Figuring Out a Comphcated World
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I have felt like taking many naps during the last seven years. Fortunately I didn't.
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Figure 2.1. Map showing the locations of the eleven sampling stations in the Scripps
O,/N; network as listed in Table 2.1. Mauna Loa (MLO) and Cape Kumukahi (KUM)
are shown as one point. Niwot Ridge (NWR) and Macquarie Island (MCQ) stations
have now been discontinued. With the exceptions of Niwot Ridge (3749 m), Mauna
Loa (3397 m) and South Pole (2810 m), all stations are approximately at sea level and
coastal and therefore they are situated in the marine boundary layer.

available, relatively steady, non-fluctuating, in situ atmospheric CO, concentrations, or
criteria based on other trace gas species which are measured in situ. We wish to sample
air that has not been contaminated by local or regional anthropogenic or terrestrial
processes.

In this manner we can observe synoptic and hemispheric-scale spatial trends, and
seasonal and interannual temporal trends. Thus, for example, stations such as La Jolla
(LJO) and Cape Grim (CGO), require a relatively narrow wind direction window

(roughly westerlies for both stations) to meet these sampling requirements. Cape
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Figure 2.6. Shows the seasonal cycle component of the curve fits from Figure 2.2 for
0,/N; ratios for all stations, after correcting data as described in Section 2.2.3.
Amplitude and phasing variations can be compared between different stations in this
figure.

independent O,/N, sampling program at Point Barrow, Alaska (71°19°N, 156°36°W),
also in close proximity to the Bering Sea, where similar large seasonal amplitudes are
observed (M. Bender, personal communication).

Cold Bay also shows a significantly earlier minimum in both O,/N, ratios and
APO and a slightly earlier maximum in CO, than other northern hemisphere stations
(Figures 2.6, 2.7, and 2.8), indicating an earlier start of the “spring thaw” in both the

marine and land biota. Alert exhibits the latest start in the spring thaw, as could be
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Figure 2.7. Shows the seasonal cycle component of the curve fits from Figure 2.3 for
CO; concentration for all stations, after correcting data as described in Section 2.2.3.

expected by a high northern latitude station. The same reason given for Cold Bay
exhibiting the largest amplitude, the proximity to sources and sinks, can also explain the
significantly earlier spring rise and fall decrease in O,/N, ratios. The Cold Bay APO
signal shows greater asymmetry compared to other stations, particularly noticeable in
the spring. This I attribute to the marine and land biota being slightly out of phase in
this region in terms of the start of the spring thaw.

The seasonal APO cycles at Niwot Ridge and Mauna Loa are the smallest

observed because both of these sites are situated at elevations that place them above the
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Figure 2.8. Shows the seasonal cycle component of the curve fits from Figure 2.4 for
APO for all stations, after correcting data as described in Section 2.2.3.

marine boundary layer, and the surface-based ocean fluxes driving the seasonal cycles
are attenuated at these altitudes. South Pole is also at higher elevation and shows some
attenuation in APO compared to other mid- to high latitude southern hemisphere
stations. The reason why South Pole does not exhibit the same attenuation as observed
at Mauna Loa and Niwot Ridge is probably because it is surrounded by regions of active
air-sea gas exchange.

The smallest seasonal cycles are observed in the tropical stations of Mauna Loa,

Cape Kumukahi, and Samoa, as expected due to the low seasonality in these locations.
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Figure 2.9. Four-harmonic seasonal components of the Samoa curve fits in Figures 2.2
and 2.3, showing O,/N; ratios (a) and CO; concentrations (b). Also shown for

comparison are similar seasonal curve fits calculated from Cape Grim and La Jolla,
representing the mid-latitudes of the southern and northern hemisphere respectively. To
show the seasonal characteristics more clearly, the first six months of each cycle are
repeated. Southern hemisphere and northern hemisphere cycles are roughly six months
out of phase with each other, whereas Samoa shows a more complicated signal. Plots a

and b have been scaled so that changes in O, and CO, can be compared visually on a

mole to mole basis.
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Figure 2.12. Shows oceanic (a) and land biotic (b) influences on the air masses
arriving at Samoa. Atmospheric Potential Oxygen (APO), defined in the text (section
2.2.2), is essentially not influenced by land biotic processes and therefore represents
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oceanic influences. The seasonal component of the Samoa flask samples are shown, as

well as seasonal curve fits from Cape Grim and Cape Kumukahi, representing the
nearest stations from which I have data in the southern and northern hemisphere
respectively. Data have been normalized as described in the text. As with Figure 2.9,

the first six months of each cycle are repeated, and the plots have been scaled to be able

to visually compare mole to mole changes in APO and CO, concentrations.
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Figure 2.13a. The top plot shows APO monthly standard deviations of the residuals of
the flask data from Figure 2.4 from the curve fits in the same figure. Results are shown
for both Samoa and Cape Grim, and the first six months are repeated. The annual
average residual at each station is indicated on the right. There is little to distinguish
between Samoa and Cape Grim, and there is only weak evidence of a seasonal trend in
the residuals at both stations. The bottom plot shows the absolute magnitude of the
north-south interhemispheric gradient, calculated each month, and using Cape Grim and
Cape Kumukahi data as representative of the southern and northern hemisphere
respectively to calculate the gradient.



62

c 1_2 [ T T T T T T T T T T T T T T T T xb ]
-% 10+ /Samoa "
T 5 i |
> o 08 L e o o o 1 smo
-O N .
S 0 L 1 avg.
harl (_U | [ J [ J |
g 506 ° ° /
T © r ([ P ® -
S @wo04L® o o 4
w0 1l ° ° A
(72} : r A N A A A o A A A 1

N — -
o ©027 A A A 2 aa A AT
© 4ol CapeCGim, . . ., . . . . . . . . JcGo

' Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun avg.

o 8

= i |

g =7

S E6rF .

n Q

é a5t |

2 E4r 1

= O

2830 ]

R R-Xa 1

8 I ]

0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Month

Figure 2.13b. Top and bottom plots as for Figure 2.13a, except showing CO,
concentration. As for Figures 2.9 and 2.12, APO and CO, changes are visually
comparable between Figures 2.13a and b. In contrast to APO, CO, shows a clear
seasonal pattern in variability at Samoa, indicated here with higher standard deviations,
whereas Cape Grim does not appear to show any seasonality. The pattern at Samoa
appears to correlate well with the north-south interhemispheric gradient. Contrasting
the magnitude of APO variability with CO», it can be seen that the APO signal is much
“noisier”, reflecting the presence of larger sources and sinks for O, in the southern
hemisphere compared to CO,.

These standard deviations for each month are shown in the top plots of Figures 2.13a
and 2.13b for APO and CO, respectively. Thus these plots give a statistical measure of

the variability in APO and CO, at monthly time intervals. To provide a comparison,
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Figure 4.5. Shows the O,/N; ratios calculated on the interferometric analyzer at Scripps
of the calibration gases used at Baring Head. “Arc” indicates long-term archive gas
cylinders, “WT” indicates working gases, and “HS” and “LS” are high span and low
span gases respectively. All gases show good stability in O,/N; ratios over a three to
four month period.

(Table 4.1), I can then calculate a daily value for the O,/N; ratio of the working gas. 1
assign this value for the next 24 hours, until the next HS/LS calibration runs and re-
calculates the working gas ratio. Figure 4.6 shows the results of these calculations.
Five different working gases have been used in the first 12 months of operation, and
these are shown labeled above the data in the figure. Small downward trends are
apparent in the working gas concentrations over time. This is probably demonstrating a

real change in O,/N; ratio in the cylinders and is most likely owing to decreasing



160

Jul

May Jun

Nov Dec Jan Feb Mar Apr

Aug Sep Oct

T T L L B R Ll Gundiqn i | T T

.
. ..
© cer e = -
) ¢ mee ea mpe -
S o0 o ot x . et
. S v VR et &%, m ta -— ‘e o % e wme PR -
- 3 . . = o ncpere SN .
s Y NS AT et s ess b o s S [ E o e et ~ -
o
3R R s s L S x Faer Ly s e T TSRSt
. - g W ver S0 eee wleres o v DETIRE PSPPSR 3 SN Ty N
- oo i »
- 9 cn oo 0o ~e o0 . O lo  omoe
—— e ¥ INRL e Mo WL T oS e e, T A S . T 3 LTI OT PRI X s .
- g .o, T = O o cbbdas oo 2.
o cmweomtesers s oo b o . @© - ovemee o yonos.
= s P P A R o) € € - .ocl!‘)o’l..mr
T .o NN . T = N A o
o 5p o ﬂ»“.v..:. @ oo ee s’ e o L0 . . G G . e te see ccoom .::.I»., i .
o Wl S ot ot  orerd
3 eon/d semes s s ee se s see seee se . (@] o om swoon o mte e e
o - c 0o
S T ©
v - ¢ e moOo o
. R LR AL L o e o . . . et oo 4...5!.
cammennete %S Y - . . . o e ee e o
o . e . . e w .o
N ~ ) - " o A e L DI - @ e e s me T SRR
e I.I!.;t “ete cese sscer tmcee sese @ meses o .o * seeess s cmsemccmsmemors = oao
. (4 . o . . B . . vn .
s tg?”:ﬁ- SV s sedieaet e cme o sos Weh ShimMEE" -
.o S0 oo W Cmmew o o . o e .o . .o o8 by oo .D'w
Wos odo ale * Deo o o S we o e e = . boee oo o o e gee ees Lo lw» 0 o o ST
- gn QR XN, “et e JOLRRTRCIR X128 4 o oo -
BRI Y % ?ucc KA . w2 AY - il
oo
.0 i\\gu! .o oo Y . - w ces segemmpege e R
oy o Lev
. L mSiee o wees emeee  se .o oy o seecec mo o0 ees .
N . . ce o o ou 00 030 ett®, et
G Ao R e e e e
o s opoey g h..g LT . e ceeme s wenmmrome o B 400 A ..
.. T Sl TP e = o . see . . o sece m o o ses e gy 4 Y .
- o - “ ew  ee e o s . eeee . .
g e e o & o . B . . . . oo00 s -
RS oll.o.;. .- e s ene e .o oA
ot ooy g o0 e tE 4 bt e° St oM o . L b S
oo . el X s VY 0'00 . - [—oo0 wwoer o WNOWY, 20, A% ¢ * 04 VW "000” > . .
3 * ~, i R §
e PAUNB 0 e vres @ e o oo smsmse oot & 3l -
. ampes o o Did -
——
. @ -ees o u
. g .- o conemnal VM
oy .-
solie s AR P e Waree e o ®ms ,00 9 — oo oo ® - . i"‘\ Joaned
. » 5 Joj: 20REa Bt o heoel ) L%t NP5 fodd
.
. —yy .
sone e oot R RO GS, beatps S0 s me e TS e e dee sl tenrye o IRRECRE e o
oSense . oo . o
e = o _ | g S
. < . 3 r X2
fotais VAR IIeZ s e aaw oo o e o WUFTD e v * Ak
ekl ol . L R SR o weetBea B .
A . = von ..
rtiat et th ee w4 e cee o o o, 8 NI o . .
L, - - I AT o oo soprasancd R .
-t . - - .o
. lrv . o . - e o
s o plepe gempees o cmelte og gy mee oW
® .7 B

.
...g.......z ”

oo o

o

o

.

mamen 00 00 0 Mk NOUIREES0e 0 0 0 o o

-160

-200

-280

(Bow sad) ones (°N/O)Q

s e e et

o s e m s oo Vom's

—_ . o
S A e 7 el

o

© o <
~ ~ ©
™ [p) N

(wdd) 09

I
AN
(e0]
™

May Jun

Nov Dec Jan Feb Mar Apr

Aug Sep Oct

Jul

Month of year 2000

1999

Figure 4.9. Shows all O,/N; ratio and CO, concentration data collected at Baring Head

from June 1999 to July 2000. Each black data point is an average over 15 minutes. Red
data points show flask samples collected at Cape Grim, Tasmania (see Figure 4.1)

during clean, background air conditions as a part of the Scripps O,/N, flask sampling

network. The red line is a curve fit to the Cape Grim data.
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Figure 4.10. Atmospheric Potential Oxygen, APO, at Baring Head from June 1999 to
July 2000. This shows the oceanic influence on the air arriving at Baring Head.

Also shown in Figures 4.9 and 4.10, as red symbols, are flasks samples collected
at Cape Grim, Tasmania (40.7°S, 144.7°E) as part of our global flask sampling network
(Chapter 2). These flask samples are shipped back to our laboratory in La Jolla,
California, where they are analyzed for O,/N; ratio on our interferometric analyzer
[Keeling, 1988] and for CO, concentration on a Siemens NDIR analyzer. Curve fits to
the Cape Grim data are also shown, consisting of the sum of a four-harmonic seasonal
cycle and a stiff spline. The curve fits were calculated from a longer dataset not shown,

extending back to 1991.
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Figure 4.11. As for Figure 4.9, except data have now been filtered to only show data
when conditions are thought to be representative of clean, background air. That is, the
wind direction is between 135° and 225°, and the wind speed is greater than 20 km/h.
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Figure 4.12. As for Figure 4.10, except data have now been filtered to only show data
when conditions are thought to be representative of clean, background air, as in Figure
4.11. That is, the wind direction is between 135° and 225° and the wind speed is greater
than 20 km/h.

Baring Head CO, data now show reasonably good agreement with Cape Grim
for the one year record. O,/N; ratio and APO data still show the same prominent
differences observed in Figures 4.9a and 4.10. Ignoring for the moment data in June
2000, the March, April, and May 2000 data appear to indicate a later summertime O,/N;
(and APO) peak at Baring Head than Cape Grim and a subsequent faster drawdown of
0,/N; (and APO) in autumn. In addition, at the beginning of the record, in June and

July 1999, there is tentative evidence for an earlier wintertime minimum in O,/N; ratio
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Figure 4.14. O,/N, ratio and CO, concentration at Baring Head for 3-5 July 1999.
Note that O,/N, ratio and CO, concentration axes are reversed with respect to each
other. In addition these axes are scaled so that changes in O, and CO, are comparable
on a mole to mole basis. The green line shows the curve fit to the O,/N, ratio data from
flask samples collected at Cape Grim, Tasmania.

some technical problems during this time period, as illustrated by the abnormally noisy
signal. Therefore a more precise determination on the exact increase in CO,
concentration can not be made, however, it is clearly of the order of 1.5 ppm.

These changes in O,/N; ratio and CO, concentration can not be attributed to land
biotic or anthropogenic effects, because the observed O,:C molar ratio is approximately
—11:1, instead of —1.1:1 that would be observed from land biotic effects, or —1.4:1 that
would be observed from fossil fuel combustion. This leaves only oceanic processes that

could be responsible for the observations.
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Figure 4.15. As for Figure 4.14, except the CO, axis has been blown up, showing that
CO, concentrations increased at the same time that O,/N, ratios decreased.

To help identify the origin of the sampled air, I have calculated 72-hour
backward wind trajectories using the HYbrid Single-Particle Lagrangian Integrated
Trajectory model, version 4 (HYSPLIT4), developed by the NOAA Air Resources
Laboratory [Draxler and Hess, 1998]. This model uses 1° meteorological analyses from
the National Center for Environmental Prediction as input fields. In Figure 4.16, I show
one such trajectory calculation for air arriving at Baring Head at 12:00, 4 July 1999
NZST. This figure clearly shows that the air arriving at Baring Head was solely of
oceanic origin, and from relatively high latitudes in the Southern Ocean.

There is some concern regarding the accuracy of such trajectory models in the

southern hemisphere where direct observations are relatively sparse and the model must



