, in the northern hemisphere [Keeling et al., 1989;
Tans et al., 1990; Ciais et al., 1995].

In this paper we propose a data integration and extension
scheme designed to incorporate data from various measurement
programs and laboratories and to extrapolate in time the
knowledge gained during a limited period of measurements. At
this stage we have used only the data from the CMDL
cooperative air sampling network and from the continuous CO,
measurement programs operating at the four CMDL
observatories as our platform to develop the methods presented
here. Use of the extended records (records containing
measurement data and interpolated and extrapolated values)
may already have an influence on possible biases introduced by
earlier work into the derived trends because the locations of
sites in the CMDL network have changed over time. We plan to
incorporate data from other measurement programs as the next
step, and we see this as a possible starting point for the
integration and extension of other atmospheric data as well, such
as CHy, CO, and isotopic ratios. The technique proposed here is
not based on any atmospheric models but entirely on the data
themselves, so as not to bias the use of these data in different
model applications. The extended CO, records will be made
available as smoothed synchronized time series, with an
indication of whether the wvalues are based directly on
measurements, or are interpolated or extrapolated from a period
when no original data were available. The original data
themselves remain available from data centers such as the
WMO World Data Center for Greenhouse Gases in Tokyo and
the Carbon Dioxide Information Analysis Center in Oak Ridge,
Tennessee.

2. Cooperative Air Sampling Network

In 1968 the CMDL (formerly GMCC) Carbon Cycle Group
began making measurements of atmospheric CO, from air
collected in glass bottles [Komhyr et al., 1985]. The group
established what is now called the CMDL cooperative air
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sampling network with the aim of documenting trends, changes
in trends, and the global distribution of CO,. The network is a
globally distributed set of sampling sites that are established in
cooperation with national and international organizations whose
facilities and personnel are already present in regions of interest.
Historically, sampling sites were established where air samples
were representative of very large, well-mixed tropospheric air
masses, without the influence of local CO, sources and sinks.
This consiraint placed the majority of sampling locations in
remote marine locations. More recently, network expansion has
included oceanic and continental locations in closer proximity to
strong regional sources or sinks [Conway et al., 1994]. In
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continental desert regions we employ the traditional weekly
ground-based flask sampling method. In vegetated areas, other
measurement techniques are being developed that employ very
tall towers and the use of small aircraft. The addition of these
sites to the network will help improve our understanding of
regional source and sink strengths.

The CMDL network has experienced periods of rapid
expansion and occasional attrition (Table 1). In late 1986, for
example, sampling began in cooperation with Blue Star Line,
Limited, aboard the container ship Southland Star, that sailed
regularly between the U.S. west coast and Auckland, New
Zealand. Air samples were collected at approximately 5°

Table 1. NOAA/CMDL Cooperative Air Sampling Network Sites Used in Data Extension Procedure

Site Location Latitude Longitude Elev., m2 Datest MBLe
ALT Alert, Northwest Temitories 82°27N 62°31'W 210 1985- y
AMS Amsterdam Island 37°57'S 77°32E 150 1979-1990 y
ASC Ascension Island 07°55'S 14°25'W 54 1979- y
AVI St. Croix, Virgin Islands 17°45'N 64°45W 3 1979-1990 y
AZR Terceira Island, Azores 38°45'N 27°05W 30 1979- y
BAL Baltic Sea (Balanga Sister) 55°30'N 16°40'E 7 1992- n
BME St. David's Head, Bermuda 32°22'N 64°39'W 30 1989- y
BMW Southhampton, Bermuda 32°16'N 64°53'W 30 1989- y
BRWd Barrow, Alaska 71°19'N 156°36'W 11 1971- y
CBA Cold Bay, Alaska 55°12’N 162°43'W 25 1978- y
CGO Cape Grim, Tasmania 40°41'S 144°41'E 94 1984- y
CHR Christmas Island 1°42'N 157°10W 3 1984- y
CMO Cape Meares, Oregon 45°29'N 123°58'W 30 1982- n
CRZ Crozet, Indian Ocean 46°27'S 51°51'E 120 1991- n
GMI Guam, Mariana Islands 13°26'N 144°47E 2 1978- y
HBA Halley Bay, Antarctica 75°40'S 25°30'W 10 1983- y
ICE Vestmannaeyjar, Iceland 63°15'N 20°09'W 100 1992- y
120 Tenerife, Canary Islands 28°18'N 16°29'W 2300 1991- n
KEY Key Biscayne, Florida 25°40'N 80°12W 3 1972- y
KUM Cape Kumukahi, Hawaii 19°31'N 154°49'W 3 1971- y
MBC Mould Bay, Northwest Territories 76°15'N 119°21'W 58 1980- y
MHT Mace Head, Ireland 53°20'N 9°54'W 25 1991- y
MID Sand I<land, Midway 28°13'N 177°22'W 4 1085- y
MLO4d Mauna Loa, Hawaii 19°32'N 155°35'W 3397 1969- n
NWR Niwot Ridge, Colorado 40°03'N 105°35'W 3475 1967- n
opPCe Pacific Ocean (California Star) 8 1993- y
OPW Olympic Peninsula, Washington 48°15'N 124°25'W 488 1984-1990 n
PACe Pacific Ocean (Southland Star) 15 1986-1993 y
PAWe Pacific Ocean (Wellington Star) 7 1990-1993 y
PSA Palmer Station, Antarctica 64°55'S 64°00'W 10 1978- n
QPC Qinghai Province, China 36°16'N 100°55° 3810 1990- n
RPB Ragged Point, Barbados 13°10' 59°26'W 3 1987- y
SCs¢ South China Sea (Carla A Hills) 15 1991-1993 n
SCst South China Sea (Great Promise) 15 1993- n
SEY Seychelles, Mahe Island 4°40'S 55°10E 3 1980- y
SHM Shemya Island, Alaska 52°43'N 174°06'E 40 1985- y
SMO¢ Tutuila, American Samoa 14°15'S 170°34'W 42 1972- y
SPOd South Pole, Antarctica 89°59'S 24°48'W 2810 1975- y
ST™ Ocean Station "M" 66°00'N 2°00E 7 1981- y
SYO Syowa, Antarctica 69°00'S 39°35'E 11 1986- y
TAP Tae-ahn Peninsula, Korea 36°44'N 126°08'E 20 1990- n
UUM Ulaan Uul, Mongolia 44°27N 111°06'E 914 1992- n

tElevation in meters above mean sea level.
bBeginning and ending year of sampling.
¢Marine boundary layer sites used in weekly latitude distributions.

dFlask and continuous CO, measurement programs treated as two sampling locations.
cCombined OPC, PAC, and PAW sites generates 17 effective shipboard sites.

fSCS generates seven effective shipboard sites.
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latitude intervals from 45°N to 35°S with an average time
interval of ~3 weeks for every 5° latitude position. This effort
effectively added 17 new sampling locations in the Pacific
Ocean and doubled the size of the network. During the 3-year
period 1991-1993, 11 new sites, listed in Table 1, were added to
the network. One of these, South China Sea (SCS), was a
cooperative effort with Chevron Shipping Company aboard the
refined product carrier Carla A. Hills that sailed regularly
between Hong Kong and Singapore across the South China Sea
(currently, the same route is being sampled in collaboration with
the Nippon Yusen Kaisha Shipping Company). Air samples
aboard these vessels were collected at ~3° latitude intervals
from 3°N to 21°N with an average frequency of approximately
one sample per week per 3° latitude position effectively adding
seven new sampling locations. Sampling at St. Croix, Virgin
Islands (AVI) was discontinued in 1990 concluding 10 years of
successful cooperation with Fairleigh Dickinson University.
Twelve years of sampling at Amsterdam Island (AMS), in
collaboration with the French Centre des Faibles Radioactivités,
also ended in 1990. Figure 1 shows the evolution of network
sampling density. Periods of expansion and attrition are evident
as well as occasional gaps within individual sampling site
records.

3. Data Preparation

Carbon dioxide data from 37 land-based flask sampling sites
and 24 shipboard positions of the CMDL cooperative air
sampling network and from the CO, continuous sampling
programs at the four CMDL baseline observatories were used in
the extension procedure (Table 1). To characterize an average
seasonal cycle, we required sampling records be at least 2 years
in length; shorter records were excluded from the extension
procedure. Techniques for sample collection and analysis and
data editing and selection have been described in detail for the
flask program [Conway et al., 1988, 1994] and the continuous
programs [Peterson et al., 1986; Gillette et al., 1987; Komhyr et
al., 1989; Thoning et al., 1989; Waterman et al., 1989]. Briefly,
both measurement programs use nondispersive infrared gas
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Figure 1. The density and distribution of air samples from the
Climate Monitoring and Diagnostics Laboratory (CMDL)
cooperative air sampling network plotted as sine of latitude
versus time. Each solid circle indicates an air sample resulting
in a COy measurement believed to be representative of a large,

well-mixed air mass.
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analyzers. All CO, mixing ratios are determined relative to
standards traceable to the WMO X85 mole fraction scale and
maintained at the WMO Central CO, Laboratory at the Scripps
Institution of Oceanography. Both flask and continuous data
have been selected to ensure that samples are very likely to be
representative of large well-mixed air masses. Flask samples
are collected in pairs approximately weekly, and pairs retained
by the selection process are averaged. Figure 2 shows retained
flask averages at Shemya Island, Alaska (SHM) and Cape Grim,
Tasmania (CGO). At the CMDL observatories, measurements
are made every minute and reported as hourly averages; for this
work, selected daily averages were used. Figure 3 shows daily
averages from the Barrow, Alaska (BRW) and South Pole,
Antarctica (SPO) continuous measurement programs.

It is clear from Figure 1 that flask sampling does not occur at
evenly spaced intervals. Designated sampling days may be
shifted by one or more days because of inclement weather or
unacceptable sampling conditions. Sampling gaps greater than 2
weeks occasionally occur because of sampling problems, site
personnel changes, or insufficient flask supplies. Because of the
sampling variability at individual sites, sampling among CMDL
sites is not synchronized. To ensure that the global database can
be used easily and unambiguously by the modeling community,
we require that integrated and extended records have evenly
spaced, synchronized time steps. To achieve this, we first fit a
smooth curve to the measurements at each site and then extract
values from the curve at evenly spaced synchronized steps. The
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Figure 2. Carbon dioxide mixing ratios determined from flask
samples at (a) Shemya Island, Alaska (SHM) and (b) Cape
Grim, Tasmania (CGO). Squares are values believed to be
representative of large, well-mixed air masses. The smooth
curve, Sgra(t), and deseasonalized long-term trend, Tsya(t), are
shown as solid curves (see section 3). Internal gaps greater than
8 weeks are denoted by breaks in the smooth curve.
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Figure 3. Daily averaged CO, mixing ratios determined from
continuous measurements made at (a) the CMDL Barrow
Observatory and (b) the South Pole Observatory. Data have
been selected for background conditions. The solid curves are
smooth curves and deseasonalized long-term trends fitted to the
entire record (see section 3). Curves shown do not extend
beyond the synchronization period, 1979-1994.

use of smoothed rather than actual data also diminishes the
tendency for inverse models to produce unstable source/sink
scenarios on short timescales.

The curve fitting techniques used to smooth a CO,
measurement record, csra(t), where the subscript notation
"STA" (for station) indicates that the expression is specific to
any one of the sampling sites listed in Table 1, have been
described by Thoning et al. [1989]. We briefly describe the
techniques here because they are used extensively in both data
extension methods. To approximate the long-term trend and
average seasonal cycle at a sampling site, a function of the form

fsTa(t) = 29 + a1t + azt2 + Ty 4[byy gsin(2mkt)

+ byecos(2mkt)] )

is fitted to the measurements where t is the time in years since
January 1, 1979. To account for interannual variability in the
seasonal cycle, the residuals, rgra(t)=csTa(t)-fsTA(L), are
digitally filtered through a low-pass filter with a full width at
half maximum (FWHM) of approximately 40 days. The
smoothed residuals from the 40-day filter, [rgpa(t)}404, are then
combined with fgra(t) to produce what we call the smooth
curve,

SsTa(® = fsTA(®) + {157A(D)) 200, @

To account for interannual variability in the long-term trend, the
residuals can be digitally filtered through a low-pass filter with
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FWHM of approximately 1 year. The result from the 1-year
filter, {rgra(t)}1 yr. is then combined with the polynomial terms
in fsTA(t) to produce the deseasonalized trend

TsTa(t) = a9 + a1t + ayt2 + {rsTA(D}1 g1 (3)

Figures 2 and 3 show the measurements cgra(t), the smooth
curve Sgra(t), and the long-term trend Tgra(t) at SHM, CGO,
BRW, and SPO. Table 2 summarizes the expressions used for
general curve fitting.

From the smooth curve we extracted evenly spaced CO,
values at synchronized time steps. For this work we define a
synchronization period from January 1, 1979, to January 1,
1994, with a resolution of 48 equal intervals per year (referred
to as weeks, where 1 week =7.6 days) resulting in a time period
with 721 equally spaced steps. For each sampling site, values
were extracted from the smooth curve at synchronized time steps
following the first air sample and continuing to the last sample.
We did not extract values from the curve where measurements
extend beyond the synchronization period. External gaps in the
synchronization period, denoted by default values (-999.999),
occur when a site record begins or ends within the period.
Internal gaps in the synchronization period, also denoted by
default values, occur when the time between successive samples
exceeds 8 weeks (confidence in the interpolated smooth curve
values diminishes as gaps between successive samples increase
beyond this 2-month cutoff). Internal and external gaps in the
SHM record are apparent in Figure 2a. These default
assignments denote weekly time steps within the
synchronization period that will later be filled with either
extrapolated or interpolated CO, mixing ratios derived from the
data extension procedure.

Our confidence in values extracted from Sgra(t) depends on
the density of the data, the "scatter” in the data, and the length
of the measurement period. A relative weighting scheme was
designed to enable a user to give greater significance to sites
with high signal to noise and/or consistent sampling. Weights
derived from this scheme are assigned to extracted values from
Ssta(t) at each time step. Weights at individual sites were
calculated for each year as follows:

wsta() =——

where RSD is the residual standard deviation of the
measurements about the smoothed curve, N is the number of
residuals per year used in the RSD determination, and wgra(t)
is the calculated weight at each time step in the synchronization
period. The residual standard deviations were determined with
annual resolution, so that weekly weights, wgra(t;), assigned
within each year have the same value. We placed an upper limit
on N of 96 or twice-weekly samples per year because we
believed that higher sampling frequencies, such as the daily
averages from the baseline observatories, often do not represent
independent measurements. At Mauna Loa, Hawaii, (MLO) for
instance, consecutive selected daily mean values are related to
each other through the presence of large-scale weather patterns
[e.g., Heimann et al., 1989]. To ensure that the range of
calculated weights for all sites and years was not skewed by site
records with exceptionally high or low noise, we clipped all
weights greater than the 70 percentile at the value of the 70
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Table 2. Summary of Equations and Expressions Used in the Data Extension Procedure

Expression

Description

General Curve Fitting

esTA®

fsa(t) = ag + ajt + ag12 + Ty 4[boy g sin(27kt)

+ by cos(2kt)]
Ssta® = fsrA(® + {15741 Jaca

2
Tstal) =ao+ayt+ agt" + {rera®} 1y

selected measurements, representative of large well mixed air masses

(1) site climatology of cgy, (1), approximates average seasonal cycle and trend

(2) smooth curve fitted to cspA (D

(3) deseasonalized long-term trend fitted to cgra(t)

Benchmark Trend Method

Astar(t) =SsTa® - Tspo(t)

(4) difference data, seasonal cycle and trend relative to reference (SPO in this case) trend

dsTaT() = My + Ty 4[ mE . sin@nkt) + m] cos(@nk)] (5) difference climatology of Agysr(t), approximately average seasonal cycle and offset
relative to reference.

Ssrar(® =dsrat® + {rsTAT(® J400

Esrapt(® = Tspo(®) + {Asta (D), SstaT(}

(6) smooth curve fitted to Agra (1)

(7) extended site record, contains smoothed, extrapolated, and interpolated values

Latitude Reference Method

REFsra(t)

latitude reference time series, extracted from weekly latitude gradient curves at

sine (latitude) of STA

Asarer() = SsTa(t) - REFgTA(®

dsrarer® = Mg + Ty ol m§ ) sinnkt)

(8) difference data, seasonal cycle and trend anomalies relative to latitude reference

(9) difference climatology of Agysrer(t), approximatley average seasonal cycle and

offset relative to reference

+ msz cos(2nkt)]
Sstarer(® = dstA REF®) + {T5TA REF®) }a04

Egsta1r(t) =REFsrA(t) + {Agra REF(D: SsTAREF()]

(10) smooth curve fitted to Agra rep()

(11) extended site record, contains smoothed, extrapolated, and interpolated values

percentile and clipped all weights less than 5 percentile at the
value of the 5 percentile. Lastly, we scaled the weights as
follows:

20

wh, D=we,, )o——
STA STA w (I) I .
STANY/15 percentile

where WsTA (15 percentile is the weight at the 5 percentile (.the
minimum value of all weights) and w§r, (t) is the resulting
scaled weight at each time step. The scaled weights, wgr, (t),
assigned to smoothed data range from the fixed minimum
weight of 2 to a maximum weight of approximately 12. For
each site used in the data extension procedure, we have created
a four-column matrix containing the synchronization years, the
RSD of the measurements about the smooth curve, SgrA(t), the
number of residuals per year used in the RSD determination
(N), and the scaled weights (w§ra(t)). Assigned default
weights of value 1 indicate years where no measurements exist.
Each matrix is saved to a file. Table 3 shows a portion of the
weight matrix for SHM. These matrices serve two purposes.
First, the scaled weights are used in the development of the

latitude reference method described in section 4.2, and second,
the matrices may be used as additional model input to indicate
the relative confidence in each value of an extended record (see
section 5). The resulting relative weighting scheme ensures that
flask records with high signal to noise are weighted similarly to
continuous records with high sampling frequency. As examples,
both the flask and the continuous records at SPO have identical
maximum weights determined for all years, while the flask and
continuous records at BRW have similar weights to each other
but lower than SPO.

In addition to the weighting matrix describe above,
preparation of the measurement data creates a matrix for each of
the 65 sites used in the data extension procedure. Each matrix
has the same number of rows and two columns. The number of
rows (721) is defined by the synchronization period and its
"weekly" resolution. Matrix columns contain the synchronized
time steps and the smoothed values from the curve, Sgra(t).
These matrices are used as the starting point in the development
of both extension methods. Specifically, synchronized smoothed
values, Sgra(t), which represent the measurements from each
site record, are used to define difference climatologies discussed
in section 4.
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Table 3. Portion of the Weight Matrix for SHM

Year, GMT2 RSDb Numbere Weightd
1979.000000 -999.999 0.000 1.000
1980.000000 -999.999 0.000 1.000
1981.000000 -999.999 0.000 1.000
1982.000000 -999.999 0.000 1.000
1983.000000 -999.999 0.000 1.000
1984.000000 -999.999 0.000 1.000
1985.000000 0.940 9.000 2.449
1986.000000 0.628 21.000 5.601
1987.000000 0.889 30.000 4.729
1988.000000 0.859 33.000 5.133
1989.000000 0.709 28.000 5.728
1990.000000 0.793 24.000 4.741
1991.000000 0.885 29.000 4.670
1992.000000 0.763 37.000 6.119
1693.000000 0.836 41.000 5.879
1994.000000 0.860 20.000 3.991

The first 15 lines of informational text have been omitted. For details, refer to
section 3.

aSynchronization year.

bResidual standard deviation of the measurements about the smooth
curve.

cNumber of residuals per year used in the RSD determination.

dScaled weight (W )-

4, Technique

The data extension methods described are not based on any
atmospheric models but entirely on the data themselves. In
contrast to model-based data assimilation techniques based on
mass conservation, the methods described here are relatively
straightforward and reproducible and result in extended reco.ds
that are model independent. Data extension attempts to transfer
knowledge gained during a limited period of measurements
beyond the period itself. The knowledge manifests itself in
what we call a trace gas site climatology that describes
characteristic features in a data record such as average seasonal
cycle patterns, trends, and changes in trends. From section 3 the
function fsT(t) describes the trace gas site climatology for the
measurement period at each CMDL sampling site. This
function, however, may not be a reasonable description where
there are no measurements. Imagine, for example, a 4-year
measurement record in the high northern hemisphere above 60°
latitude for the period 1987 through 1990, the site climatology
derived from this 4-year record would fail to describe the
decrease in the CO, growth rate observed globally in 1991-1992
[Conway et al., 1994]. If we reference this fictitious site
climatology with measurements from another site or many other
sites from the CMDL network where we continne to make
measurements, then perhaps we can combine knowledge of the
slowdown in the CQO,y growth rate from observations at active
sites with the site climatology to more accurately extend the
record beyond the 4-year measurement period. The first data
extension method described uses as a benchmark the trend,
Tsra(t), from a single CMDL sampling site as a reference. The
second method employs a latitude reference time series derived
using measurements from many sampling locations.
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Measurements from SHM and CGO are used to illustrate the
progression of the data extension procedure for each of the two
methods described.

4.1. Benchmark Trend Method

A first attempt at data extension resulted in the benchmark
trend (BT) method. This method extends site records forward
and backward in time by utilizing knowledge derived from
individual site climatologies and information contained in a
single benchmark long-term trend. Figures 4a and 5a (solid
circles) show the smooth curve values defined by Sgra(t) for
SHM and CGO, respectively. To keep the method simple, we
selected a network site whose long-term trend would be
generally representative of a global long-term trend. The
benchmark site record was required to span the synchronization
period with few or no internal gaps, have high signal to noise,
and be representative of very large well-mixed air masses. The
SPO flask record was selected as the benchmark site.

A long-term trend, Tgpa(t), was determined for SPO
{equation (3)). Trend values were then extracted at each
synchronized step. Since deseasonalized long-term trend curves
are minimally affected by internal gaps in site records,
interpolated trend values were included resulting in a
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Figure 4.  Progression of the data extension procedure using

the benchmark trend method. (a) Weekly synchronized smooth
curve values, Sgra(t), from SHM (solid circles) and the long-
term trend, Tsra(t), derived from the benchmark site South
Pole, Antarctica (SPO) (solid curve); (b) differences of
smoothed values minus benchmark trend (BT) values, Agra (8
(solid circles), used to define the difference climatology and
interpolated  differences (open circles) and extrapolated
differences (pluses) defined using the difference climatology; (c)
extended site record, Egrapr(t), containing smoothed values
(solid circles) and interpolated and extrapolated values (open
circles and pluses). See section 4.1 for details.
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Figure 5. Same as Figure 4 but for CGO.

benchmark trend value at each step in the synchronization
period. Figures 4a and 5a (solid curve) show the trend, Tgpo(t),
used in the BT method.

For each site, smoothed minus benchmark trend mixing ratios
were calculated at each time step containing smoothed values,

AsTa 1(D = SsTA(D - Tspo(t). @

The difference vector, Agra 1(t), highlights the seasonal cycle
patterns and trends at each site relative to the long-term trend at
SPO. A difference climatology was then described by fitting a
function to Agrar(t). In this curve fit, equation (1) was
modified so that the average seasonal cycle and offset for the
entire site record relative to the benchmark trend were
approximated by the function

dsta(®) = m§ + By 4 [l sin@mi) + m cos(2nkt)].  (5)

The difference climatology, dgra (1), describes the average
difference between the smooth curve and the benchmark
trend everywhere that actual measurements exist. As
described in section 3, we can filter the residuals, rgTa 1(t)=
AsTA1T(1)-dsTAT(t), using a 40-day FWHM filter and
combine the smoothed residuals with equation (5) to
produce a smooth curve, Sgta 1(t), to the difference vector,

Ssta1(t) = dsTA (1) + {rsTA T(t)}404- ()]

Data extension relies on the assumption that the difference
climatology described by equation (5) is valid for periods where
there are no measurements (we will discuss the limitations of
this assumption in section 5). On the basis of this assumption,
time steps within external gaps in the synchronization period
were filled using extrapolated CO, values determined from
equation (6) where the term {rsta 1(t)}aoq is zero. Time steps
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within internal gaps in the synchronization period were filled
using interpolated values from equation (6) where the
contribution from the smoothed filtered residuals is nonzero.
This was accomplished by first constructing residuals, rgta (1),
at time steps within an internal gap by interpolating between the
two residual values bounding the gap and then including these
constructed residuals in the 40-day filter. The BT method
results in a composite difference vector consisting of Agra 1(t)
where smooth data exist and of extrapolated and interpolated
values from Sgra 1(t) where smooth data do not exist. Figures
4b and 5b show the difference vectors for the sampling sites
SHM and CGO.

Data extension using the BT method creates a matrix for each
of the 65 sites used. As before, the number of rows is defined
by the synchronization time period and its resolution. The first
two columns are from the data preparation matrix (i.e.,
synchronized time steps and values from the smooth curve,
Ssta(1); two additional columns contain the Tgpo(t) vector and
the difference vector, [Agta1(t), SsTaT(t)}. Each matrix is
saved to a file. Table 4 shows a portion of the BT method
matrix for SHM.

Finally, an extended CO, site record, Egra pr(t), containing
smoothed, extrapolated, and interpolated mixing ratios can be
generated by combining the two column vectors containing the
benchmark trend and differences as follows:

Egta Br(t) = Tspo() + {AsTa 1(t): SsTA (1)} )

When data are present, the above expression returns the original
smoothed values, i.e., Egra T(=SsTA(t). When data are not
present, the extended CO4 mixing ratio is a combination of the
globally representative benchmark trend, an average offset over
the entire site record relative to the benchmark trend and an
average seasonal cycle. Figures 4c and Sc show the extended
site records resulting from the BT data extension method for
SHM and CGO. At both sites, extrapolated CO, values filling
external gaps clearly show the combination of the benchmark
trend and the average seasonal cycle. Table 2 summarizes the

expressions used in the BT method.
Table 4. Portion of the SHM Result Matrix Derived From
the Benchmark Trend Method

Date, GMTz2 Ssra®® Tspo®°®  {Astax(®, SsTar®}é
1979.000000 -099.999 334.885 7226
1979.020874 -099.999 334.913 7.076
1985.666626 -999.999 343.961 7125
1985.687500 -999.999 343.991 -6.400
1985.708374 339.792 344,020 4228
1985.729126 341.663 344.049 2,386
1993.979126 361.324 355.127 6.197
1994.000000 361.766 355.150 6.616

The first 15 lines of informational text have been omitted. For details,
refer to section 4.1.

aSynchronized time steps.

bSmooth values from curve fit.

¢SPO benchmark trend.

dDijfference vector.
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On the basis of our benchmark criteria the MLO flask record
could have also been used as a benchmark site. As an exercise,
the BT method was implemented once using Tspo(t) and once
using Typo(t). Comparison of the extended records using the
two benchmark sites showed that either would be acceptable as
the benchmark site. Small differences in the results using the
BT method at SHM and CGO that were observed using either
SPO or MLO were due to differences in the long-term trend at
each benchmark site. Should one benchmark site be preferred?
In Figure 6 we compare the trends derived from extrapolated
values at SHM (which started during 1985) using SPO as a
benchmark site (dashed curve) and using MLO as a benchmark
site (dashed-dotted curve) with the long-term trend from
smoothed values at Cold Bay, Alaska (CBA) which is nearby in
latitude (solid curve) from January 1979 to September 1985. As
expected, trends derived from extrapolated values agree better
with trends observed at nearby sites when the benchmark site is
closer in latitude. This alone cannot account for the differences
shown in Figure 6. From 1985 to 1993 the average difference of
the annual means at MLO and SPO was greater than the average
difference prior to 1985. As a result, the difference climatology
derived from the period 1985 to 1993 does not adequately
describe the climatology prior to 1985. In this instance the SHM
trend derived using SPO as the benchmark site is offset toward
higher CO, values from the SHM trend derived using MLO as
the benchmark site.

4.2. Latitude Reference Method

The benchmark trend approach to data extension does not
capture interannual variability in the seasonal cycle that is
apparent from the smoothed values in Figures 4a and 5a. We
compared the SHM extended record, Egiypr(t), from 1979 to
1986 with the smoothed record from CBA, Scpa(t), at a similar
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Figure 6. Comparison of deseasonalized long-term trends,
Tsra(t), derived from extrapolated values at SHM with the trend
derived from smooth curve values at Cold Bay, Alaska (CBA)
which is nearby in latitude. The solid curve is the long-term
trend derived from smooth curve values at the comparison site
CBA. The dashed curve is the trend derived from extrapolated
values using SPO as the benchmark site. The dashed-dotted
curve is the trend derived from extrapolated values using Mauna
Loa, Hawaii (MLO) as the benchmark site (see section 4.1).
The dotted curve is the trend derived from extrapolated values
derived using the latitude reference method (see section 4.2).
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latitude and found that the CBA record shows significant
interannual variability in both the shape and the amplitude of
the seasonal cycle (Figures 7a and 7b). Variability of this nature
is observed at all sampling locations and is representative of the
year-to-year differences in regional source/sink strengths and
atmospheric transport. = Knowledge of atmospheric CO,
variability recorded at sites nearby in latitude was essentially
ignored in the BT method that used the long-term trend at a
single benchmark site as a reference to each site climatology.
Clearly, this method underutilized valuable information
presented by the many CO, measurements available from the
CMDL network. We know, for instance, that the annual mean
CO, gradient from Antarctica to the Arctic was =25% greater
during 1988-1991 than during the preceding seven years. We
would like to incorporate such knowledge into the extended
records but cannot do so by using the trend from a single
benchmark site. In the latitude reference method we have
refined the data extension procedure so that extrapolated and
interpolated values at individual sites incorporate knowledge of
CO, variability at sites nearby in latitude.

Making use of the extensive latitudinal distribution of the
CMDL network has allowed us to narrow the spatial extent of
the reference used with each site climatology. The latitude
reference (LR) method considers measurements from many
network sampling records when constructing a difference
climatology. Specifically, difference climatologies are defined
in terms of smoothed values from individual site records,
Ssta(t), and both the trend and the seasonal cycle patterns from
a reference time series defined at the latitude of STA. The
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Figure 7. (a) Extrapolated CO, values derived using the

benchmark trend method at SHM for January 1979 to September
1985; (b) weekly synchronized smoothed values at CBA over
the same period; (c) extrapolated CO, values derived using the

latitude reference method at SHM over the same time period.
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latitude reference time series, discussed shortly, is constructed !
from measurements made from active CMDL sites during the
synchronization period. The LR method is an attempt ¢
extrapolate and interpolate CO, mixing ratios that are more
representative of a site's latitude by incorporating knowledge
obtained from sampling records nearby in latitude. Extended
carbon dioxide trend and seasonal cycle patterns at SHM, for
example, should be influenced by patterns recorded at nearby
sites such as CBA.

We again use SHM and CGO to illustrate the progression of
the data extension procedure. Figures 8a and 9a show smoothed
values from the flask sampling sites SHM and CGO. First, ve
defined the large scale north-south gradient for each week of the
synchronization period. Weekly latitudinal distributions (CO,
(ppm) versus sine (latitude)) comprised of smooth values from
marine boundary layer sites were compiled. Since the gradients
were to represent very large scale zonal characteristics, only
marine boundary layer (MBL) sites with records obtained from
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Figure 8. Progression of the data extension procedure using
the latitude reference method. (a) Weekly synchronized smooth
curve values, Sgra(t), from SHM; (b) latitude reference time
series values described by REFgra(t) at the latitude of SHM;
(c) differences of smoothed values minus reference values,
AsTaRer(t) (solid circles), used to define the difference
climatology and interpolated differences (open circles) and
extrapolated differences (pluses) defined using the difference
climatology; (d) extended site record, Egrajgr(t), containing
smoothed values (solid circles) and interpolated and
extrapolated values (open circles and pluses). See section 4.2
for details.
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Figure 9. Same as Figure 8 but for CGO.

generally well-mixed air masses (marked "y" in the last column
of Table 1) were used. The number of sites contributing to each
weekly distribution varied with network expansion and attrition.
A locally weighted regression model or "loess” model
[Cleveland and Devlin, 1988; Cleveland, 1979] was then applied
to each distribution to approximate the weekly north-south
latitude gradient. The loess smoothing procedure replaces each
point in the weekly latitudinal distribution with a value
determined from a locally weighted least squares quadratic fit to
smooth values contained in a window about the point. For this
application the window is set to include all values in the
distribution. Assigned weights, as defined in section 3, were
passed to the loess model with each value in the distribution to
ensure that CO, values from sites with high signal to noise
and/or consistent sampling had greater influence on the resulting
loess curve fit. At each time step, values were extracted from
the loess curve at intervals of 0.05 sine of latitude from 90°S to
90°N. This was accomplished at the poles by copying the
southern and northemmost CO, values from the distribution to
fictitious sites at 90°S and 90°N, respectively and assigning
these values minimum weight. When values from SPO were
present, this “trick" was not required for 90°S, but always in the
north a value from either BRW, Mould Bay, Northwest
Territories (MBC), or Alert, Northwest Territories (ALT) was
copied to the "site" at 90°N. Figure 10 shows some of these
latitudinal curves for 1986. The area of the symbol is
proportional to the relative weight of each value. We have
selected the loess model because it is robust, well documented,
easily available, and provides a suitable local fit about each
point in the distribution. We have also tried a weighted cubic
least squares polynomial fitted to the weekly distribution. A
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Figure 10. Weighted loess curves fitted to weekly latitudinal distributions of marine boundary layer
(MBL) smoothed values. (a-m) Weekly distribution and curve for every fourth week (approximately
monthly) beginning January 1, 1986. The area of the symbol is proportional to the relative weight of
each value (see section 3). The vertical dotted lines indicate the sine (latitude) positions of CGO (41°S)
and SHM (53°N). Weekly curves describing the north-south gradients are used in constructing latitude

reference time series (see section 4.2).

polynomial is attractive because of its simplicity and robustness,
but it produces a fit that is more global in nature. This is a
concern when the number of sites defining the north-south
gradient is small. In 1979 and 1980, for example, when the
number of sites in a weekly distribution was small, the
polynomial tended to overshoot or undershoot inflection points
resulting in curves that probably did not adequately represent
the actual latitudinal gradient. The loess curve also exhibited
this behavior when the number of sites in the distribution was
small but to a much lesser extent. The integration of data
records from other laboratories will improve the density of
measurements during these early years and better constrain
these weekly north-south gradients.

The resulting set of loess curves allows us to construct
reference MBL CO, time series at each time step in the

synchronization period at any latitude. For example, at CGO we

construct a reference time series, REFcgo(t), by extracting a
CO, mixing ratio from the loess curves fitted to each weekly
north-south gradient at the sine (latitude) of CGO (see Figure
10). The latitude reference, REFcgo(t), is thus influenced
mostly by MBL sites nearby in latitude to CGO, by CGO itself
during its measurement period, and to a lesser extent by all
other valid MBL mixing ratios used in the loess curve fits.
Figures 8b and 9b show this reference time series, REFgpA(1), at
the latitudes of SHM and CGO, respectively.

From this point, the framework of the LR method parallels
the BT method described in section 4.1. For each site, smoothed
mixing ratios minus values from REFsra(t), at the sine
(latitude) of the sampling location, were calculated for each time
step containing smooth values,

Asta REF(D=SsTA() - REFSTA(D). ®)
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These differences, Agragrgr(t), highlight features that
distinguish the individual site from the reference time series
derived from active network sites. The real information content
of a particular station is embodied in these differences: they
portray what cannot be predicted for that site based on
measurements elsewhere. A difference climatology was then
described by fitting a function to Agrs rer(t). Equation (1) was
again modified so that the average offset for the entire site
record relative to the latitude reference values and the average
seasonal cycle (also relative to the latitude reference values)
were approximated by the function

dsTAREF(Y) = m§ + 2y 2[m'},k_lsm(znk:)+m‘2‘kcos(2nk:)]. 9

The difference climatology, dsta rer(t), describes the average
difference between the smooth curve and the latitude reference
everywhere that actual measurements exist. Again, we can filter
the residuals, ISTA ,REF(t)=ASTA ,REF(t)'dSTA ,REF(I)’ using a 40-
day FWHM filter and combine the smoothed residuals with
equation (9) to produce a smooth curve,

SstA REF(Y) = dsTAREF(Y) + {rsTAREF(t)}404 - (10)

The data extension procedure again relies on the assumption
that the difference climatology described by equation (9) is valid
for periods when there are no measurements. Time steps within
external gaps in the synchronization period were filled using
extrapolated CO, values determined from equation (10) where
the term {rgra REF(t)}40q is zero. Time steps within internal
gaps in the synchronization period were filled using interpolated
values from equation (10) where the contribution from the
smoothed filtered residuals is nonzero exactly as in the
benchmark trend method. Figures 8c and 9¢ show the difference
vectors for the sampling sites SHM and CGO. Comparing the
SHM difference vector (Figure 8c, solid circles) with the
difference vector derived from the BT method (Figure 4b, solid
circles), we find that differences derived from the LR method
are more tightly distributed about a zero offset. This is to be
expected since the latitude reference time series exhibits both
seasonal cycle patterns and a long-term trend, while the BT
reference is only a benchmark long-term trend without a
seasonal cycle. This contrast is greatest at sites farthest from the
benchmark site used in the BT data extension method. An
interesting detail visible in Figure 8c is that the seasonal cycle at
SHM is both larger and a few weeks ahead in phase compared to
the latitude reference values. This can be explained
qualitatively because the seasonal cycle is mostly caused by the
terrestrial biosphere and SHM is close to the northern Asian
mainland. This feature will thus provide a quantitative
constraint on photosynthesis/respiration in northern Asia.
Another interesting feature in Figure 8c is the double maximum
during winter that provides an additional constraint on
respiration.

The latitude reference method creates a matrix for each of the
65 sites used. Each matrix has the same number of rows and
columns as before. The columns contain the first two columns
of the data preparation matrix, the latitude reference time series
vector at the site's latitude, REFgra(t), and the difference vector,
{AstaREE(t), SsTaRer(t)}. Again, each matrix is saved to a
file. Table 5 shows a portion of the LR method matrix for SHM.
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Table 5. Portion of the SHM Result Matrix Derived From
the Latitude Reference Method

Date, GMT*  Sgra(t)® REFgra(t)°  (Astarer®: Ssarer(t}d
1979.000000 -999.999 339.193 1.206
1979.020874  -999.999 339.613 0.929
1985.666626 -999.999 338578 251
1985.687500  -999.999 338.846 -1.878
1985.708374 339.792 339.484 0.308
1985.729126 341.663 340.390 1273
1993.9'}9126 36 1:324 360:064 1.260
1994.000000 361.766 360.645 1.121

The first 15 lines of informational text have been omited. For details,
refer to section 4.2.

aSynchronized time steps.

bSmooth values from curve fit.

<Latitude reference at the sine (latitude) of SHM.

dDifference vector.

Extended CO, site records, Esrar(t), derived from the LR
method can be generated by combining the two column vectors
containing latitude reference values and differences as follows:

Esra1r(t) = REFsTA(D + {Asta REF(1), SsTAREF(D)  (11)
Figures 8d and 9d show the extended site records resulting from
the latitude reference method for SHM and CGO. Table 2
summarizes the expressions used.

The primary feature that distinguishes the LR extended
records (Figures 8d and 9d) from the BT extended records
(Figures 4c and 5c¢) is the interannual variability in the seasonal
cycle of extrapolated CO, mixing ratios. This variability is
introduced into the data extension procedure by considering
year-to-year seasonal cycle differences observed at nearby sites.
If we compare the CBA smoothed record with the SHM
extended record from 1979 to 1986 (Figures 7b and 7¢), we note
that features in the nearby CBA record display similarities to the
extrapolated values at SHM. The pattern in the CO, summer
minimum at CBA for the period 1979 to 1986, for example, is
well reproduced in the SHM extended values. Also, variability
in the shoulder during the winter CO, buildup observed at CBA
is evident in the SHM extended values. These features are not
identically reproduced at SHM because of influences from sites
other than CBA nearby in latitude.

Long-term trends derived using extrapolated values from the
LR method are more similar to trends from active sites nearby in
latitude than to a globally representative long-term trend. This
is apparent in Figure 6 where we compare the trend derived
using extrapolated values from the LR method at SHM (dotted
curve) with the long-term trend from smoothed values at nearby
CBA (solid curve) for the period January 1979 to September
1985. The trend at SHM determined using the LR method more
closely resembles the smooth trend at CBA than does the trend
determined using the BT method (dashed and dashed-dotted
curves). The deviation in 1979, where data are sparse, is
partially due to the artifacts of the latitudinal curve fitting
described earlier.
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A small bias in the constructed time series may be
introduced when measurements at a particular site differ
significantly from values at sites nearby in latitude. Such is the
case at CGO where CO, mixing ratios are consistently lower
than measurements from Antarctic sites to the south and AMS to
the north [Conway et al., 1994] providing evidence for the
existence of a southern ocean sink [Tans ef al., 1989]. When
CGO measurements are included in the weekly north-south
latitude distribution, the loess curves at the latitude of CGO are
appropriately pulled toward lower COy values. The function
dogorer(t) is based on times when REFgo(t) is influenced by
CGO itself, but at all time steps, Scgorgr(t) is added to
REFgo(t) even when CGO data are absent. The integration
and extension of measurement records from other laboratories
should reduce this condition by improving spatial resolution and
temporal continuity.

Both the benchmark trend and the latitude reference methods
result in extended records that capture large spatially averaged
CO; characteristics. Neither method can construct anomalous
CO, values that may have occurred at individual sampling sites
because of localized transport or temporary sources or sinks.
Both methods assume that the difference climatology is invariant
in time. For example, the latitude reference method assumes
that on average the difference climatology that describes the
relationship between measurements from an individual site and
measurements from MBL sites nearby in latitude will not
change as the site record is extended beyond the actual
measurement period. We know from direct observations that
this is not the case. As an extreme example, at the sampling
location Tae-ahn Peninsula, Korea (TAP), which is relatively
close to heavily populated regions, the annual mean and the
seasonal cycle of the difference from the latitude reference
values are quite different from year to year. We expect the
assumption of invariance of the differences to be "conservative"
in terms of sources and sinks that might be derived with models.
Imagine that CO, mixing ratios at MBL sites at temperate
northern latitudes during a certain year are 1 ppm higher than in
other years, but we have no data from the continents that year.
Our assumption of invariance leaves differences between the
continental and the marine boundary layers the same as has been
observed in other years. We expect models will be forced to
infer that the cause of the higher annual mean concentrations is
spread over all longitudes more or less equally. In other words,
lack of data "forces" the result that the cause of the 1 ppm
anomaly is in this case more or less equally of marine and
terrestrial origins. This strategy may have to be revised in light
of the increasing availability of 313C data.

5. Discussion

The two data extension methods described above construct
atmospheric CO, values by combining knowledge from a long-
term reference with information from individual sites resulting
in extended records containing smoothed, extrapolated, and
interpolated values. @ While the benchmark trend method
constructs a reference long-term trend from a single benchmark
site, the latitude reference method constructs a reference time
series utilizing MBL sites selected from the CMDL sampling
network and continuous programs. Extrapolated CO, values
derived from the LR method account for variability in the
interhemispheric gradient as well as seasonal cycle patterns and
long-term trends derived from measurements at sites nearby in
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latitude. Extended values derived from the LR method should
better represent temporal variations in CO4 than values derived
from the BT method. To test this assumption, we reconstructed
several site records using both methods and compared the
results with observations.

Several sampling sites were active during most of the
synchronization period resulting in extended records containing
few or no extrapolated and interpolated values. The flask data
set at CBA for example, has no external or internal gaps and
thus has no extrapolated or interpolated values in the extended
record (Figure 11a). As an exercise, we excluded portions of the
CBA record prior to the data preparation (see section 3) and
reconstructed the record once using the benchmark trend method
and once using the latitude reference method. Both extended
records were then compared with the actual record. First, we
excluded all data prior to January 1987. The resulting extended
data sets from both data extension methods produced
extrapolated mixing ratios from 1979 through 1986 (Figures 11b
and 12b). The mean differences of extrapolated values minus
smoothed values for the 8-year period were (0.56 * 1.14) ppm
for the BT method and (0.01 £ 0.93) ppm for the LR method
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Figure 11. Reconstruction of a portion of the flask sampling
record at CBA using the benchmark trend method. (a) CBA
record; (b) reconstruction of the CBA record assuming the
measurements begin in 1987. Plotted are smoothed values
(solid circles) and extrapolated values (pluses). (c)
Reconstruction of CBA assuming record ends in 1987. Plotted
are smoothed values (solid circles) and extrapolated values
(pluses). (d) Differences of extrapolated values (Figures 11b
and 11c) minus smoothed values (Figure 11a). The vertical
dotted line distinguishes the two scenarios.
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Figure 12. Reconstruction of a portion of the flask sampling
record at CBA using the latitude reference method. (a) CBA
record; (b) reconstruction of the CBA record assuming the
measurements begin in 1987. Plotted are smoothed values
(closed circles) and extrapolated values (pluses). (c)
Reconstruction of the CBA record assuming the measurements
end in 1987. Plotted are smoothed values (closed circles) and
extrapolated values (pluses). (d) Differences of extrapolated
values (Figures 12b and Figure 12¢) minus smoothed values
(Figure 12a). The vertical dotted line distinguishes the two
scenarios.

(Figures 11d and 12d). Second, we assumed that sampling at
CBA was discontinued in January 1987. The resulting extended
data sets from both extension methods contained extrapolated
values from 1987 through 1993 (Figure 1lc and 12c,
respectively). The mean differences of extrapolated values
minus smoothed values were -(0.59 + 1.09) ppm for the BT
method and -(0.02 + 0.87) ppm for the LR method (Figures 11d
and 12d). Several other sites with sufficiently long records
showed similar results. Figure 13 shows the distribution of
mean differences for 14 sites with long records.  Site
reconstruction using the latitude reference method agrees better
with the actual site record than does reconstruction using the
benchmark trend method. Extrapolated values derived from the
LR method and smoothed values differed on average by ~0.2
ppm, while the BT difference was ~0.5 ppm. The strong
tendency for BT-derived extrapolated values to be greater than
the smoothed values for the period 1979 through 1986 and less
than the smoothed values for the period 1987 through 1993
reflects the inability of the BT method to detect the changes in
the interhemispheric gradient mentioned earlier. Similar results
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were produced when the exercise was repeated using different
portions of the records. These results suggest that extrapolated
values obtained using the latitude reference method better
represent the temporal variations in CO, observed at the
sampling locations than extrapolated values derived from the
benchmark trend method.

The remaining discussion examines several aspects of the
latitude reference method to better understand the limitations of
such an approach. In developing the LR method, we have made
assumptions that require comment. Model calculations suggest
and measurements verify that atmospheric CO, does vary
longitudinally [e.g., Fung et al., 1983; Conway et al., 1988;
Nakazawa et al., 1992]. We assume that the relationship of an
individual site to the latitude reference is invariant in time.
Observations show that this assumption is often not supported.
We have already discussed TAP as an obvious case, but most
other sites suggest that their relationship to nearby sites is
continually changing. We make these assumptions for two
reasons. First, although the CMDL cooperative air sampling
network is the most extensive in the world, it still does not
provide the sampling coverage required to adequately
characterize the variability of atmospheric CO, with longitude;
and second, forward and backward extrapolation necessarily
requires assumptions about CO; trends, changes in trends, and
seasonal cycle patterns at locations where we have no data.
‘What impact might these assumptions have on the results?

The function dgra Rep(t), equation (9), adequately represents
the relationship between an individual site and a reference trend
and seasonal cycle pattern as long as the relationship remains
nearly the same over time. For example, dgra rep(t) derived
from measurements at SCS made during the early 1990s, a
period of rapid increase in fossil fuel consumption in China and
Southeast Asia, will perhaps accurately describe the present
climatology at SCS but may misrepresent the climatology during
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Figure 13. The distribution of mean differences of
extrapolated minus smoothed CO, values from the
reconstruction of 14 CMDL sampling sites with long records
using (top) the benchmark trend method and (bottom) the
latitude reference method. Each vertical line intersects the
horizontal axis at the mean difference at one of 14 sites. (left
top and bottom) Results when assuming the records begin in
1987; (right top and bottom) results assuming the records end in
1987.
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the 1980s when rapid economic development was just getting
started. On a shorter timescale, it is reasonable to expect time
variations of the coefficients of dgra rer(t) related to El Nifio
events at many network sites. It is possible to allow long-term
variations in the curve fit parameters -of dgra grer(t) if enough
data are available. We have experimented with the inclusion of
time-dependent coefficients in dgya rer(t) while being aware of
the dangers of extrapolating polynomial fits beyond the range of
data. A conservative approach would be to add a linear time-
dependent coefficient to dgra rgr(t)- We have chosen not to
include such variation by assuming that dgta rgp(t) is invariant
over the synchronization period.

The CMDL cooperative air sampling network has been
continually changing since its inception in 1968. Figure 1 shows
the latitudinal distribution of sampling density where network
expansion, attrition, and gaps within individual sampling site
records are evident. What impact, if any, do changes in network
sampling density have on extended CO, values at any given
site? As alluded to earlier, the weighted loess curve fit used in
determining the latitude reference time series, REFgr(1), is
sensitive to the addition, deletion, or absence of a MBL site
when the number of sites is small. This is particularly evident
in the 1979-1981 period. Curve fits are also sensitive to
changes in network density in the low latitudes where values are
heavily weighted by area. To illustrate this sensitivity, we plot
the weekly latitude reference mixing ratios extracted from each
latitudinal curve fit at the latitude of CHR as a function of time
(Figure 14). We connect weekly values with a line to draw
attention to perturbations in the time series. In 1980 (Figure 14,
inset a), sampling problems at Guam, Mariana Islands (GMI),
Key Biscayne, Florida (KEY), and Seychelles, Mahe Island
(SEY) resulted in occasions when data from one or more of
these sites were missing from the weekly latitudinal
distribution. Because the sampling density was sparse during
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Figure 14. Latitude reference time series, REFgyA(t), at 1h:
latitude of Christmas Island (CHR). The weekly values are
connected with a line to draw attention to perturbations in the
time series. Inset a illustrates how the changes in the weekly
latitudinal distribution in 1980 because of sampling problems at
Guam, Mariana Islands (GMI), Key Biscayne, Florida (KEY),
and Seychelles, Mahe Island (SEY), affect reference values at
the latitude of CHR. Inset b illustrates how the commencement
of sampling at CHR in March and CGO in April 1984 affects the
reference values at the latitude of CHR.
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this period, gaps in records strongly impacted the curve fitted to
the latitudinal gradient. In March and April 1984, sampling at
Christmas Island (CHR) and CGO began providing additional
constraints on the gradient. Measurements from CHR and CGO
influence the fits as can be seen from the impact on the latitude
reference time series when sampling at the two sites began
(Figure 14, inset b). Other peculiarities in the data construct are
evident in more recent years. In 1986, 1987, and 1990, internal
gaps at SEY were responsible for the apparent perturbations.
Although by 1986 the sampling network was well established,
sampling changes in the low latitudes continued to strongly
influence the latitudinal gradient because of the region's large
surface area.

An additional comparison of measurements with extrapolated
values derived from the LR method was possible due to
overlapping independent CO; data records from the Alert
sampling site in Canada. The CMDL flask sampling effort at
Alert began in 1985 as a cooperative effort with the Atmospheric
Environment Service (AES) CO, program of Canada. The AES
CO, program has maintained a flask sampling effort at Alert
since 1975. In Figure 15a, smooth curve values, Sgya(t), from
the AES CO, flask sampling program at ALT are plotted as a
function of time. In Figure 15b the extended CMDL ALT record
is shown. Sampling began in June 1985 as indicated by the
vertical dotted line. Figure 15¢ shows the calculated differences
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Figure 15. Comparison of Atmospheric Environment Service
(AES) smoothed data with CMDL smoothed and extrapolated
values from independent sampling programs at Alert, Northwest
Territories (ALT). (a) Smoothed values from the AES flask
sampling program at ALT for 1979 to late 1992; (b) extended
CMDL record, Esra1r(t), at ALT containing smoothed (solid
circles) and extrapolated values (pluses); (c) differences of AES
smoothed values (Figure 15a) from CMDL extended record
(Figure 15b). NOAA/CMDL sampling at ALT began in June
1985 as indicated by the vertical dotted line.
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of the AES smoothed record minus the CMDL extended record
for the period 1979-1992. As a reference, the mean difference !
of AES smoothed values minus CMDL smoothed values from
mid-1985 to late-1992 was (0.1 + 0.7) ppm. The mean
difference of AES smoothed values minus CMDL extrapolated
values for the period 1979 to mid-1985 was (0.5 + 0.9) ppm.
Although not rigorous, the direct comparison of the two
smoothed ALT records suggests that calibration differences
between laboratory reference standards are small. As a result,
the comparison of CMDL extrapolated ALT values with AES
smoothed ALT data indicates that the backward extrapolation of
the CMDL ALT record using the latitude reference method
produces an extended record that reasonably reproduces direct
observations.

As a test of how data extension might effect bias because of a
continually changing network composition, we have used the
extended records derived from the latitude reference method in a
limited model application and have compared the outcome to
earlier results. The two-dimensional (latitude, height) transport
model described by Tans et al. [1989] has been used elsewhere
[Conway et al., 1994] to deduce source and sink patterns of COy
as a function of time and latitude using the CMDL cooperative
air sampling network. For this exercise, the two-dimensional
model was run in two operating modes. In the first mode, the
model used only the smooth CO, values Sgra(t) from the
extended records where measurements exist; results from this
mode of operation served as the basis of the comparison. In the
second mode, the model used smoothed, extrapolated, and
interpolated values from the extended records, Egrajr(t). The
impact of using the extended records in this application was
then assessed by direct comparison of the model results from the
two operating modes.

The two-dimensional model requires that mixing ratios at the
surface be defined at all times and latitudes. In mode 1, curves
are fitted to biweekly latitudinal distributions comprised of
smoothed values only [Tans et al., 1989]. Weights were
assigned to each smoothed value according to the weighting
scheme described in section 3. The weight matrices (Table 3)
also contain the residual standard deviation (RSD) of the
measurements about the smooth curve and the number of
residuals per year used in the RSD determination. These
additional variables should allow the choice of alternative
weighting schemes. The resulting biweekly meridional curve
fits were then used as inputs to the model. The curve fits in this
application are, in general, different from the latitudinal loess
fits because the latter are limited to using only MBL sites
whereas the former are not.

Figure 16a shows zonally averaged, global, and tropical
(=17°S to 17°N) CO, source strengths as a function of time
derived from the two-dimensional model using smooth values
only (mode 1). The fossil fuel CO, source has been removed.
Since different sampling network distributions would likely give
rise to different derived CO, source strength scenarios, we have
used a bootstrap analysis to estimate the uncertainty in these
derived sources due to the CMDL network distribution itself.
For this analysis we constructed 100 alternative "networks" by
selecting sites at random, with restitution, from the 65 actual
network sites listed in Table 1. Each of the 100 bootstrap
networks contained a total of 65 sites, but sites may have been
present more than once or not at all. To ensure the stability of
the meridional curve fits described above, each "network" was
required to include either the BRW flask or continuous record,
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Figure 16. Global and tropical (=17°S to 17°N) smoothed

biweekly natural CO, source strength scenarios (i.e., fossil fuel
source removed) derived from the two-dimensional model. (a)
Results from the model using smoothed CO; values, Sgra(t),
only. (b) Results from the model using the extended records,
Estarr(t). Estimated uncertainties determined using bootstrap
analysis (see section 5). 1 X 1014 moles of CO, is equivalent to
1.2 Gt carbon.

the CBA and Cape Kumukahi, Hawaii (KUM) records, either
the Tutuila, American Samoa (SMO) flask or continuous record,
and both the SPO flask and the continuous records. The two-
dimensional model was then run 100 additional times in mode 1
using each of the constructed networks. Results from each
model run were accumulated allowing statistics to be compiled
on several derived parameters. In Figure 16 the uncertainty
(shaded band) about a source strength curve (solid curve) is one
standard deviation (£10) from the mean of the source strength
determined from the 100 model runs. The uncertainty estimates
shown in Figure 16a suggest that while the CO, source strength
in the tropics is known on average to within about 25%, the
global source strength is known to within ~5%. The large
relative uncertainty in the derived tropical source is due
primarily to the large potential variability in the number of sites
within the 17°S to 17°N latitude zone from one "network" to the
next. This can lead to substantial differences in the local
curvature as a function of latitude. The derived global source
strength on the other hand, depends on the time derivative of the
global integral of the CO, mixing ratio and is thus less sensitive
to "unusual” local distributions that may arise from the bootstrap
analysis.
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We next ran the model using smooth, extrapolated, and
interpolated CO, values from the extended records (mode 2).
Although the extended records have uniform distribution in
time, weighted latitudinal curve fits were still needed to define
surface mixing ratios at every latitude. The weights assigned to
the smoothed values were identical to those used in mode 1 and
described in section 3. In the model, extrapolated and
interpolated values were assigned unity weight, lower than the
fixed minimum weight of value 2 for smoothed values. The
resulting biweekly meridional curve fits were then used as
inputs to the model.

Figure 16b shows the zonally averaged, global, and tropical
natural source strength of CO, derived from the mode 2 model
run. Uncertainties were estimated using the bootstrap analysis
technique, but because extrapolated values derived from the
latitude reference method depend on the composition of the
sampling network itself, the technique was modified. As before,
we constructed the 100 alternative "networks" by selecting sites
at random, with restitution, from the 65 actual network sites.
The same minimum constraint on the network composition used
in mode 1 was imposed. We next constructed entirely new sets
of extended records by running the date extension procedure 100
times, once using each unique network distribution. Finally, the
model was run 100 additional times in mode 2 using the
extended records constructed from each of the alternative
networks. Results from the model runs were again accumulated
allowing statistics to be compiled on several derived parameters.

Direct comparison of the two-dimensional model results
suggests that there is bias introduced by changes in the CMDL
network distribution. Carbon dioxide source strengths derived
from the mode 1 model run tend to suggest more extreme local
minima and maxima than comparable sources derived from the
mode 2 model run. This is particularly evident from the zonal
averages such as the tropical source shown in Figure 16a.
Source strengths derived from the mode 2 model run tend to
attenuate the extremes suggesting less source strength
variability. To illustrate this effect, we contrasted the mode 1
derived tropical source (Figure 16a) with the mode 2 tropical
source (Figure 16b). This comparison also shows that mode 1
bootstrap uncertainty estimates that are sensitive to changes in
the network distribution exhibit greater variability than the
mode 2 uncertainty estimates, particularly from 1980 to 1987
when the network was expanding rapidly. When using the
extended records, the extrapolated values derived from the
extension procedure provide more stability to the source
determination despite the fact that extrapolated values were
given the lowest weight in determining the surface distribution
as input to the two-dimensional model. As expected,
hemispheric and globally averaged source strengths also show
this effect but to a lesser degree because averaging is over larger
spatial scales (contrast Figures 16a and 16b, global source).

We believe that sources derived from the two-dimensional
model run that excluded extrapolated and interpolated values
were indeed biased by additions, deletions, and discontinuities
in the CMDL network (Figure 1). We discussed how a model
may be forced to infer sudden changes in sources or sinks simply
because a measurement record such as the Baltic Sea (BAL)
suddenly begins. This problem is exacerbated by the fitting of
smooth curves as a function of latitude. Roughly speaking, a
source will correspond to a bulge (negative second derivative) in
the latitudinal curve fit and a sink to a positive second
derivative. The addition of a new site may cause the appearance
of a slight bulge in the curve fit accompanied by areas of a
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slightly more positive second derivative on either side or vice
versa. For example, if, as in the case of BAL, the model infers
that there was suddenly an increase in sources at latitudes of
northern Europe, then the model would likely infer a partially
compensating source decrease elsewhere. The use of extended
records can partially correct for bias that would result from the
sudden addition or omission of sites. The model "sees" a
sampling distribution that although not perfect has complete
temporal and spatial coverage of the CMDL network. We
anticipate that as data from other measurement programs are
added and records become longer, the source/sink scenario
produced by the two-dimensional model will improve further.

6. Conclusion

We have proposed a data integration and extension procedure
that will result in a global atmospheric CO, database that should
aid modelers in the pursuit of a better understanding of the
global carbon budget. This global database will provide
unprecedented spatial resolution and temporal continuity of
atmospheric COy. In this paper we have developed the data
extension procedure using the CMDL cooperative air sampling
network. The extension procedure attempts to apply knowledge
embodied in a CO; site climatology obtained from a site record
to time periods beyond the record itself. This is accomplished
by combining site climatologies determined from individual site
data with long-term references derived from data from CMDL
sampling locations active before, during, and after individual
measurement records. Trace gas site climatologies describe
characteristic features in a site record such as average seasonal
cycle patterns, trends, and changes in trends. Two extension
methods have been presented. The benchmark trend method
extends CO, site records using information from site

climatologies and a benchmark trend derived from a single
network site that is representative of the global trend in
atmospheric CO,. The latitude reference method constructs
reference time series from measurements of samples collected at
active sites in the marine boundary layer. These references are
then used with site climatologies to produce extended records
containing more realistic seasonal cycles and trend patterns.
The data extension procedure is designed to provide modelers
with extended atmospheric CO, records consisting of high-

precision measurements from an extensive sampling network
and extrapolated and interpolated CO, values constructed using

knowledge gained from the many years of network sampling
measurements.

An essential feature of the data extension procedure proposed
here is that extended records will continue to change with time
as new data are added. Data extension will be as much an
ongoing activity as continued monitoring. It is our expectation
that the extended records will improve somewhat with time as
the latitude reference time series become defined better with
time.
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