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Abstract. A simple inverse model is proposed to deduce 1 Introduction

hemisphere-integrated COS flux based on published time

series of total column COS. The global atmosphere is di-Carbonyl sulfide (COS) is a long-lived gas in the atmosphere
vided into two boxes representing the Northern and Southernwith an atmospheric lifetime of approximately 2—-3 years
Hemispheres, and the total column COS data from severa(Griffith et al., 1998). Early reports suggested that COS
stations are used to calculate hemispheric COS loadings. Theas the principal source of sulfate particles in the strato-
integrated flux within each hemisphere is calculated as a linsphere (Crutzen, 1976) with an important impact on the
ear combination of a steady-state solution and time-varyingstratospheric ozone cycle and the Earth’s radiation budget.
perturbation. The nature of the time-varying perturbation isMore recent investigations have shown that shorter-lived sul-
deduced using two different approaches: an analytic solufur species can be transported from near the Earth’s surface
tion based on a cosine function that was fitted to the originalinto the stratosphere through convective activity, so the role
total column COS measurement time series and a Simplexf COS on the chemistry and radiation budget of the strato-
optimization with no underlying assumption about the func- sphere is still open to some debate (e.g. Kjedistr 1998;
tional form of the total column time series. The results sug-Rodhe, 1999). The cycle of COS through the atmosphere,
gest that there is a steady-state COS flux from the Northermceans, and biosphere has not been totally elucidated, and
to the Southern Hemisphere. There is a seasonal variation stlhe seasonal cycle of its sources and sinks is just beginning to
perimposed on this flux that in the Southern Hemisphere habe understood. The COS cycle shows some similarities with
a maximum rate of COS input into the atmosphere aroundCO, (which has been the subject of many more investiga-
January and a maximum rate of COS removal from the attions) and insight into the atmospheric cycle of both of these
mosphere around August—September. In the Northern Hemispecies will lead to further understanding of other long-lived
sphere, the maximum rate of COS input into the atmosphereompounds.

is around May—June, and the maximum rate of COS removal Until recently, the COS budget has been analyzed through
is either August or January, depending on which station inliterature reviews and data syntheses. Global extrapolations
the Northern Hemisphere is considered. The results of the inwere made of the available information to assess the domi-
verse model are compared with the outcome of a forward apnant production and destruction mechanisms of COS and its
proach on the temporal and spatial variation of the dominanprecursors to the atmosphere. Chin and Davis (1993) cre-
global sources and sinks published earlier. In general, theated an annual averaged budget for COS ang, @8d this
deduced hemisphere-integrated flux estimates showed goadas subsequently updated by Watts (2000) incorporating in-
agreement with the database estimates, though it remains uffiermation that oxic soils take up COS instead of producing
certain whether COS removal from the atmosphere in thet. Kettle et al. (2002) built on this work and proposed a sea-
Northern Hemisphere is dominated by plant and soil uptakesonal and spatial variation in the fluxes associated with the
in the boreal summer or by oceanic uptake in boreal winter. time dependent amplitude modulation of the major sources
and sinks. None of the database estimates of the fluxes is
constrained by existing databases of COS mixing ratios. Ap-
plying a global circulation model, Kjellstm (1998) pointed
Correspondence toA. J. Kettle (anthony.kettle@uea.ac.uk) out significant discrepancies between the databases for the
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Fig. 1. Summary of the seasonal hemisphere and global integrated COS fluxes from Kettle et al. (2002) and seasonal COS atmospheric
mixing ratios from two long-term time series. Itemized budgets of the major sources and sinks are showifdpglibtee, (b) Northern
Hemisphere, an¢c) Southern Hemisphere. Monthly sums of the sources and sinks are shown (dy thebe, (e) Northern Hemisphere,

and(f) Southern Hemisphere. (Best guess estimates shown by the shaded region and the uncertainty is given by the upper and lower lines)
The seasonal COS mixing ratio (with the average value subtracted) for the Taunus Observatory near Frankfurt, Germany is shown by a
fitted equation from Xu (2000) ifg). The COS mixing ratio (with the average value subtracted) for a one year observation period from
Amsterdam Island, Indian Ocean (Mihalopoulos, 1989) is showh)imvith shading used to denote the standard deviation of the individual
measurements for a given month.

sources and sinks and known COS atmospheric mixing rasults with the forward model compiled by Kettle et al. (2002).
tios. Specifically, the model made predictions of the inter-In particular, we wanted to assess whether the seasonal vari-
hemispheric ratio of COS atmospheric concentrations thagtion in the magnitude of the COS atmospheric loading was
were opposite to what has actually been observed. Theseonsistent with observations of total column COS made at
results highlighted the limitations of the existing databaseddifferent stations in both the Northern and Southern Hemi-
and/or of the forward modeling approach. spheres. Furthermore, we were interested in addressing the
question raised by Kettle et al. (2002) about the relative im-
A different modeling technique is to use a network of portance of the Northern Hemisphere COS sink associated

amount of data required to calculate fluxes using an inverse

technique depends on the temporal and spatial resolution de-

sired for the flux estimate, the uncertainty in the data, and the Methods

skill of the model used to describe the geophysical system

(e.g. Plumb and Zheng, 1996). Even a sparse data set canl Summary of COS fluxes based on databases

be used to constrain a simplified hemisphere-box model of

the Earth’'s atmosphere and thus achieve broad estimates &fstimates of seasonal COS fluxes from the oceans and an-
integrated sources and sinks. In this paper we explore CO$ropogenic activities and uptake by land plants and soils are
sources and sinks with such a box model and compare the reshown in Fig. 1. This is a summary of the work of Kettle et
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Fig. 2. Summary of the approximate seasonal hemisphere and global integrajeftli€®om published sources and seasonabG@no-
spheric mixing ratios from several long-term time series stations. Itemized budgets of the major sources and sinks are sh¢a)gfobéhe
(b) Northern Hemisphere, ar(d) Southern Hemisphere. Monthly sums of the sources and sinks are shown (dy thebe, (e) Northern
Hemisphere, an(f) Southern Hemisphere. The seasonal averagg 1@i®ing ratios (with the average value subtracted) for long-termy CO
monitoring stations have been digitized from Randerson et al. (1997) and are shown(fgritleethern andh) Southern Hemispheres.

al. (2002) and represents a priori knowledge against whictsinks are uptake by land plants and soils (Fig. 1c). The sum
inverse model flux calculations will be compared later. For of the all the sources and sinks in the Southern Hemisphere
the Northern Hemisphere (Fig. 1b), the main COS sourcegFig. 1f) shows a net COS source to the atmosphere in aus-
are anthropogenic activities and ocean outgassing, and thieal summer and net COS removal from the atmosphere in
main sinks are thought to be uptake by land plants and soilsaustral winter (also with the large uncertainty range noted
The seasonal variation in the flux is due mainly to the rela-for the Northern Hemisphere budget). Mixing ratio data
tive strength of the oceanic input and destruction by vegetafrom one station at Amsterdam Island in the Indian Ocean
tion. The sum of all the sources and sinks (Fig. 1e) indicategMihalopoulos, 1989) (Fig. 1h) show a complicated sea-
that there is a net COS input to the Northern Hemispheresonal cycle with elevated mixing ratios in October—February
atmosphere in boreal winter and a net removal from the atand also, unexpectedly, in June-July, when the hemisphere-
mosphere in boreal summer. (There is significant uncertaintyntegrated flux shows a minimum value. The amplitude of
associated with many of the individual source and sink termghese monthly variations is smaller than the standard devi-
in Fig. 1b and also with the net sum in Fig. 1e, and this isation of the individual measurements, and it is difficult to
discussed in detail in Kettle et al., 2002). The seasonal cycleecognize a clear seasonal cycle in this data (Mihalopoulos
in the Northern Hemisphere flux is consistent with mixing et al., 1991). However, the apparent discrepancies between
ratios from the one known long-term Northern Hemispherethe seasonal cycle of the mixing ratios at Amsterdam Island
monitoring station near Frankfurt, Germany (Xu, 2000), with and the hemisphere-integrated COS fluxes may be resolved
high values in February and low values in August (a fitted by considering the effects of atmospheric transport and the
curve is shown Fig. 1g). seasonal variation of biomass burning patterns in southern
Africa. Specifically, the work of Dentener et al. (1999) on

In the Southern Hemisphere, the main source of COS t rflwe short-lived radionuclide R# (a tracer of continental air

the atmosphere is outgassing from the oceans and the mai
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Northern Hemisphere Southern Hemisphere in the Southern Hemisphere. This supports the assumption
that the atmosphere can be modeled as a two-box system to
C equitor C describe the general behavior of long-lived chemical tracers.
N S

A comparison of the sources and sinks of COS and CO
in Fig. 1 and 2 shows that the dominant sink for both species
is uptake by vegetation, but there are other sources and sinks
kG that do not behave similarly. COS is introduced to the atmo-
sphere mainly from the oceans and anthropogenic sources

whereas CQis introduced mainly through soil respiration
LFN LFS and anthropogenic/biomass burning activities. Soils have
been identified as a major sink of COS from the atmosphere,
Fig. 3. Schematic diagram of the box model used to simulate COSbut they are the most important source of atmospherig CO
loading in the Northern and Southern Hemisphe€gg.andCy are over an annual cycle. The chemical differences result from
the COS hemisphere-integrated loading for the Northern and Souththe fact that COS is thermodynamically unstable in the at-
ern Hemispherek is the interhemispheric exchange timé€,y and  mosphere with respect to G@nd oxidizes in the presence
kCg are the CQS fluxes across the equator froml the Northgrn angyf water or catalytic surfaces (Rhodes et al., 2000), Q9
Southern Hemispheres, anfdy and F are the biogeochemical = onrast s already in its most stable oxidation state and must
source and sink terms in the Northern and South_ern HemlsphereBe removed by a photosynthesis reduction process or disso-
(including surface fluxes and volume source and sink terms). lution in seawater. The differences in chemical behavior are
reflected in the chemical lifetimes (i.e. global atmospheric
loading divided by the sum of the annual removal rates from
I'I“—'ig. 1 and 2), which are calculated from the databases to be
about 3.5 and 13.3 years for atmospheric COS and, @9
I%pectively.

kCNig’

pollution) indicates that there is enhanced transport betwee
southern Africa and Amsterdam Island in July and August.
These are months of maximum biomass burning in souther
Africa that have been identified by Marufu et al. (2000), and
there is a strong possibility that the peak COS mixing ratios

observed at Amsterdam Island in July and August may be2.2 Box model description
due to COS originating from biomass burning in Africa.

In some respects, the behavior of COS in the atmosphere i$he COS loading of the atmosphere is described in terms of
similar to CQ, another long-lived atmospheric tracer, which a box model in which the COS atmospheric loading of the
has been studied more-comprehensively. The global andNorthern and Southern Hemispheres is parameterized as two
hemisphere-integrated fluxes of g@ave been formulated well-mixed reservoirs with surface fluxes and atmospheric
in the same manner as for COS (outlined in the Appendix)chemical processes comprising inputs and outputs (shown in
and are shown in Fig. 2. For both the Northern and Southerrig. 3). Keeling (1973) described the use of this kind of box
Hemispheres, the budget shows a dominant balance betweenodel in the description of chemical fluxes among reservoirs
the soil respiration source and net primary production sink onin the Earth system, and Ulgfer and Andreae (1998) used
land areas (Fig. 2a—c). (There is also a large @@x both a simplified box model to investigate the influence of an-
into and out of the oceans, but the hemisphere-integrated nehropogenic fluxes on atmospheric COS mixing ratios. The
fluxes, which were calculated from the fields of Wanninkhof COS box model used in the present investigation is similar to
et al. (2001) and Takahashi et al. (2002), are small). A largethat formulated by Newell et al. (1974) to explain the inter-
seasonal variation in C{Hlux is anticipated in the Northern hemispheric characteristics of CO atmospheric mixing ratios
Hemisphere (Fig. 2e), associated with the different temporalin early studies. These kinds of box models have in many
trends in the sources and sinks. The same magnitude of varcases been superseded by global circulation models, which
ation in CQ flux is not predicted in the Southern Hemisphere have enabled the identification of the spatial distribution of
mainly because a larger fraction of the net primary produc-source and sink regions for many chemical species whose
tion and cell respiration takes place in tropical regions, whichmixing ratios have been measured with high spatial and tem-
does not vary as much seasonally as the mid and high latiporal density. Global circulation models have proven useful
tudes. The seasonal variation of the detrended mixing ratiogn the identification of the source and sink regions ofCO
from stations in the Northern (Fig. 2g) and Southern (Fig. 2h)particularly when combined with an inverse approach (e.g.
Hemispheres (information digitized from Randerson et al.,Bousquet et al., 1999). However, hemispheric box parame-
1997) shows good correspondence in phase and magnituderizations still provide a useful check on the output of the
to the predicted fluxes. Interestingly, the seasonal trend andhore sophisticated global circulation models (e.g. Tans et
amplitude of the mixing ratios at most of the stations in theal., 1990; Law et al., 1996). Box models are especially use-
Northern Hemisphere resemble each other especially at th&l in the investigation of the hemispheric atmosphere load-
higher latitudes, and the same is also true for the few stationgng of chemical tracers where a limited number of time series
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measurements are available to constrain source and sink e2000) have investigated how the seasonal variation of the ver-
timates. tical temperature gradient (and the height of the tropopause)
The processes which govern the amount of COS in eachis related to the seasonal variation in surface temperatures
hemispherey or Cs) are the biogeochemical source and with its associated impact on the vertical distribution of wa-
sink terms in each hemispher&x( or Fy), the exchange ter vapor in the troposphere.
of mass between the hemispheres (defined as a first order Therefore, the annual variation in the height of the
process with an interhemispheric exchange time constant ( tropopause identified by Rinsland et al. (1992) and Griffith
with a value of 1 year!; Law et al., 1996), and physical et al. (1998) is based on a redistribution of heat in the upper
transport processed’] that may influence the distribution troposphere and not necessarily linked to a seasonal variation
of the atmospheric mass between the two hemispheres. Tha the vertical COS mixing ratio profile. The seasonal varia-
budget of COS in each hemisphere is described by the foltion in total column COS that is due to a tidal-type of phys-

lowing mass conservation equations: ical transport of atmospheric mass between the hemispheres
qc is probably very small, if total column ozone is taken as a
=N o _kCN 4+ kCs+ Fy+T (1) proxy (Logan, 1999). Similarly, the diurnal variation in at-

dr mospheric mass (and also total column COS) over any given
dCs point on the Earth’s surface is probably only on the order
o - —kCs+kCy +Fs—T (2)  of about 0.5% as indicated by diurnal variations of sea level

pressure (e.g. Kettle, 2000). The COS transport t&ris

The flux of COS from one hemisphere to the other is pa-therefore not a first order effect in comparison to the known
rameterized as a first order process that is dependent on tteources and sinks, but it is retained in this model parameteri-
mixing ratio in the originating hemisphere. All processes zation for completeness.
within a given hemisphere are assumed to be time-dependent The shape of the vertical COS mixing ratio profile may
terms whose annual integrated sum is equal to zero (imposehange if tropospheric COS is subjected to a change in chem-
ing a condition that there is no interannual increase or deical sink processes (e.g. photolysis and reaction with the O
crease of COS within either hemisphere), but whose instanand OH radicals) on being sequestered in the stratosphere
taneous sum is not necessarily zero (creating the possibilduring a descent of the tropopause during winter conditions.
ity of seasonal variations of global-integrated COS loading).Therefore, the seasonal variation in total column COS, which
The assumption that there is no secular trend in the globaRinsland et al. (1992) and Griffith et al. (1998) ascribe to
integrated fluxes is supported by the extended total columrchanges in tropopause height, is instead to be categorized as
COS measurements of Rinsland et al. (1992) and Griffitha variation in the chemical sink strength in the database com-
et al. (1998) and by the firn air COS mixing ratio measure- pilations of Chin and Davis (1993), Watts (2000), and Kettle
ments of Sturges et al. (2001). To a first approximation, theet al. (2002).
sources and sinks are assumed not to depend on the mixing The solution to the system of Egs. (1) and (2) is devel-
ratio within the hemisphere, and this seems valid given thaibped as the sum of a steady-state component and a time-
the observed mixing ratios are constant to within about 10%dependent component for concentration, interhemispheric

The transport ternT” was introduced to account for the flux, and transport processes:
possibility of large-scale transport of atmospheric mass be- _ ,
tween the hemispheres as part of a type of annual atlx = Cx + G @)
mospheric tide. It reflects the suggestion of Rinsland etF —F. 4P 4)
al. (1992) and Griffith et al. (1998) that a large part of the " * — ~ ¥ * **
observed annual variation in total column COS is due to they _ ;- (5)
annual cycle in the height of the tropopause, with an asso-
ciated vertical movement in the a priori COS mixing ratio wherex denotes either the Northern (N) or Southern Hemi-
profiles (with a smaller part being due to seasonal variationspheres (S), the overbar denotes the steady state component
in the surface fluxes). However, a review of the literature (ji.e. the solution integrated over a one year period), ‘and
has revealed that the apparent vertical seasonal motion of th@enotes the instantaneous or time-dependent component of
a priori COS mixing ratio profiles is due to chemical pro- the solution. The transporfj is assumed to consist only

cesses in the troposphere and stratosphere and not to physjf a time-dependent term. The conservation equations then
cal transport processes. The height of the tropopause is dgyecome:

fined according to vertical temperature gradient criteria (e.g. ___

Seinfeld and Pandis, 1998). Its seasonal variation is due td(Cn + Cy) — —k(Cy +CL)

changes in the temperature structure of the atmosphere asso-  dt N

ciated with the local radiation budget, rather than large-scale  +k(Cs + C§) + (Fy + Fy) + T’ (6)
subsidence motions associated with mass convergence or di-

vergence within the troposphere. Thuburn and Craig (1997,

www.atmos-chem-phys.org/acp/2/343/ Atmos. Chem. Phys., 2, 343-361, 2002
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dcs
‘ ‘Lo‘c‘otio‘m‘ of ‘Tot‘o\‘ CQ\‘um‘m‘CQS‘ M‘eqsu‘re‘mgm‘ts _ ar = _kC.,S +kC;V + Fé‘ ~ T (12)
90N L ‘ ‘ ‘ ‘ ‘ 7 ‘ %A\esws : L ‘ ‘ B
son 3 N Q‘ BoSwEEe 4 Adding these conservation equations together gives:
i 1 dcy  dCg
B i = Fy + F¢ 13
30N - YA ar + o N+ Iy (13)
_;f ol . W “ Differentiating the conservation equations (Egs. 11 and
3 [ ' TN 12) with respect to time and then rearranging and substituting
s0s L Wouomgomg, "] Eq. (13) results in a pair of forced second order differential
i ‘ equations:
r 'S . Lauder, New Zealand |
s - N Jo dc! dFl,  dr’
> N N ’ / N
| N 1 + 2k =kFy+kFg+ + — 14
QOS LT o d[z dt N S d[ dl ( )
180W150W120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180E
Longitude 2~/ ’ /
d“Cy dcy , , dFg dT’
Fig. 4. Location of stations where time series measurements of total d2 +2% d kEy +kFs+ dr + dr (15)

column COS measurements have been made. _ o ) _
These describe the COS loading in each hemisphere in

terms of the chemical sources and sinks in each hemisphere
and the rate of change of the tidal term. The general solu-
tion of the forced second order differential equations has the

d(Cs + C, _ .
+k(Cy + Cy) + (Fs + Fy) — T’ (7) O =be™™ + Py (Y. F T + b2 (16)
The steady-state solution is obtained by integrating theC’s = b3e™ 2" + Ps(Fy, Fg, T') + ba a7)

conservation equations over a one-year period. The time ) )

derivatives of the steady-state quantities are zero, and th&hereéPy andPs are particular solutions of the forced model

time dependent components’( F/, andT’) are cyclic in for the Northern and Southern Hemispheres, respectively,
X X

nature so that their annual-integrated values are zero. Th@ndb. are integration constants of the general solution. The
steady-state parts of the conservation equations may be is§Xact functional forms oy and Ps depend on the func-
lated and rewritten to obtain the following expressions for thefional forms that are used to describe the time dependence

steady-state hemisphere-integrated fluxes: of Fy, Fg, andT’. The first terms on the right hand side of
Egs. (16) and (17) are the exponentially decreasing transient

Fy =k(Cy —Cy) (8)  solutions of the homogeneous equation (derived by setting
the forcing terms on the right hand side of Egs. (14) and (15)

Fs =k(Cy — Cs) (9)  to zero). They indicate that the atmospheric system repre-

sented by the COS box model shows no inherent ability to
Subtracting these equations gives the net flux between hemsupport resonant oscillatory solutions. Any oscillations ob-

spheres: served in the system (e.g. from the total column COS time
. . series of Rinsland et al., 1992 and Griffith et al., 1998 or
Fy — Fs = 2k(Cy — Cs) (10) from the COS surface mixing ratio time series of Xu, 2000)

are from the forcing terms in the equations.

In the steady-state (or annual-integrated) case, this equa- .. . . . = o .
tion shows that there will be a steady flux of COS from the Within this S'”.‘p"f.'ed descrlptlon.of the.COS a}mosphenc
system, the derivation of the hemispheric loading from the

hemisphere with the higher average COS mixing ratio to theknown fluxes is the forward approach, and the derivation

hemisphere with the lower average COS mixing ratio. Toof the fluxes from known atmospheric loading is the in-

maintain a higher steady-state COS loading in the SOUNC erse approach. Problems of deriving accurate fluxes have

hemisphere compared with the sink hemisphere, as mucBeen identified in every database compilation, and the use of

COS must be produced (net) in the source hemisphere as ﬁese COS databases as boundary conditions to force cou-

being destroyed (net) in the sink hemisphere. pled physical/chemical models leads to solutions for atmo-
Subtracting Eq. (8) from Eq. (6) and Eq. (9) from Eq. (7) spheric COS loading with large uncertainties (e.g. Kjell-

gives the time-dependent part of the conservation equatlonsétrbm, 1998). However, there is accurate information for to-

dc), ) ) ) ) tal column COS, and this may be used to derive relatively
& = —kCy +kCs+ Fy+ T (11)  accurate constraints on COS fluxes.

Atmos. Chem. Phys., 2, 343-361, 2002 www.atmos-chem-phys.org/acp/2/343/
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Table 1. Locations and times of total column COS observations

Station Latitude Longitude Elevation (m) Start Date End Date N Reference

Kitt Peak, USA 31.9N 111.6W 2090 27 May 1977 14 Mar 1991 57 Rinsland et al. (1992); digital
files from C. P. Rinsland by pri-
vate communication, 2001

Jungfraujoch, 46.5 N 8.0°E 3580 9 June 1984 12 Nov 2000 877 Mahieu et al. (1997); digital

Switzerland files from R. Zander and E.
Mahieu by private communica-
tion, 2001

Lauder, 45 S 169.7E 370 21 Apr1991 10May 2001 86  Griffith etal. (1998, 2001); dig-

New Zealand ital files from D. W. T. Grif-
fith by private communication,
2001

Ny Alesund,

Spitsbergen 78.9N 11.8%E 474 13 Mar 1992 15July 1998 186 Notholt et al. (1997); digital

files from J. Notholt by private
communication, 2001

Wollongong, 3445 S 150.88E 30 27 May 1996 16 Sept2000 30 Griffith et al. (1998, 2001); dig-
Australia ital files from D. W. T. Grif-
fith by private communication,
2001
Izaha, Tenerife  28.29N  16.49W 2385 5 Feb 1999 8 July 2001 181 Schneider (2002); digital files

from T. Blumenstock by private
communication, 2001

2.3 Constraining information assess phase shift, climatological averages for the six sta-
tions were constructed by averaging all the data for a given

Data to constrain the 2-box model come from two main Month over successive years _(se_e Fig. E_S). Where a particqlar
sources: measurements of COS mixing ratios of firn air re-Month was not represented (indicated in the lower bar dia-
covered snow samples at high latitudes the Northern an(g,yrams_), the re_sults from the two bracketing mon.ths with data
Southern Hemispheres and a network of stations that hav¥/€re linearly interpolated (one month for the Kitt Peak sta-
obtained total column COS measurements extending bacHon and five winter months for the Nilesund, Spitsbergen
several decades in some cases. station). The results (Fig. 6) suggest that total column COS

. varies according to an annual cycle for each station, and that
Total column COS data exist for a number of long-term 9 Y

. . : ; the seasonal cycle for all the stations in a given hemisphere
baseline stations in the Northern and Southern Hemispheres . . :

. . Vary with similar phase. The Northern Hemisphere stations
as part of the Network for the Detection of Stratospheric y P P

Change (NDSC; http://www.ndsc.ncep.noaa.gov). Alto- show a peak in the average value between May and August,

. . . and the two Southern Hemisphere stations show a peak be-
gether six ground stations have been located for which to- . .

tween December and May. These phase relationships were
tal column COS data have been calculated, and these are

. . reviously noted for the stations at Kitt Peak, Jungfraujoch,
presented in Table 1 (together with the record length) an(fauder a);d Wollongong by Rinsland et al (1992)gand JGrif—
Fig. 4. Data from a seventh station at Kiruna, Sweden are, ' '

being reprocessed to obtain total column COS (T. Blumen- th etal. (1998).

stock, private communication, 2001). The long-term total  The frequency characteristics for the six COS time series
column COS time series (from digital files provided by the \ere constructed using a Lomb periodogram analysis follow-
measuring scientists from published sources) are shown ilihg the procedure given by Press et al. (1992). The results are
Fig. 5. shown in Fig. 7 along with levels of significance and char-
To justify the use of a box model to describe hemisphericacteristic frequency ranges for previously observed physical
COS loading, it was important to establish that the total col-phenomena (as reported in Read, 1993). The results indicate
umn COS time series for a given hemisphere exhibited thehat the highest peak in the frequency spectrum was at one
same characteristics with respect to phase shift and frequenayycle/year for almost every station. The magnitude of these
(i.e. in the same manner as the £0@ata in Fig. 2g). To peaks exceeds the 50% significance level, below which a
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Fig. 5. Detrended time series of total column COS measurement@Jfdfitt Peak, USA (Rinsland et al. (1992); digital files from C. P.
Rinsland by private communication, 2001)) Jungfraujoch, Switzerland (Mahieu et al. (1997); digital files from R. Zander and E. Mahieu

by private communication, 2001(;) Ny Alesund, Spitsbergen (Notholt et al. (1997); digital files from J. Notholt by private communication,
2001);(d) Izaha, Tenerife (Schneider (2002); digital files from T. Blumenstock by private communication, 28plauder, New Zealand
(Griffith et al. (1998, 2001); digital files from D. W. T. Griffith by private communication, 2001); @n@/ollongong, Australia (Griffith et

al. (1998, 2001); digital files from D. W. T. Griffith by private communication, 2001). The original data were detrended by fitting a straight
line to the original time series, subtracting the straight line model fit from the original time series (to obtain a time series of detrended
residuals), and then adding the detrended residuals to the mean of the original time series.

peak could have been attained by chance (Press et al., 1992).In addition to the total column COS measurements, the
(The highest peak for Lauder almost touches the 50% sigmeasured mixing ratios of firn air samples from glaciers on
nificance level threshold). The stations at Jungfraujoch andevon Island, Canada and Antarctica (Sturges et al., 2001)
Ny Alesund, Spitsbergen show two dominant peaks at ongrovide time-averaged COS mixing ratios in the atmosphere
and two cycles/year. The station at Wjesund, Spitsbergen of the Northern and Southern Hemispheres for the second
shows other significant peaks at other frequencies. The mogstalf of the twentieth century. To translate the mixing ra-
recent work of Griffith et al. (2001) has indicated that the tio data into total column COS, which could be compared
total column COS data from the Southern Hemisphere stawith the NDSC information above, it was necessary to have
tions are not best described with a simple cosine functiona priori information for the vertical profiles of atmospheric
and this implies the existence of higher harmonics as ob-density (taken from the U.S. Standard Atmosphere, 1976)
served in the periodograms. None of the peaks in the Lomkand COS mixing ratio (taken from Rinsland et al. (1992) and
periodograms corresponds to the characteristic frequencieshown in Fig. 8 from digital files that were supplied by D. W.
of quasi-periodic features that have been reviewed by Read. Griffith, private communication, 2002). The lowermost
(1993): the ‘intraseasonal oscillation’ of 25-60 days, ‘quasi- mixing ratios of the two profiles did not match the Northern
biennial oscillation’ (QBO) of 20—35 months, or the Elffg- and Southern Hemisphere mixing ratios reported by Sturges
Southern Oscillation (ENSO) of 3—6 years. Hence, the dom-et al. (2001). Two methods were used to match the measured
inant signal in the total column COS time series is not inter-firn air data with the prescribed profiles: (1) scaling the pre-
annual in nature, and the seasonal periodicity in the ampliscribed profiles with a multiplicative constant to match the
tude of total column COS signal from six different stations measured mixing ratios at the base, and (2) setting the pre-
may be investigated using a hemispheric box model. scribed profiles to the measured mixing ratio at the base and
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Fig. 6. Seasonal trends of total column COS measurements (with numbers of measurements within each binned r(eritiiit foeak,
USA,; (b) Jungfraujoch, Switzerlandc) Ny Alesund, Spitsbergend) Izafa, Tenerife;(e) Lauder, New Zealand; an() Wollongong,
Australia. The lines show the meanone standard deviation for all the data binned for a given month.

retaining the (stratospheric) mixing ratios of the prescribedstations were chosen in this optimization analysis because
profiles that are lower than the measured values at the basthey had the longest time-series records, and therefore the
These two correction methods with the two prescribed pro-seasonal variations were most reliably determined. As well,
files resulted in four new mixing ratio profiles in each of the all four stations were previously investigated together by
Northern and Southern Hemispheres (see Fig. 8) with whichGriffith et al. (1998), who presented self-consistent estimates
the total column COS and hemispheric COS loadings couldf sea-level-adjusted total column COS amounts. The firn air
be deduced from the firn air measurements. mixing ratio data of Sturges et al. (2001) were also included
as a fifth scenario to investigate the steady-state flux between

2.4 Model optimizations the hemispheres.

_ . ... 241 Time-dependent flux perturbation: analytical solu-
As part of the inverse approach, a series of optimizations tion
have been carried out to deduce the hemisphere-integrated
fluxes from observed total column COS values. The opti-The time dependent hemispheric fluxes were deduced using
mizations were carried out in two steps; firstly to find the gifferent approaches. An analytical solution was obtained
steady-state part of the solution and then to deduce the timéxyst by using cosine functions which were fitted to the orig-
dependent perturbation of the hemisphere-integrated fluxesn | total column COS time series by Rinsland et al. (1992)
All of the measurement information described in the previ- gnq Griffith et al. (1998):
ous section was not used in the model optimizations. Rather, _
selected NDSC stations were used to represent the COS loady = Cn + An cos(ke(t — ®n))
ing for the Northern and Southern Hemispheres and were.,  —
paired to create four scenarios: (1) Kitt Peak-Lauder, (2)eCS =Cs+4s COS(kC([ B CDS)) (19)
Junfraujoch-Lauder, (3) Jungfraujoch-Wollongong, and (4)whereC, denotes the time-dependent hemispheric loading
Kitt Peak-Wollongong (see Fig. 9). Only these four NDSC based on the total column information from hemisphere

(18)

www.atmos-chem-phys.org/acp/2/343/ Atmos. Chem. Phys., 2, 343-361, 2002



352 A. J. Kettle et al.: Comparing forward and inverse models

Northern Hemisphere | ___Southern Hemisphere

§ I (@) Kitt Peak ]
f=1.1 cycles/year |

oON > O 00
i
|

b) Jungfraujoch Wo\\omgomg

-~ T
o

oot ;6'6”cyc\es/yecw """" E

=26.6 cycles/year -

ON > O 00 O N » O

M

i |1 A (¢)-Seitebergen— ]

Spectral Power

TO; 77777777777777 f *WOchc\es/yeor7 Frequemcy (CYC‘QS/YGOV)
| WJLUUM\J
0 f“fmk )
I (d) Izana, Tenerife |
201 f =37.4 cycles/year |
ol ‘ ‘
0 2 4 6 8 10

Frequency (cycles/year)

Fig. 7. Lomb periodogram frequency analysis of the detrended time serieg&pi€itt Peak, USA;(b) Jungfraujoch, Switzerlandc) Ny

Alesund, Spitsbergerfd) 1zafia, Tenerife{e) Lauder, New Zealand; an{) Wollongong, Australia. Horizontal lines denote the significance

of the result in terms of false-alarm probability (Press et al., 1992): dotted line, 50%; dashed line, 10%; and dot-dashed line, 5%. Shading
denotes frequency of quasi-periodic phenomena reported in the review by Read (1993): lightest gray shade, ‘intraseasonal oscillations’ of
25-60 days; middle gray shade, ‘quasi-biennial oscillation’ (QBO) of 20—35 months; and darkest gray shafie; & WNhern Oscillation

(ENSO) of 3—6 years.f,’ is the one half of the reciprocal of the average time spacing for the complete data record. It would correspond to
the Nyquist frequency (i.e. the highest frequency that could be resolved from the time series) for a time series where the data were equally
spaced in time (Marquardt and Acuff, 1984).

C, denotes the time-independent component of the hemihave been presented by Rinsland et al. (1992) and Griffith et
spheric loading A is the amplitude of the sinusoidal vari- al. (1998).

ation of hemispheric loading,is time expressed in fractions
of a year,®, is the time of the peak COS hemispheric load-
ing (expressed as a fraction of a year after 1 January), an
k. = 2w yearlis a time constant. Table 2 gives the values

for the constant€,, A,, and®, which define this param- )
eterization. The flux in the Northern and Southern Hemi- Another approach was pursued that made no assumptlons

5 4.2 Time-dependent flux perturbation: simplex optimiza-
tion

Eq. (1) and (2) and settinfj’ equal to zero: flux. An Euler integration scheme was formulated wherein
. , the hemispheric COS loading at the end of each successive
= k(Cy — Cs) — kcAy sin(ke(t — ®n)) 1/8 month time step was calculated as the sum of the old

+kAp cos(k.(t — Py)) — kAscos(kc(r — Ps)) (20)  hemisphere COS loading, plus the action of the flux within
the given hemisphere and interhemispheric exchange during
Fs = k(Cs — Cy) — kcAg sin(ke(r — ®s)) thei timdefstep. The fllux at any"given timde \r/]vas Iir;ea;}rly inter- |
polated from six values equally spaced through the annua
+hAs cos(ke(t — s)) — kAy cos(ke(t ~ Pn)  (21) cycle and centered at the beginning of months 2 (February),
The uncertainties in the flux were evaluated analytically4 (April), 6 (June), 8 (August), 10 (October), and 12 (De-
from the uncertainties in the constards, A,, and®, that cember). There was a different temporal flux pattern in each
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Fig. 8. Construction of COS mixing ratio profiles using firn air measurements of Sturges et al. (2001) and prescribed mixing ratio profiles
1 and 2 of Rinsland et al. (1992fa) Northern Hemisphere using profile 1 and Devon Island firn air surface mixing (a)idyorthern
Hemisphere using profile 2 and Devon Island firn air surface mixing ré@tj&outhern Hemisphere using profile 1 and Antarctica firn air
surface mixing ratio, anftl) Southern Hemisphere using profile 2 and Antarctica firn air surface mixing ratio. Solid lines denote the original
data from Rinsland et al. (1992), dotted lines denote the modified profiles constructed from the original profiles by applying a multiplicative
scaling factor, and dashed lines denote the modified profiles constructed from the original profiles by truncating mixing ratios higher than

the surface firn air measurement.

Table 2. Hemispheric loading and steady-state interhemispheric flux (expressed in terms of mass of sulfur)

Station Hemispheric COS Loadiﬁg Seasonal Amplitude in Phase Shift of Maximum in
C, (units of 1& g of S) Hemispheric COS LoadiRg Hemispheric Loading
Ay (10°gof S) @, (fraction of year)
Kitt Peak, USA 156215 80+22 0.55740.038
Jungfraujoch, Switzerland 14523 48+23 0.592+0.074
Lauder, New Zealand 1385 40t4 0.112
Wollongong, Australia 13425 12+8 0.126

1 hemispheric COS loading is based on the corrected total COS column above sea level presented in Griffith et al. (1998)
2 seasonal amplitude and phase shift is from Rinsland et al. (1992) for Kitt Peak and Jungfraujoch and by Griffith et al. (1998) for Lauder

and Wollongong.

hemisphere so that the entire optimization problem had 12Press et al., 1992 and previously used for flux estimation

unknown flux values equally distributed in time. by Kettle, 2000). The method started with arbitrary values

for the fluxes and calculated the hemispheric COS loadings

The optimized values of the 12 unknown fluxes were cal-at the times of the measured total column values. The root
culated using the downhill Simplex method (described by
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Northern Hemisphere Southern Hemisphere ner as described by Kettle (2000). This entailed generat-
ing a new data set by introducing a random Gaussian un-
certainty to each of the original measurements for total col-

5 umn COS. The magnitude of the introduced random value
Kitt Peak 1 Lauder was scaled according to the uncertainty of the original total
(US.A) (New Zealand) column COS measurements reported in the original publica-

2 tions. The Monte Carlo simulation was repeated 50 times to
generate enough different optimized values to calculate aver-
3 ages and standard deviations of the ensemble values.
Jungfraujoch Wollongong
(Switzerland) 4 (Australia)
3 Results

Fig. 9. Schematic diagram of the pairs of stations (scenarios) in the3.1 Steady state flux from the Northern to the Southern
Northern and Southern Hemisphere that were used to calculate the Hemisphere
optimized hemisphere-integrated fluxes.
The net steady state COS production in the Northern Hemi-
sphere was calculated from Eq. (8) using an assumed inter-

mean square of the sum of the differences between the inditlernISpherIC exchar_lge time of 12 ”?O”ths (Lawetal., 1.996)'
he Northern Hemisphere flux estimates are shown in Ta-

idual modeled and d hemispheric loadi defi
vidus) modeled and measured nemispneric loadings define le 3. Each of the five scenarios considered shows a higher

the x2 value to be optimized. The optimized values for the . A .
X P P average COS mixing ratio in the Northern Hemisphere com-

12 unknown fluxes represent a minimum in tp@valley in . ; .
the 12 dimensional space defined by the fluxes. The Simpared with the Southern 'Hemlsphere (previously Fe.po”ed
P y by Torres et al., 1980; Bingemer et al., 1990; Griffith et

plex method finds the minimum in the valley by assessing i . o
the impact of each of the 12 unknown values on the calcu-al"tlgz& Sttltjrggsogt :I" 2f001’ t);u ?\} a{'ﬁ 200t1),ﬂ|]nd|§atl?r?
lated x2 value. The method then modifies the values of thed Steady state ux from the Worthern to the South-

12 unknown flux values such that the new value is re- &M Hemisphere. The steady-state flux from the Sturges et
duced. The method continues until a minimum in g al. (2001) data is most similar to the results based on the
valley is achieved. In practice, it was found that there Werepairing of the total column data from Jungfraujoch and Wol-

many local isolated minima in the? valley because of noise longong.
in the time series and the large number of unknowns being3
optimized. Because of this, the final set of optimized flux

values depended to some extent on the initial choice of the

starting Simplex (i.e. the initial guess for the optimized val- Figyre 10 shows the full analytical solution for the fluxes in
ues of the 12 unknown fluxes). The problem was reduced byne Northern and Southern Hemispheres for the special case
repeating the Simplex method 25 times using different startyyhere the hemispheric COS loading has been described with
ing values of the initial Simplex. The initial starting Simplex 5 cosine function. For each of the four scenarios defined
was chosen arbitrarily, but successive trials used average vajn sect. 2.4, three flux time series were calculated for the
ues of the optimized Simplex (i.e. optimized values for the Northern and Southern Hemispheres corresponding to an in-
12 unknown fluxes) that were randomly perturbed on asca'%erhemispheric exchange constant of 6, 12, and 24 months
defined by the standard deviation of the optimized SimpIeX(i_e_ the possible range in the interhemispheric exchange
values. This modification assumed that there may have beefimes noted by Law et al., 1996). The range of uncertainty
a better value for the unknown fluxes than the one generso the time series calculated with an interhemispheric time
ated by a single Simplex optimization, and that it was in theconstant of 12 months (i.e. the best estimate) is shown in
vicinity of the existing ensemble of optimized values. The ggch diagram.
next iteration randomly chose a new starting Simplex at @ The modeled flux time series using interhemispheric time
nearby location. The strategy was similar to the simulatedgonstants of 12 and 24 months were closer in magnitude to
annealing procedure described by Press et al. (1992). Thge flux estimates derived from the database compilation of
uncertainty associated with the starting Simplex (i.e. the Unetile et al. (2002) than the flux time series using the inter-
certainty introduced by the optimization method) is mostly hemispheric time constant of only 6 months. For the South-
much smaller than the uncertainty in the estimated flux baseg Hemisphere (right hand side in Fig. 10), the temporal
on the Monte Carlo simulation using the uncertainty in the shape, magnitude, and phase shift of the two independent
total column COS measurements. flux estimates were very similar, with the maximum pre-
The uncertainty in the optimized values of the fluxes wasdicted COS input into the atmosphere in early January and
assessed using a Monte Carlo simulation in the same marthe strongest removal from the atmosphere in May—June.

.2 Optimizations using published cosine descriptions of
total column COS
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Fig. 10. Time series of estimated hemisphere-integrated COS fluxes (Northern Hemisphere: left hand side, and Southern Hemisphere: right
hand side) using published cosine parameterizations for the total column COS loading and different assumed interhemispheric exchange
times: dotted line, 24 months; middle solid line, 12 months; dot-dashed line, 6 months. The uncertainty in the calculated fluxes for the trial
performed with an interhemispheric exchange time of 12 months is given by the upper and lower solid lines. The dashed lines and shaded
regions give the best guess and estimated range of fluxes from the database investigation of Kettle et al. (2002). The COS fluxes are expresse
in units of mass of sulfur per time.

Table 3. Hemispheric COS loading and steady-state interhemispheric flux (expressed in terms of mass of sulfur)

Scenario Northern Hemisphere Northern Hemisphere  Southern Hemisphere ~ Southern Hemisphere  Northern Hemisphere
Station COS Loading Station COS Loading COS Flux (Eq. 8),
(109 g of S) (109 g of S) (g month 1,
expressed as mass
of sulfur)
1 Kitt Peak, USA 156215 Lauder, New Zealand 1365 21.6:1.7
2 Jungfraujoch, Switzerland  14%23 Lauder, New Zealand 1385 12.6+2.3
3 Kitt Peak, USA 156215 Wollongong, Australia 13425 18.3:1.8
4 Jungfraujoch, Switzerland 14523 Wollongong, Australia 13425 9.3t2.3
Sturges et al. (2001) Devon Island, Canada H4RD Antarctica 133850 9.6+4.8

The situation is not as clear for the Northern Hemisphereriod of elevated COS fluxes to the Northern Hemisphere from
flux estimate (left hand side in Fig. 10). The inverse modelDecember to March (dominated by anthropogenic emissions
shows that the Northern Hemisphere flux should be describednd perhaps by COS from DMS emissions associated with
by a cosine function with a maximum COS input to the at- oceanic phytoplankton blooms starting in March) and a short
mosphere in April or May and a maximum COS removal in period of COS uptake in July associated with COS uptake by
December—January. The database work of Kettle et al. (200230ils and terrestrial plants.

(dashed lines and shaded regions in Fig. 10) suggests that the i .

temporal variations of the annual Northern Hemisphere COS Lomb periodograms of the modeled COS loading show
flux may not best be described by a cosine function. RatherOnly One significant frequency at one cycle/year (an ex-

the database work suggests that there may be an extended gicted result where the hemispheric COS loading has been
described using a cosine function; Stull, 1988). A compar-
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Fig. 11. Time series of estimated hemisphere-integrated COS fluxes (Northern Hemisphere: left hand side, and Southern Hemisphere:
right hand side) calculated from a Simplex optimization of the detrended original COS hemispheric loadings with no assumed underlying
function. The set of three dotted lines give the mean and standard deviation of 15 replicate trials where the optimized flux was derived
using the measured, unperturbed hemispheric COS loadings. It is a test of the ability of the Simplex optimization method to converge on the

best value of the optimized flux from different values of the starting Simplex. The vertically distributed dots give the results of 50 Monte

Carlo runs wherein the optimized fluxes were determined from the measured hemispheric loadings that were perturbed by the introduction
of simulated random measurement error. The solid lines give the mean and standard deviation of these 50 trials. The dashed lines and shade
regions give the best guess and estimated range of fluxes from the database investigation of Kettle et al. (2002). The COS fluxes are expresse

in units of mass of sulfur per time.

ison with the corresponding Lomb periodograms of the rawDecember—February. The lowest COS flux is predicted to be
data (Fig. 7) indicates that the cosine parameterization mayn September—October based on the Lauder time series and
be an effective descriptor for the seasonal evolution of theJuly—August based on the Wollongong time series. These
flux in the Southern Hemisphere. The best description of thaesults agree approximately with the database estimates of
seasonal evolution of the Northern Hemisphere flux is moreKettle et al. (2002) (shown by shading and dashed lines) in
complicated. The Lomb periodogram of the Kitt Peak andwhich the maximum COS flux to the Southern Hemisphere
Izafa time series in Fig. 7 show only one significant peak,is in October-December and the minimum flux is in June—
but the Lomb periodograms of the Jungfraujoch and Spits-August. The optimized Southern Hemisphere flux based on
bergen indicate that the signal may be made up of severahe Wollongong time series shows particularly good agree-
frequencies and that the fitted cosine function, with only onement with the database estimates of Kettle et al. (2002).

cycle per year, may not be the best description of the time ) N
s)ériesp y y P In the Northern Hemisphere (left hand column in Fig. 11),

both the Kitt Peak and Jungfraujoch time series indicate that
the largest COS flux into the atmosphere occurs in May—
3.3 Optimizations assuming no underlying functional Pa- june, and this corresponds to the time of maximum COS
rameterization emission from the oceans as suggested by the forward model
approach of Kettle et al. (2002). However, the time of low-
The COS hemispheric fluxes based on optimizations with ncest COS flux to the Northern Hemisphere is predicted to be
underlying assumptions for the functional form of the sea-November—February based on the Kitt Peak time series and
sonal variation (Fig. 11) show different results to the previ- July—August based on the Jungfraujoch time series. The op-
ous section. The seasonal progression of the COS flux irimized fluxes based on Kitt Peak time series show the best
the Southern Hemisphere (right column in Fig. 11) indicatesagreement with the database work of Kettle et al. (2002)
that the largest COS flux into the Southern Hemisphere is inwith the highest flux into the Northern Hemisphere in the
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Fig. 12. Comparison of the range of predicted COS hemispheric loadings (in shading) predicted from the fluxes obtained from the 50 Monte
Carlo simulations together with the hemispheric loadings derived from four sets of total column COS measurements (from Fig. 3). The solid
line is the predicted hemisphere COS loading based on an average of the 50 Monte Carlo simulations. The COS loadings are expressed i
terms of mass of sulfur.

January—May period and the lowest flux in the July—August The ensemble of hemisphere COS flux results was used
period. to calculate a series of COS loadings for the Northern and
Southern Hemispheres. The range of minimum and maxi-
Egwm hemisphere COS loadings from the ensemble is shown
. . . y shading in Fig. 12 along with the hemisphere loadings
would be dominated by the oceanic source/sink term or bybased on total column measurements. The COS hemisphere

the land plant/soil sink terms. Specifically, the oceanic Up'Ioading calculated from the average of the ensemble of fluxes

take of COS should be a ma>§imum in January bu_t that thefrom the Monte Carlo simulation is shown by the solid black
uptake by land plants and soils should be a maximum bes:

tween July—September. Because the magnitude of uptake by

the different sinks could not be precisely quantified by Kettle  The frequency characteristics of the ensemble of 50 Monte
et al. (2002), itis not certain whether the maximum COS up-Carlo COS hemisphere loadings are summarized in Lomb
take in the Northern Hemisphere would be July or Januaryperiodograms on the right hand side of Fig. 13. The Lomb
Because a much greater density of total column COS data iperiodograms show that most of the power in the seasonal
available for Jungfraujoch than for Kitt Peak, scenarios 2 andvariation of COS hemispheric loading is contained at a fre-
4 (where the Jungfraujoch and Southern Hemisphere time seguency of 1 cycle/year. However, there are also harmonics
ries have been paired) might be the most accurate descriptioat 2 and 3 cycles/year that have successively lower amounts
of the geophysical system. This suggests that the maximunoef power. Likewise, the Lomb periodograms of the raw data
COS uptake rate in the Northern Hemisphere may be Julyshown in Fig. 7 may also show evidence of higher level har-
and the COS removal from the atmosphere in the Northerrmonics (particularly for the Jungfraujoch and Spitsbergen
Hemisphere would be dominated by plant and soil uptake intime series). This situation is unlike the scenarios wherein
the boreal summer and not by oceanic uptake in the boreahe COS hemispheric loading is described by a cosine func-
winter. tion and shows only one peak in the Lomb periodogram. The

Kettle et al. (2002) note that it is not clear whether the
seasonal cycle of COS fluxes to the Northern Hemispher
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Fig. 13. Time series and Lomb periodogram frequency analysis of the COS hemispheric loading for the Northern (time series: a—d; Lomb
periodograms: i—l) and Southern (time series: e—h; Lomb periodograms: m—p) Hemispheres from the optimized fluxes from 50 Monte Carlo
simulations. The time series on the left hand side show the results of all 50 Monte Carlo simulations. The Lomb periodograms on the right
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lines.

existence of higher level harmonics does not necessarily inern Hemisphere in March—May; i.e. during the period asso-
dicate a geophysical process which is acting to introduceciated with the spring bloom in the oceans and just before
COS to a hemisphere with a cosine functional dependencéhe maximum of predicted COS uptake by land plants. For
with a characteristic frequency of 2 and 3 cycles/year. Morethe Northern Hemisphere, the optimized COS fluxes based
likely, the interaction of anthropogenic and natural sourceson no underlying assumption for the functional dependence
and sinks combines to create a complicated periodic forcingdf the total column COS show better agreement in magni-
function which has a repetition rate of 1 cycle/year, but whichtude with the Kettle et al. (2002) database estimates. These
can be deconvolved into harmonics at higher frequencies. Northern Hemisphere flux results also reveal that the timing
of the maximum and minimum fluxes may be separated by
a couple of months in the May—-July period. This suggests
4 Conclusions that the seasonal variation of total column COS in the North-
ern Hemisphere is probably not best described with a cosine
Hemisphere-integrated COS flux optimizations based on dunction.
mathematical inversion of total column COS measurements The results highlight the advantages of the inverse ap-
show good agreement with database estimates formulategroach as a means of global COS modeling. There is greater
by Kettle et al. (2002). The optimized flux estimates are consistency between total column COS measurements and
based on a two-box model of the atmosphere wherein thestimated hemisphere-integrated fluxes than is possible with
time series of hemisphere-integrated loading is represented compilation of databases. This was also noted by Kjell-
by a published fitted cosine function to measured data andtrom (1998) whose global circulation model was forced by
by a second scheme that assumes no underlying time depedatabase compilations of COS fluxes and predicted an inter-
dent function. For the Southern Hemisphere, the seasonahemispheric ratio of atmospheric COS mixing ratios that was
hemisphere-integrated fluxes derived from the published coreversed compared to available measurements. However, the
sine descriptors of total column COS loading agree in phaseignificant advantage of the global circulation model was that
and amplitude closely with the Kettle et al. (2002) databaset was able to predict latitude, longitude, and height trends in
estimates. Not much extra information was gained from theCOS mixing ratios, which is not possible with the box model
more complicated analysis wherein fluxes were derived fromused here. Future investigations could use general circula-
the raw total column COS data. The results were somewhation models like the one used by Kjellgtn (1998) to get
different for the Northern Hemisphere. The hemisphere-a better idea of the regions which are associated with the
integrated COS fluxes from the published cosine descripinterhemispheric difference and seasonal variation of COS
tors of the data are somewhat greater in amplitude than thenixing ratios. Because at least four stations making total
database estimates of Kettle et al. (2002). On the other handiolumn COS measurements are situated around Europe, it
there was good agreement in phase between the two flux estwould also be interesting to collate the measurements with
mates, and both predict a maximum COS flux into the North-HYSPLIT trajectory information in a tomographic approach
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