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Author’s response to referee 1:

Thank you very much for your supportive and precious comments! You helped us significantly improve
this study.

1) Comments: Abstract The time step of the simulation in this study is monthly. Time step of the
calculation is very important. So, please explicit describe about the time step of the calculation even in
abstract.

Response: We have added the information in Abstract: “We develop a process-based biogeochemistry
model to quantify CO exchange between soils and the atmosphere with a 5-minute internal time step
at the global scale. The model is parameterized using CO flux data from the field and laboratory
experiments for eleven representative ecosystem types. The model is then extrapolated to the global
terrestrial ecosystems using monthly climate forcing data.” From line 10 to line 15.

2) Comments: Page 2 line 31 | do not think that this sentence is necessary.

Response: Deleted.

3) Comments: Page 5 line 118 are in -> is

Response: Corrected. “The first study to report long-term and continuous field measurements of CO
flux over grasslands using a micrometeorological eddy covariance (EC) method is Pihlatie et al. (2016).”
From line 93 to line 95.

4) Comments: Page 5 line 127 withan-> with an

Response: Corrected. “A set of century-long simulations of 1901-2100 were also conducted using the
atmospheric CO concentrations estimated with an empirical function (Badr & Probert, 1994; Potter et
al., 1996)”. From line

5) Comments: Page 6 line 139 Please spell out TEM at the first place.

Response: We have mentioned at the first place of introduction. “To improve the quantification of the

global soil CO budget for the period 2000-2013 and CO deposition velocity for the 20th and 21st
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centuries, this study developed a CO dynamics module (CODM) embedded in a process-based
biogeochemistry model, the Terrestrial Ecosystem Model (TEM) (Zhuang et al., 2003, 2004, 2007).”
From line 96 to line 99.

6) Comments: Page 6 line 157 Vertical grid of 1cm can be used for simulation of CO2 and CH4 diffusion
processes in soil, but, | consider that 1cm is still not so finely-gridded for the simulation to model soil CO
consumption because of rapid CO consumption in soil (especially very active soil to consume CO). Some
soils are strong consumers of CO and these soils absorb CO within 2-3cm of top soil layer. Though this
comment does not deny robustness of the results of this study, | recommend that these technical
aspects should be mentioned in the Discussion section (as in line 376) to be kind for readers who may
study soil CO consumption. Furthermore, authors properly used implicit (Crank-Nicolson) method in
order to be independent from time-step which must be set as short as possible in case of explicit
method because the vertical grid must be finer for soil CO consumption for explicit method.

Response: Thanks much for your suggestions. In this revision, we have tested the model using 3, 15,
30, 300, 3000 thin layers to examine the influence of layer thickness. It turned out that we have
chosen the proper layers division and more layers will need much more computing time, but not show
further improvement. We have summarized these tests in Figure 12 and Section 4.3, line 452 to 460.

7) Comments: Page7 line 160 “i” and “t” should be italic.

Response: Corrected. “Where C(t, i) is the CO concentration in layer i and at time t, units are mg m
3.” Line 142.

8) Comments: Page 12 line 297 Figure 3 (a2,b2,c2,d2) | cannot understand which observations in Table 1
were plotted in the sub-figures.

Response: We added information to indicate the site being used in Figure 3 caption.

9) Comments: Page 12 line 305- Page 13 Direction of consumption and production or net flux is

misleading. | felt that minus expression of values is difficult to see through.
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Response: Thanks for pointing this out. We have changed all values presented as ranges like “ From -
180 to -197, 34 to 36 and -145 to -163 Tg CO yr'”.

10) Comments: Page 16 Model Uncertainties and Limitations | consider that CO concentrations at soil
surface (environmental CO concentration for soil) is a little different from CO data from MOPITT.
Boundary-layer processes are also complex. A comment about this point is necessary.

Response: We have revised Section 4.3 to address your comments. “. Third, the derived CO surface
concentration is lower than MOPITT CO surface concentration, which will lead to overestimation of
CO deposition velocity during 1901-2100.” From Line 450 to 452.

11) Comments: Table2-6 Values were centered but should be formatted to be easily understood. For
example, Earea/R (K) in Table 2 In place of 8801 14165, 8801 14165 is better.

Response: We have now centered all values and names of parameters.

12) Comments: Figure2 Units of soil moisture are different among (a2), (b2) (c2) and (d2). My concern is
about the highness of the volumetric soil moisture. The soil moistures in (a2) (d2) are too high?
Volumetric soil moisture contents (a2) are too high, as high as 80%. Normal soils have no capacity to
hold such high moistures. The units of the soil moisture contents are all volumetric (m3/m3) ? Please
check and if the shown volumetric soil moistures are correct, please mention reasons.

Response: Thank you for pointing this out. In this revision, we traced back to Nakai et al. (2013) and
found that our units and values are the same as they presented. The reason why the values were so
high is that the volumetric soil moisture (VSM) was converted from the water content reflectometry
(WCR) probe output period using an empirical calibration function of Bourgeau-Chavez et al. (2012)
for 5cm-30cm layer. Although Bourgeau-Chavez et al. (2012) provided calibration functions for each
soil horizon (i.e., dead moss, upper duff, lower duff, and mineral soil), some of them resulted in values

greater than 100% VSM in Nakai et al. (2013) study. The model estimated high VSM (close to 80%) is
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due to top 10 cm moss in the model which has a saturation VSM of 0.8. We added the discussion on
Figure 2 caption in this revision. From line 482 to 485.

13) Comments: Figure 3 (c2) and (d2) Why authors showed over-scale (CO emission) graph? The y-axis of
(c2) should be -10 to 2

Response: We have corrected the Y-axis’s range to -10 to 2 in Figure 3 (c2).

14) Comments: Figure 4 Please write clear the meaning of “global land surface”. Global land surface
includes Antarctic area? Normal readers think that global average temperature is about 15C but the
shown temperature (a) is between 7.5-9C.

Response: We have added extra information in caption of Figure 4 and Figure 6: “Global land surface
(excluding Antarctic area and ocean area)”

15) Comments: Figure 6 Why SOC increases sharply before 2100?

Response: In this revision, we have fixed this problem. The fixed values of SOC is showed in figure 6.

We also rerun the model to remove the influence of odd SOC to future prediction of CO dynamics.
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Author’s response to referee 2:

Thank you for your constructive comments, which helped us improve this study. Here are our
responses to each of your comments:

1) Main Concern: CO concentration and flux mismatch between MOPITT and constant function
simulations The CO soil deposition is largest flux and is strongly dependent on the atmospheric CO mole
fraction. The constant CO mole fractions used in past and future model runs are not realistic, at least for
the period 2000-2013, as shown by the large mismatch in magnitude with the MOPITT satellite data for
the overlapping period (Fig . 5b).

Correspondingly, the annual fluxes calculated over 1901-2013 using the constant CO distribution
(determined by the function shown at lines 263) are very different from the fluxes calculated using the
CO MOPITT data for the shorter period 2000-2013.

The authors report both sets of incompatible fluxes as results. Assuming that the satellite measured
values are close to the truth, then the fluxes calculated using the constant function, for the 20th and
21st centuries, are obviously wrong. However, these are reported as main results and the authors claim
to “quantify global soil budget for the 20th and 21st centuries”.

In my opinion these fluxes should not be reported in the actual form. They can however be used to
study the variability and the relative magnitude of the components, and the relative variation in time.

If the exercise is only for understanding the controls and the relative evolution (as the authors state in
their reply to reviewer 2), this can be accepted as long as the limitations are made clear and the fluxes
are not claimed to be solved.

Here are some ideas on what can be done:

- scale the CO distribution function in such a way that it matches the satellite observations for the
overlapping period. This would need an assumption for the temporal evolution of CO during the 20th

century
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- report the results not in terms of fluxes, but in terms of net deposition velocities. This would require
changes through the paper.

- keep the fluxes as they are, but do not discuss the absolute values of the fluxes but only the relative
variations

Besides these, the authors should be careful with claiming that they quantify the soil budget for the 20th
and 21st centuries.

This issue should be discussed thoroughly in Sect. 4.3.

Response: We highly appreciate your constructive suggestions and comments. We have chosen your
second recommendation and changed historical simulation (1901-2013) and future simulation (2014-
2100) results to be presented as deposition velocity by using the method in Seinfeld, et al. (1998). In
this revision, what we have done include: 1) We only discussed absolute values of simulations during
the period 2000-2013 when using MOPITT CO surface concentration data; 2) We removed all parts
that involve absolute values of CO consumption, production and net fluxes; 3) We have plotted out
new figures to present deposition velocity for 1901-2100; 4) We have re-organized the paper with a
clearer experiment orders: E1: simulations during the period 2000-2013 using MOPITT CO surface
concentration data; E2: simulations during the period 1901-2100 using constant in time, spatially
distributed CO surface concentration data; E3: sensitivity tests; and 5) We added discussion of CO

concentration influences on CO dynamics in Section 4.3, line 450 to line 452.

Other general comments:
2) - Abstract: please report the same values given in the paper, either averages or ranges.
Response: We have used ranges now throughout the paper.

3) - please try to organize the paper in smaller paragraphs to improve readability
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Response: We have reorganized a number of paragraphs to get them smaller. In addition, we have
also reduced many repeated references in Introduction.

4) - | find the Introduction up to line 60 difficult to read, because of the long list of references following
each bit of information. Please consider rephrasing and reducing the references that keep being
repeated.

Response: We have significantly revised the Introduction section and also removed repeated or non-
necessary references. Please see line 33 to line 52.

5) - The summary of the experiments is given both in 2.1 and 2.5, but the two descriptions do not seem
to match. In 2.1. it is mentioned that the purpose was to “investigate the impact of ...atmospheric CO
concentrations “but the sensitivity tests that are meant for this are not mentioned here.

Response: We have corrected this and now they describe the same experiments. See Section 2.1 and
Section 2.5.

6) - is Michaelis-Menten kinetics necessary? The net uptake means in principle that at least the
uppermost layer of soil has lower concentration than the atmosphere, and this is much lower than kCO.
Are the CO concentrations in the lower soil layer much larger, and if yes, why? Related to this, please
show the CO soil profiles for some typical situations.

Response: In this revision, we have re-considered the Michaelis-Menten kinetics and presented soil
CO concentration profile in figure 12. We found that the Michaelis-Menten kinetics can’t be replaced
in our model since the soil CO concentration can be bigger than atmospheric CO surface concentration
in the days of net emissions (Figure 12f). Replacing it with a simple version will overestimate the
oxidation rate when soil CO concentration is comparable with atmospheric CO concentration. We
have discussed this in Section 4.3. From line 460 to line 465

7) - please number the figures in the order they are discussed in text (e.g. Figs 7, 8) — or change the text

to mention the figures in the right order.
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Response: We have carefully checked the order of figures and their uses in main text.

8) - Section 4.2 should be reorganized and at least partly moved to results — see specific comments
Response: We have moved sensitivity test results to Section 3.4 and we have reorganized 4.2 based
on specific comments. See section 3.4 from line 361 to line 369, and section 4.2 from line 397 to line
408.

9) - Section 4.3 discussed the model uncertainties and limitations, but ignores two of the major issues: (1)
the CO concentrations mismatch between satellite and constant function, and (2) the overestimation of
soil consumption at high temperatures.

Response: We have added these two points in Section 4.3 in this revision. See line 450 to 452 and line

441 to line 443 for issue 1) and issue 2), respectively.

Specific comments

10) - line 16: “constant spatially distributed” — can be understood wrongly as constant in space, which is
not; | suggest to change to “ constant in time, spatially distributed”

Response: We have rephrased it following your suggestion. “By assuming that the spatially-
distributed atmospheric CO concentrations (~128 ppbv) are not changing over time”. From line 21 to
line 23.

11) - line 20: “the largest sinks at 93 Tg CO yr-1” — is this from the 20t century or 2000-2013 simulation?
Please specify. Same for the next phrase.

Response: This value is for 2000-2013 simulation. We corrected. See line 19.

12) - lines 63 and 68: use the same units for the deposition velocity

Response: Corrected. Now units for deposition velocity are mm s throughout the paper manuscript.
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13) - lines 61-68: the phrase is unclear, consider breaking it into smaller pieces. Also, quite some
information is given on the studies listed, but not enough to actually understand what they did and what
the differences are. Please consider either giving more details, or shortening this part.

Response: We have shortened this part to increase readability and avoid misleading. See line 53 to
line 57.

14) - lines 62 — 66: the text seems contradictory: the uptake flux when using a constant deposition
velocity globally (115-230 Tg) is smaller than when using the same deposition velocity in general and
some area set to zero (300 Tg) - please explain or reformulate. “With different approaches” is too
unspecific and does not really say anything.

Response: We have removed this for shortening the paragraph and reducing confusing. See line 57 to
line 59.

15) - line 67: “ using empirical approaches with higher probability for lower values” — unclear, higher
probability of what? lower values for what?

Response: This part has been removed in this revision. See line 57 to line 59.

16) - lines 68 — 70: which other substances? what are other deposition velocities? please give examples
if you mention this.

Response: We have rewritten this sentence and now just presented the ranges for all vegetation types.
Detailed deposition velocity for different vegetation types can be found in King (1999a) and
Castellanos et al. (2011). See line 57 to line 59.

17) - lines 75 — 91: a lot of this discussion on the thermal and photo degradation is irrelevant for this
paper, especially the part on photo degradation which is not included in the model. Please reduce the
irrelevant parts.

Response: We have reduced the part related to photo-degradation. Now we only mentioned what is

photo-degradation. See line 63 to line 64.
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18) - lines 92 — 93: it is unclear to me what this phrase means. | think what the authors may intend to say
is that little attention has been paid to CO (including soil consumption and production) in global
(chemistry?) models. Please reformulate if true.

Response: We have removed the sentence. See line 70.

19) - lines 97-98: suggest replacing “oxidation from soil bacteria and microbes” by “oxidation by soil
microbes”. Bacteria are microbes.

Response: Corrected. See line 74 to line 75.

20) - line 110: CO emission is abiotic, right?

Response: We have removed the “CO emission” from the sentence. “One reason is that there is an
incomplete understanding of biological processes of uptake”. See line 85 to line 86.

21) - line 156: “determined by the mass balance” — unclear what this means: which mass balance, of
what, between what? please clarify.

Response: We have added the detailed description: “Net exchange of CO between the atmosphere
and soil is determined by the mass balance approach (net flux = total production — total oxidation —
total soil CO concentration change).”

22) - line 162: this term represents all the consumption; remove “due to oxidation”

Response: Removed “due to oxidation” from the sentence. See line 144.

23) - line 171: “modeled as an anaerobic process” there is nothing in Eq. 2 that makes it anaerobic
Response: We have rewritten the sentence and removed “modeled as an anaerobic process” from
description: “CO consumption is modeled in unsaturated soil pores”, see line 153

24) - lines 186- 188: phrase unclear - | think the authors mean that Eq 2.2 will overestimate CO
consumption because in reality CO consumption decreases at high temperatures, while in Eq 2.2 CO

keeps increasing with temperature. Please reformulate.

10
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Response: We have reformulated the sentence. “Equation (2.2) will overestimate CO consumption at
higher temperature because in reality CO consumption will decrease at higher temperatures than
optimum temperature, while f, will keep increasing with rising temperature.” See line 171 to 174.

25) - line 193: i do not understand what Pr(t,i) is

Response: We have added the detailed description: “production rate at temperature T (¢, i) divided
by production rate at reference temperature”. P,.(t,i) is also descripted in equation (3.1) and the
paragraph right below. See line 181 to line 182 and line 191 to line 192.

26) - line 198: should it be 20 cm SOC?

Response: Corrected to “30 cm”. See line 186.

27) - lines 275 — 277: give some details on the scenarios and datasets

Response: We have added details of meaning of RCP2.6, 4.5 and 8.5. “RCP2.6, 4.5 and 8.5 datasets are
future climate projections with anthropogenic greenhouse gas emission radiative forcing of 2.6 W m?,
4.5 W m?2and 8.5 W m?, respectively, by 2100.” See line 278 to line 280.

28) line 297: is the reported correlation really r, or is it rA2? Also, a correlation coefficient r of 0.5 is
usually not considered high correlation.

Response: Correlation coefficient is reported in R. We have rewritten the sentence to give proper
description now. See section 3.1, line 303 to line 304.

29) - lines 299 - 300: please compare the RMSEs reported to the CO fluxes, in order to give an
impression on the relative errors.

Response: We have presented CO net flux rates in order to compare with RMSEs. Please find in
Section 3.1, line 305.

30) - lines 318 — 319: “consume 42% and 58% of the total consumption, and produce 41% and 59% of

total production” — please reformulate

11
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Response: We have changed Section 3.2 only for the period 2000-2013. We have also fixed this by
reformulating. “The Southern and Northern Hemispheres have 41% and 59% of the total consumption,
and 47% and 53% of the total production, respectively (Table 3)”. See line 321 to 323.

31) - line 328: Table 3 does not show the deposition flux in mg/m2 day

Response: We have changed section 3.2 only for the period 2000-2013. The table has been updated to
only have CO flux values for the period 2000-2013 with MOPITT CO surface concentration data and CO
deposition velocity for the period 1901-2013 with constant in time, spatially distributed CO surface
concentration. We have added the description on how to get these numbers. “calculated by flux
values divided by area”. See section3.2, line 336 to line337

32) - lines 329 — 343: | find the text in this paragraph somewhat misleading. The fluxes are presented as
changing or increasing relative to the simulation for 20t century, which suggests a temporal evolution,
but in fact they are different mainly because of a different model setup, i.e different atmospheric CO
concentrations. Consider using “different” and “larger” instead of “increasing”.

Response: We have removed this part and only talked about simulation results during 2000-2013 in
section 3.2. We moved 1901-2013 deposition velocity simulation results to Section 3.3.

33) - line 359: “the rate ranges of increasing of consumption...” — I think it should be something like “the
ranges of the rates of increase in consumption...”; please explain what these ranges are, are they
corresponding to the three scenarios?

Response: We have changed the results in Section 3.3 to present deposition velocity and added the
results of 1901-2013. We have rewritten this sentence and added more information to explain what
the ranges are. See section 3.3, line 341 to line 343.

34) - line 382: the references should be given in the method section, not here

Response: Removed the references here. See section 4.1, line 390.

12
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35) - Sect 4.2: The information here belongs mostly to Results, please reorganize. Also, the section is
hard to follow — there are many correlations mentioned without much coherence. Consider
reformulating into a more focused way, with one paragraph per idea (e.g on annual time scales, the CO
uptake is mostly correlated to X, Y, Z... and then comment more if needed on X ). Try to separate the
annual and monthly results.

Response: We have 1) moved the sensitivity results to new Section 3.4; 2) reorganized the rest part by
totally separating the monthly and annual correlation test results. See Section 3.4, line 362 to line 369
and Section 4.2, line 409 to line 430.

36) - lines 398 — 400 and Table 5: The effect of the SOC on the gross uptake flux seems too large. In my
understanding, the text tries to explain that SOC increases the gross production which makes more CO
available, which in turn leads to an increase in the gross CO consumption. But, for an increase in SOC of
30%, the production increases by about 10Tg/year, and the consumption increases by 28 Tg/year! How
can that be? Where are the extra 18 Tg/year coming from?

Response: We have added extra comments on this problem in discussion section 4.2. “To be noticed,
the CO oxidation increasing due to CO substrate change is larger than production increasing due to
SOC increasing, leading to an extra 18 Tg CO yr! being taken up from the atmosphere to soils in
sensitivity test when SOC increasing by 30% (Table 5).” See line 403 to 406.

37) line 406: “as CO flux” — do you mean “as does the CO flux”?

Response: This sentence has been removed now.

38) line 415: what is 0.91? Is it r or rA2, or something else? The same for line 418.

Response: We have added description. They are R. See section 4.2, line 424 and line 426.

39) - line 425: the same data limitation is when using any method, not only SCE-UA-R, correct? If yes,

remove “using SCE-UA-R method”

13
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Response: Yes. The data limitation is same to any method. We removed the “using SCE-UA-R method”.
See section 4.3, line 434 to line 437.

40) - line 427: “with RMSE ... day-1” — | think this info has no meaning here

Response: We have removed “with RMSE ... day'” now. See section 4.3, line 437.

41) - Table 6: what are the numbers? what are the units? These are not absolute values of fluxes.
Response: They are correlation coefficient (R) between forcing variables and model results. We have
rewritten the description of Table 6 for better understanding. See table 6.

42) - line 796: | suggest to replace “would happen inside” by “take place”

Response: We have changed to “take place”. See figure 1 caption, line 810.

43) - Fig. 2: is this really volumetric soil moisture? The values do not seem realistic; | think typical values
for water holding capacity for most soils are around 50 % and that would give the saturation. Please
check the units.

Response: Thank you for pointing this out. In this revision, we traced back to Nakai et al. (2013) and
found that our units and values are the same as they presented. The reason why the values were so
high is that the volumetric soil moisture (VSM) was converted from the water content reflectometry
(WCR) probe output period using an empirical calibration function of Bourgeau-Chavez et al. (2012)
for 5cm-30cm layer. Although Bourgeau-Chavez et al. (2012) provided calibration functions for each
soil horizon (i.e., dead moss, upper duff, lower duff, and mineral soil), some of them resulted in values
greater than 100% VSM in Nakai et al. (2013) study. The model estimated high VSM (close to 80%) is
due to top 10 cm moss in the model which has a saturation VSM of 0.8. We added the discussion on
Figure 2 caption in this revision. From line 482 to 485.

44) Fig. 2-d2: please use the same units as in a2, b2 and c2 figures.

Response: We have corrected units for figure 2d2.

14
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Text comments:

45) - line 60: should be “... consumption to be ...”

Response: Corrected. See line 53.

46) - line 81: “formations” should be “formation”

Response: Corrected. See line 63.

47) - line 118: “are in Pihlatie” should be “is Pihlatie”

Response: Corrected. See line 95.

48) - line 219: | think “misfit” should be “mismatch”

Response: We have changed to “mismatch”. See line 218.

49) - line 266 and through the paper: “transient” is used wrongly. If what is meant is “variable” then
please do use “variable”. Transient does not mean variable, but something that disappears.

Response: We want to use “transient” with meaning of data having time variation. But we have
removed all of them now in manuscript to avoid misleading.

50) - Fig. 3: axes text too small; markers not visible in all figures (especially c2) , please consider using
color markers

Response: We have enlarged the axes text and used green diamond markers. Please see figure 3.

51) - Fig. 3 part 1, page 34: Remove from caption the explanation for cand d

- Fig. 3 part 2, page 35: Remove from caption the explanation for a and b

Response: We have removed them. Now figure 3 should have right description. See figure 3

52) - Fig. 6: x labels not visible; some of the y labels cut

Response: We have remade the figure and now the x and y labels can all be seen. See figure 6

53) - Fig. 8: typo in legend: “producion”
- Fig. 9: typo in legend: “producion”

Response: We have remade the figure 8 and figure 9. Now they have “production” in the legend. See

figure 8 and 9.

15



344

345

346

347

348

349

350

351

352

Marked-up manuscript:

Global Soil Consumption of Atmospheric Carbon Monoxide:

An Analysis Using a Process-Based Biogeochemistry Model
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Abstract: Carbon monoxide (CO) plays an important role in controlling the
oxidizing capacity of the atmosphere by reacting with OH radicals that affect
atmospheric methane (CH4) dynamics. We develop a process-based biogeochemistry
model to quantify CO exchange between the-soils and the atmosphere_with a Sfive-

minutes internal time step at the global scale. The model is parameterized using CO flux

data from the field and laboratory experiments for eleven representative ecosystem
types. The model is then extrapolated to the global terrestrial ecosystems_using monthly
climate forcing data. Global soil gross consumption, gross production, and net flux of
the atmospheric CO are estimated to be from -180 to -197, 34 to 36, and -145 to -163
132-154,-29-36—and—102-119 Tg CO yr! (1Tg = 102 g), respectively, driven
m yming-a—constan natiallhdi ibuted-atmosp 1 1
during-the-20th—century—\When—using satellite-based atmospheric CO concentration
data during 2000-2013. are-used—ourestimates-of-the-seil-gross-consumption-are-180-
197 Tg-CO—yw'-in-theperiod-ef2000-2013Tropical evergreen forest, savanna and

deciduous forest areas are the largest sinks at 12393 Tg CO yrl. Soil CO gross

consumption is sensitive to air temperature and atmospheric CO concentration while
gross production is sensitive to soil organic carbon (SOC) stock and air temperature. By
assuming that the a—ecenstant—in—time—spatially-y—distributed atmospheric CO
concentrations (~128 ppbv) are not changing over timeduring-the-20th-century-and-21st
century, global mean CO deposition velocity is estimated to be 0.16-0.19 mm s during
the 20t century. underhisterical-climate—secenarios—and Uulnder the future climate

[ Formatted: Superscript

scenarios, the seoil-gross-consumption,—gross—production-and-net-flux-ef-CO_deposition
velocity will increase at 0.0002-0.0013 mm st vear! 6:15-1.23,-0.04-0.3-and-0.12-0.94
Fg-CO-y2-during 2014-2100, reaching 0.20-0.30 mm s 162-194, 36-44.and-126-150
Fg-CO-y* by the end of the 21st century;+espectively. Areas near the equator, Eastern
US, Europe and eastern Asia will be the largest sinks due to optimum soil moisture and

high temperature. The annual global soil net flux of atmospheric CO is primarily
controlled by air temperature, soil temperature, SOC and atmospheric CO

concentrations, while its monthly variation is mainly determined by air temperature,

precipitation, soil temperature and soil moisture. Ourprocess-based-soi-CO-dynamics
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1. Introduction

Carbon monoxide (CO) plays an important role in controlling the oxidizing
capacity of the atmosphere by reacting with OH radicals (Logan et al., 1981; Crutzen,
1987; Khalil & Rasmussen, 1990; Prather et al., 1995; Prather & Ehhalt, 2001). CO in
the atmosphere can directly and indirectly influence the fate of critical greenhouse

gases such as methane (CHs4) and ozone (Os) (Logan—etak 1981 Crutzepn-& GCidel;

i
& Kha )0

089: Khalil-& Rasmussen—1990 Daniel-&Solomon
1998:Prather-& Ehhalt,2001:-Tan and Zhuang, 2012). Although CO itself absorbs only
a limited amount of infrared radiation from the Earth, the cumulative indirect radiative
forcing of CO may be even larger than that of the third powerful greenhouse gas, nitrous
oxide (N20, Myhre et al., 2013). Current estimates of global CO emissions from both
anthropogenic and natural sources range from 1550 to 2900 Tg CO yr?t, which are
mainly from anthropogenic and natural direct emissions and from the oxidation of
methane and other Volatile Organic Compounds (VOC) (Prather et al., 1995; Khalil et
al., 1999; Bergamaschi et al., 2000; Prather & Ehhalt, 2001, Stein et al., 2014).
Chemical consumption of CO by atmospheric OH and the biological consumption of CO
by soil microbes are two major sinks of the atmospheric CO (Conrad, 1988; Lu & Khalil,
1993; Prather-et-al 1995 Prather& Ehhalt—2001-Yonemura et al., 2000; Whalen &
Reeburgh, 2001).

Soils are globally considered as a major sink for CO due to microbial activities
(Conrad-and-Seller,-1982;Potteret-al—1996:-Whalen and Reeburgh, 2001; King and
Weber, 2007). A diverse group of soil microbes including carboxydotrophs,
methanotrophs and nitrifiers are capable of oxidizing CO (Ferencietal 1975 Jenes
ana-Morita1983: Benderand-Conrad—1994:--King and Weber, 2007). Annually, 10-25%
of total earth surface CO emissions were consumed by soils (Sanhueza et al., 1998;
Khalletal 1000 King, 1999a; Bercamasehictal 2000 Prather &-Ehhalt 2001 Chan
& Steudler, 2006). Potter et al. (1996) reported the global soil consumption to be
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16 _to--50 Tg CO yr (positive values represent -direction-is-the emissions from soils to

the atmosphere), by using a single--box model appreach-over the upper 5 cm of soils.
All existing Other-estimates_have afterthis—still remained-large uncertainties-shewed

large—ranges—using—simple—assumptions; ranging from -115 to -640 Tg CO yrt
(Sanhueza et al., 1998; King, 1999; Bergamaschi et al., 2000). Similarly, the estimates

of such-as-115-230 Tg-CO-y 1 based-on-a-constant-dry-deposition-velocity {the uptake

CO dry deposition velocities_also have large uncertainties, ranging from {0 to
4.00-004mm s™1) forvegetated-surfaces—based-on—measurements—are—relatively low
compared-with-other-substances-(here positive values are amount of deposition to soils
gptakes, King, 1999a; Castellanos et al.,, 2011). Soils also produce CO mainly via
abiotic processes such as thermal- and photo-degradation of organic matter or plant
materials (Conrad and Seiler, 1985b; Tarr et al., 1995; Schade et al., 1999; Derendorp
etal., 2011; Lee et al., 2012; van Asperen et al., 2015; Fraser et al., 2015, Pihlatie et al.,

2016), except for a few cases of anaerobic formation. Photo-degradation is identified as

radiation-dependent degradation due to absorbing radiation (King et al., 2012).

Thermal-degradation is identified as the temperature-dependent degradation of carbon

in the absence of radiation and possibly oxygen (Derendorp et al., 2011; Lee et al.,
2012; van Asperen et al., 2015; Pihlatie et al., 2016). These major soil CO production

processes, together with soil CO consumption processes, have not been adequately

modeled in global soil CO budget estimates.
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modeling—To date, mMost top-down atmospheric models appliedy a dry deposition

scheme based on the resistance model of Wesely (1989). Such schemes provided give
a wide range of dry deposition velocities (Stevenson et al., 2006). Only a few models
(MOZART-4, Emmons et al., 2010; CAM-chem, Lamarque et al., 2012) have extended
their dry deposition schemes with a parameterization for CO and H: uptake through by
oxidation by frem-soil baeteria—and-microbes following the work of Sanderson et al.
(2003), which itself was based on extensive measurements from Yonemura et al. (2000).
Potter et al. (1996) developed a bottom-up model to simulate CO consumption and
production at the global scale. This model is a single box model, only considers top 5cm
depth of soil and does not have explicit microbial factors, which might have
underestimated CO consumption (Potter et al., 1996; King, 1999a). Current bottom-up
CO modeling approaches are mostly based on a limited number of CO in situ

observations or laboratory studies to quantify regional and global soil consumption
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(Potter et al.,, 1996; Sanhueza et al., 1998; Khalil et al.,, 1999; King, 1999a;
Bergamaschi et al., 2000; Prather & Ehhalt, 2001). To our knowledge, no detailed
process-based model of soil-atmospheric exchange of CO has been published in the
recent 15 years. One reason is that there is an incomplete understanding of biological
processes of CO-emission-and-uptake (King & Weber, 2007; Vreman et al., 2011; He
and He, 2014; Pihlatie et al., 2016). Another reason is that there is a-lack of long-term
CO flux measurements for different ecosystem types to calibrate and evaluate the
models. CO flux measurements are mostly from short-term field observations or
laboratory experiments (e.g. Conrad and Seiler, 1985a; Funk et al., 1994; Tarr et al.,
1995; Zepp et al., 1997; Kuhlbusch et al., 1998; Moxley and Smith, 1998; Schade et al.,
1999; King and Crosby, 2002; Varella et al., 2004; Lee et al., 2012; Bruhn et al., 2013;
van Asperen et al., 2015). The first study to report long-term and continuous field
measurements of CO flux over grasslands using a micrometeorological eddy covariance
(EC) method is are-in-Pihlatie et al. (2016).

T0 Admabrg—re—improve fho—umdersionding—atpreccoses oocoaintod b Load
atmeosphere-CO-exchange-and-tthe quantification of the e-guantify-global soil CO budget
for the period 2000-2013 and CO deposition velocity -for the 20th and 21st centuries,

this study we-developed a CO dynamics module (CODM) embedded in a process-
based biogeochemistry model, the Terrestrial Ecosystem Model (TEM) (Zhuang et al.,
2003, 2004, 2007). CODM was then calibrated and evaluated using laboratory
experiments and field measurements for different ecosystem types. We-then-used-Tthe
atmospheric CO concentration data from MOPITT (Gille, 2013) were used to drive eur
model_simulations from 2000 to 2013. A set of c-We-eendueted-century-long simulations
of 1901-2100_were also conducted ;—using the atmospheric CO concentrations

estimated with_an empirical function (Badr & Probert, 1994; Potter et al., 1996). Finally
We-also-evaluated-the effects of multiple forcings on the global CO consumption and
production—estimates, including the changes of climate and atmospheric CO
concentrations at the global scale_were evaluated with the model.

2. Method
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2.10verview

We first developed a daily soil CO dynamics module (CODM) that considers: (1)
soil-atmosphere  CO exchange and diffusion process between soil layers, (2)
consumption by soil microbial oxidation, (3) production by soil chemical oxidation, and
(4) the effects of temperature, soil moisture, soil CO substrate and surface atmospheric
CO concentration on these processes. Second, we used the observed soil temperature
and moisture to evaluate {Ferrestrial-Ecosystem-Model)-TEM hydrology module and soil
thermal module in order to estimate soil physical variables-cerrectly. Then we used the

data from results-ef-laboratory experiments and CO flux measurements to parameterize
the model and—ealibrate—the—medel-using the Shuffled Complex Evolution (SCE-UA)
method (Duan et al., 1993). Finally, the model was extrapolated to the globe al-scale-at
a 0.5° by 0.5° resolution. We conducted three sets of model experiments to investigate
the impact of climate and atmospheric CO concentrations on soil CO dynamics: 1)

simulations for 2000-2013 with MOPITT satellite atmospheric CO concentration

datad9o 0 aith onstan atmospher a opncentration estimated om—an

empirical-funetion; 2)simulations for -2000-2013-with-MOPHTsatelliteatmospherie GO
concentration—datal901-2100 with constant atmospheric CO concentrations estimated

from an empirical function and the ene-historical climate data seenaires—(1901-2013)

and three future climate scenarios (2014-2100); and 3)_-Eight sensitivity simulations by
changing with—a) constant CO surface concentrations + 30%, b) SOC +30%, c)

precipitation +20% and d) air temperature + 3°C for each pixel, respectively, while
holding other forcing data as they were, during 1999-20002014-2100-with-the-same

2.2Carbon Monoxide Dynamics Module (CODM)

Embedded in TEM (Figure 1), CODM is mainly driven by: (1) soil organic carbon
availability based on a carbon and nitrogen dynamics module (CNDM) (Zhuang et al.,
2003); (2) soil temperature profile from a soil thermal module (STM) (Zhuang et al.,
2001, 2003); and (3) soil moisture profile from a hydrological module (HM) (Bonan,
1996; Zhuang et al, 2004). Net exchange of CO between the atmosphere and soil is
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determined by the mass balance approach (net flux = total production — total oxidation —

total soil CO concentration change). According to previous studies, we separated active

soils (top 30cm) for CO consumption and production into 1 cm thick layers (King, 1999a,
1999b; Whalen & Reeburgh, 2001; Chan & Steudler, 2006). Between the soil layers, the
changes of CO concentrations are calculated_as-by:

aCED) 9 a(c(t, )

ot £<D(t' 0 T) +P(t,))—0(t i) (1)

Where C(t,i) is the CO concentration in layer i i-and at time-t ¢, units are mg m=3. z is
the_-depth of the soil, units are mthickness-ef-layeri. D(t,1) is the diffusion coefficient
for layer i, units are m2 s1. P(t,i) is the CO production rate and 0(t,i) is the CO
consumption rate-due-te-exidatien. The units of P(t,i) and 0(t,i) are mg m= s1. D(t, i)

is calculated using the method from Potter et al. (1996), equations (2) to (4), which are

is-the functions of soil temperature, soil texture and soil moisture. The upper boundary
condition is specified as the atmospheric CO concentration, which is estimated by an
empirical function of latitude (Potter et al., 1996) or directly measured by the MOPITT
satellite during 2000-2013. The lower boundary condition is assumed to have no
diffusion exchange with the layer underneath. This partial differential equation (PDE) is
solved using the Crank-Nicolson method for less time-step-sensitive solution.

CO consumption is modeled as-an-aerobic-process-oceurring-in unsaturated soil
pores; which-is-estimated-as:

0(t, 1) = Vinax - i(C(t.0D) - (T, D) - (M, D) (D)
Where V.., is the specific maximum oxidation rate, ranging from 0.3 to 11.1 pg CO g+
h1 (Whalen & Reeburgh, 2001). f; represents the effects of soil —are—funetions
caleulating-CO concentration C(t, i), temperature T(t,i) and moisture M(t, i) irfluences

on CO soil consumption. Considering CO consumption as the result of microbial

activities, we calculated £,(C(t,0)) , £-(T(t, i) and f;(M(t,i)) in a similar way as
Zhuang et al. (2004):

C(t,i)

D) =0 ks

.1
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T(t,)~Tref

£(TED) =0, ™ (2.2)

(M(t; i) - Mmin)(M(t' i) - Mmax)

f3 (M(t‘ l)) N (M(t, i) - Mmin)(M(t‘ i) - Mmax) - (M(t, i) - Mopt)z

(2.3)

Where fl(C(t, i)) is a multiplier that enhances oxidation rate with increasing soil CO
concentrations using a Michaelis-Menten function with a half-saturation constant k.,
ranging from 5 to 51 pl CO I'* (Whalen & Reeburgh, 2001); f, (T(t, 1)) is a multiplier that
enhances CO oxidation rates with increasing soil temperature using a Q10 function with
Q1o coefficients (Whalen & Reeburgh, 2001). T, is the reference temperature, units
are °C (Zhuang et al., 2004, 2013). f3(M(t, i)) is a multiplier to estimate the biological
limiting effect that diminishes CO oxidation rates if the soil moisture is not at an optimum
level (Mopt). Mimin, Mpq, and M,,, are the minimum, maximum and optimum volumetric
soil moistures of oxidation reaction, respectively. Equation (2.2) will overestimate CO
consumption at higher temperature because in reality CO consumption-has—an-eptimum
temperature—and-it— will decrease at higher temperatures_than optimum temperature,
while fo will eguation (2.2} CO-eonsumption-keeps increasing with rising temperature.

[ Formatted: Subscript

However, the CO consumption is constrained by CO production, and equation (1) is
used to represent this constraint.

We modeled the CO production rate (P(t,i)) as a process of chemical oxidation
constrained by soil organic carbon (SOC) decay (Conrad and Seiler,1985; Potter et al.
1996; Jobbagy & Jackson, 2000; van Asperen et al., 2015):

P(t,0) = P-(t,1) - Esoc * Csoc (1) * Fsoc 3

Where B.(t,1) is a reference soil CO production rate which has been normalized to rate

at reference temperature_(production rate at temperature (t,i) _divided by production

rate at reference temperature), which is affected by soil moisture and soil temperature

(Conrad and Seiler,1985; van Asperen et al., 2015). E5o¢ is an estimated nominal CO
production factor of 3.5 + 0.9 X 10-° mg CO m2 s'1 per g SOC m2 (to 30 cm surface soil
depth) (Potter et al., 1996). Csoc(t) is a SOC content in mg m-2, which is provided by
CNDM module in TEM. Fgy is a constant fraction of top 320cm SOC compared to total
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amount of SOC, which is 0.33 for shrubland areas, 0.42 for grassland areas and 0.50

for forest areas, respectively (Jobbagy & Jackson, 2000). B.(t, i) is calculated as:

. . 1 1
B0 = exp (ﬁ*(M(t‘ D) Eayer/R- <273.15 +PT,e T(0)+ 273.15)) GD

PM,¢r
M(t,i) + PM,.¢

fu(M(t, D) = (3.2)

Where equation (3.1) is derived from Arrhenius equation for chemical reactions and

normalized using the reference temperature PPT,..r. Ea..f/R is the reference activation

energy divided by gas constant R, units are K. f4(M(t, i)) is the multiplier that reduces
activation energy using an regression approach based on laboratory experiment of
moisture influences on CO production (Conrad and Seiler,1985). PM,. is the reference
volumetric soil moisture, ranging from 0.01 to 0.5 volume/volume (v/v). We assumed
thermal-degradation as the main CO producing process due to siree-lack of photo-
degradation data and hard to distinguish photo-degradation from observations. In order
to reduce the bias from thermal-degradation to total abiotic degradation, the equation
(3.1) was is-parameterized by comparing with total production rate. For instance, B.(t,i)
calculation can perfectly fit the experiment results in Van Asperen et al., 2015 with
proper PT,.r(18°C), Ea,.r/R(14000 K) and PM,.;(0.5 v/v).

CO deposition velocity was is—-modeled in the same way as equation (19.1) in
Seinfeld, et al.; (1998):

Vg = _Fnet/CCO,air

Where the v, is the CO deposition velocity, units are mm s*; F,,, is the model

estimated CO net flux rate, units are mg CO m2 day?; Ccpqr_iS the CO surface

concentration, units are ppbv. Cco 4i-.can be MOPITT CO surface concentration data or

derived CO surface concentrations using the same method as Potter; et al. (=11996).

Positive values of v, are soil uptakes (depositions from air to soils) and negative values

are soil emissions.

2.3Model Parameterization and Extrapolation
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The model parameterization was conducted in two steps: 1) Thermal and
hydrology modules embedded in TEM were revised, calibrated and evaluated by
running model with corresponding local meteorological or climatic data at four
representative sites, including boreal forest, temperate forest, tropical forest and

savanna (Table 1, site No.1 to 4, Figure 2) to minimize model data mismatchfit in terms

of soil temperature and moisture. 2) CODM module was parameterized by running TEM
for observational periods with the corresponding local meteorological or climatic data at
each reference site (Table 1, Figure 3), and using the Shuffled Complex Evolution
Approach in R language (SCE-UA-R) (Duan et al., 1993) to minimize the difference
between simulated and observed net CO flux. Eleven parameters including ko, Vinax,
Trefs Q100 Mmin, Mmax, Mope, Esoc, Earer /R, PMyorand PT,.were are-optimized (Table 2).
To be noticed, Fgo- Was not involved in the calibration process. Parameter priors were
decided based on previous studies (Conrad & Seiler, 1985; King, 1999b; Whalen &
Reeburgh, 2001; Zhuang et al., 2004). SCE-UA-R was used for site No. 6, 8, 10, 11
(Table 1). Each site hasd been run 50 times using SCE-UA-R with 10000 maximum
loops for parameter ensemble, and all of them reached stable state before the end of
the loops. For wetlands, the only available data is from site No.12. We used a trial-and-
error method instead-to te-make our simulated results in the range of observed flux
rates, with a 10% tolerance. For tropical sites, since tropical savanna vegetation type is
a combination type of tropical forest and grassland in our model, we first used Site No.
13 to set priors to fit the experiment results with a 10% tolerance and then evaluated by
running our model comparing with site No.7 results. Site No. 9 and 5 were used to
evaluate our model results for temperate forest and grassland. Besides the observed
climatic and soil property data, we used ERA-Interim reanalysis data from The
European Centre for Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011),
AmeriFlux observed meteorology data (http://ameriflux.Ibl.gov/) and reanalysis climatic
data from Climatic Research Unit (CRU, Harris et al.,, 2013) to fill the missing
environmental data. To sum up, parameters for various ecosystem types in Ttable 2
were the final results of our parameterization. Model parameterization was conducted
for ecosystem types including boreal forest, temperate coniferous forest, temperate

deciduous forest, and grassland using SCE-UA-R. Tropical forest and wet tundra used
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a trial-and-error method to adjust parameters letting simulation results best fit the lab
data. Due to limited data availability, we assumed temperate evergreen broadleaf forest

having the same parameters as temperate deciduous forest.

2.4Data Organization

To get spatially and temporally explicit estimates of CO consumption, production
and net flux at the global scale, we used the data of land cover, soils, climate and leaf
area index (LAI) from various sources at a spatial resolution of 0.5° latitude X 0.5°
longitude to drive TEM. The land cover data include potential vegetation distribution
(Melillo et al., 1993) and soil texture (Zhuang et al., 2003), which were used to assign
vegetation- and texture-specific parameters to each grid cell.

For the simulation of the period 1901-2013, monthly air temperature, precipitation,
clouds fraction and vapor pressure data sets from CRU were used to estimate the soil
temperature, soil moisture and SOC with TEM (Figure 4). Monthly LAI data from TEM
were required to simulate soil moisture (Zhuang et al., 2004). During this period time,
we used an empirical function of latitude, which was derived from the observed
latitudinal distribution of tropospheric carbon monoxide (Badr and Probert, 1994) to
calculate CO surface concentrations (equation (7), Potter et al., 1996):

Cco,air = 82.267856 + 0.8441503L + 1.55934 x 1072L% + 2.37 x 107°L3 —

2.3 x1076L*

Where Ccpqir is the derived surface CO concentration (ppbv), L represents
latitude which is negative degrees for southern hemisphere and positive degrees for
northern hemisphere. We also used the transient-atmospheric CO data from MOPITT
satellite during 2000-2013 (Figure 5). We averaged day-time and night-time monthly
mean retrieved CO surface level 3 data (variables mapped on 0.5° latitude X 0.5°
longitude grid scales with monthly time step, Gille, 2013) to represent the CO surface
concentration level in each month. The missing pixels were fixed by the average of
pixels which had values and were inside 1.5 times of the distance between this missing
pixel and the nearest pixel with values. These global mean values shown in Figure 5 do

not include ocean surfaces, thus there are differences between our surface CO
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concentration results and Yoon and Pozzer’s report in 2014, which is as low as 99.8ppb.
From 2014 to 2100, we used Intergovernmental Panel on Climate Change (IPCC) future
climate scenarios from Representative Concentration Pathways (RCPs) climate forcing
data sets RCP2.6, RCP4.5 and RCP8.5 (Figure 6). RCP2.6, 4.5 and 8.5 datasets are
future climate projections with anthropogenic greenhouse gas emission and-will-drive
radiative eaetive-forcing te-of 2.6 W m2, 4.5 W m=2 and 8.5 W m-2-, respectively, by 2100.

Since RCPs did not have water vapor pressure data, we used the specific humidity and
sea level air pressure from the RCPs and elevation of surface to estimate the monthly
surface vapor pressure data-(Seinfeld & Pandis,- 19982006).

2.5Model Experiment Design

We conducted two sets of core simulations and eight sensitivity test simulations

for a in-historical period. The two core_sets of simulations were driven with MOPITT CO
surface concentrations data estimated-from-an-empirical-function-of-latitude-{experiment
E1)-for the period 20001961-2013 (experiment E1) and with eenstant-in-time—spatially
distributed transient—CO surface concentrations_assuming as constant over time
estimated from an empirical function of latitudefrom-MOPHT-satellite-data—(experiment
E2)- for the period 1901-2100 2000-2013(experiment E2), respectively. Specifically, in
experiment E2 we used the CRU climate forcing for the historical period 1901-2013 and
the —climate data of RCP2.6, RCP4.5 and RCP8.5 for different future scenarios to

examine the responses of CO flux to changing climates. Eight sensitivity simulations

were driven with varying different forcing variables while keeping others as they were: 1)
with constant CO surface concentrations + 30%, 2) SOC +30%, 3) precipitation +20%

and_4) air temperature + 3°C for each pixel, respectively, during 1999-2000 (E3). For

3. Results

3.1Site Evaluation
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Both the magnitude and variation of the simulated soil temperature and moisture
from cold areas to warm areas compared well to the observations (Figure. 2). The

magnitude of the simulated CO flux is highly—comparable and correlated with the

observations (r is about 0.5, p-value < 0.001, Figures 3, a2, b2 ,c2 ,d2). Estimated CO
fluxes rates—for different ecosystem types are-range ing-from -28.4 to 1.7 mg CO m™2

day!, and twith—he rRoot mean square error (RMSE) between simulation and
observation at ef-ef-the-simulated-CO-flux-fer-all sites is is-below 1.5 mg CO m=2 day™.
RMSE for site No. 7 is bigger than 2.0 mg CO m=2 day! when compared with
transparent chamber observations. For boreal forest site, we only hadve 8 acceptable
points in 1994 and 1996 (Figure 3c2).

3.2Global Soil CO Dynamics During 20001901-2013{(EL}

Using the MOPITT Ferthe-simulation-with-censtant-CO surface concentrations
data (E1) during £9612000-2013, the estimated mean soil CO consumption, production

and net flux (positive values direction—indicate is—CO emissions from soils to the
atmosphere) are from -180 to -197, 34 to 36 and -145 to -163-144,32-and—-108 Tg CO
yrl, respectively_(Figure 7a). ir-the-long-term-simulations—annual-sei-CO-fluxes—vary

during-the-peried-{Figure-8a)-Consumption is about 4 times larger than production. The

annual consumption and net flux trends follow the atmospheric CO concentration trends

(Figure 5b, Figure 7a), with a small interannual variability (<10%). The latitudinal

distributions of consumption, production and net flux—+ateses share the same spatial

pattern. Around 20°S-20°N and 20-60N° are the largest and second largest areas for

production and consumption, while the 45°S-45°N area accounts for nearly 90% of the

total consumption and production (Figure 7b, Table 3). The Southern and Northern

Hemispheres have 41% and 59% of the total consumption, and 47% and 53% of the

total production, respectively (Table 3). The highest rates of consumption and

production are located in areas close to the equator, and consumption from areas such
as eastern US, Europe and eastern Asia also is high has-targerates-(>-1000 mg m-2 yr-1)
(Figure 87a, b). Globally soils serve as an atmospheric CO sink (Figure 8%c). Some
areas, such as western US and southern Australia, are CO sources, all of which are
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{Fable-3)-Tropical evergreen forests are the largest sinks, consuming 8666 Tg CO yr1,
and tropical savanna and deciduous forest are second and third largest sinks,
consuming a total of 3727 Tg CO yr1 (Table 4). These three ecosystems account for 66%
of the total consumption. Tropical evergreen forests are also the largest source of soil
CO production, producing 165 Tg CO yr1, while tropical savanna hasve a considerable
production of 6 Tg CO yr! (Table 4). Moreover, tropical areas, including forested
wetlands, forested floodplain and evergreen forests, are most efficient for CO
consumption, ranging from -130 to -182 mg CO m%2 day?l They are also the most
efficient for CO production at over 2 mg CO m=2 day! (Table 4, calculated by fluxes
vatwes-divided by area3).
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3.3 Global Soil CO Dynamics During 19012614-2100 {E2}

Using the constant atmespheric-CO_surface concentration, the estimated global
anndal-mean sei-CO deposition velocities are 0.16-0.19 mm s for the period 1901-
2013. eonsumptions—Ffor the period 2014-2100, deposition velocities —are 0.18-0.21,
0.18-0.24 and 0.17-0.31 -162,—-174-and—-194-Tg-CO-yr* while-estimated-annual-mean

j } . - for RCP2.6, 4.5 and 8.5 scenarios,

respectively_(Figure 9). During 2014-2100, there are significant trends of increasing

consumption, production and net flux for nearly all scenarios (Figure 9). The rates of
increasing are 0.0002, 0.0005 and 0.0013 mm s year?, and will reach 0.20, 0.23 and
0.30 mm _s;! by the end of the 21st century for the RCP2.6, 4.5 and 8.5 scenarios,

[Formatted: Font: (Default) Arial, Bold
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respectively (Figure 9). These increasing trends are similar to air temperature
increasing trends (Figure 6a). Fhe-net-fluxes-are—-118-06,—-11731and—-11513-Fg-CO
%g—@@—yr*—ak%—end—e#the—%ﬁ%e%%%%%%—and—%%
seenarios,—respectively{Figure—11)—Global distribution patterns of CO deposition

velocity eensumptionproduction-and-netflux-are similar to net fluxes distribution for the
period 2000-2013 the-20th-century-but there are significant differences among 1901-
2013, RCP2.6, RCP4.5 and RCP8.5 scenarios_(Figure 10)-er-areas-nearthe-eguater.;
Deposition flux-velocities rates-are increasing from RCP2.6 to 8.5 and larger than in the
historical periods ien areas near the equator eguator—and-—al-threefutureseenarios’
depesition-velocity-on-these-areas-arelargerthan-historicalseenarios-(Figure 10). Areas
near the equator and eastern Asia become big sinks of atmospheric CO, while

northeastern US becomes a small source in the 215t century (Figure 10). Different

o [Formatted: Superscript

/[ Formatted: Superscript

vegetation types have a large range of deposition velocity, from 0.008 to 1.154 mm s

(Table 5). The tropical forested wetland, tropical forested floodplain and tropical

evergreen forest have top three largest deposition velocity of 1.154, 1.117 and 0.879

mm s1, respectively, while desert, short grasslands, and wet tundra have the smallest
deposition velocity 0.008, 0.010 and 0.015 mm s’1, respectively. Fhe-consumption-has
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3.4 Sensitivity test {E3}

<

Eight sensitivity tests have been conducted for the 1999-2000 period, including+

changing atmospheric CO by +30%, SOC by *30%, precipitation by +30% and air

temperature by +3°C for each pixel (Table 5). Soil CO consumption is most sensitive

(changing 29%) to air temperature while production is most sensitive (changing up to

36%) to both air temperature and SOC (30%). The net CO fluxes have the similar

sensitivities as consumption. Annual CO consumption, production and net flux follow the

change of air temperature (Table 5). In additionBesides, a 30% change in precipitation
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will not lead to large changes in CO flux (< 3%).,

4. Discussion
4.1 Comparison with Other Studies

Previous studies estimated a large range of global CO consumption from -16 to -
64036 Tg CO yrl. Our estimates are from -180 to -197 -132t6-154-Tg CO yr1for the
20th-eentury-and—-180-te—-197 Tg-CO—w*for 2000-2013 using MOPITT satellite CO

surface concentration data. Previous studies also provided a large range for CO

production from 0 to 7.6 mg m2 day? (reviewed in Pihlatie et al., 2016). Our results
showed averaged CO production ranging from 0.01 to 2.29 mg m-2 day!. Previously

reported CO deposition velocities for different vegetation types range from 0.0 to 4.0

mm s while o—Qur results showed an averaged CO deposition velocity ranging e-from

0.006 to 1.154 mm s for different vegetation types. The large uncertainty of these

estimates is mainly due to a different consideration of the microbial activities, the depth
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of the soil, and the parameters in the model. In contrast to the estimates of -16 to -57 Tg
CO yr! which were based on top 5 cm soils (Potter et al., 1996), our estimates
considered 30cm soils, just as used in Whalen & Reeburgh (2001). In addition, we
used a thinner layer division (1cm each layer) for diffusion process, and used the Crank-
Nicolson method to solve ing-partial differential equations to avoid time step influences.
We also included the microbial CO oxidation process to remove the CO from soils and
the effects of soil moisture, soil temperature, vegetation type and soil CO substrate on
microbial activities. Besides,-Oeur soil thermal, soil hydrology and carbon and nitrogen
dynamics simulated in TEM provided carbon substrate spatially and temporally for
estimating soil CO dynamics—{Benran,—1996; Zhuang-et-alk,—2001,-2003,-2004,-2007).
Overall, although a few previous studies have examined the long-term impacts of
climate, land use and nitrogen depositions on CO dynamics (Chan & Steudler, 2006,
Pihlatie et al., 2016 ), the global prediction of soil CO dynamics still has ve-a large

uncertainty.

4.2Major Controls to Soil CO Dynamics

sensitivities—to—consumption,—Sensitivity tests indicate that beeause—consumption is
normally much larger than CO production so that_the former —it-will determine the
dynamics of the net flux_(Table 5). -Arrual-CO-censumption—production—and-netFflux

follow—the—change—of airtemperature{Fable-5),—which-Model being sensitive to air
temperature explains the small increasing trends after the 1960s, the significant

increasing trend in the 21st century and the large sinks over tropical areas_(Table 5
Figure 9). i pitatt
fln{=<-3%)-SOC did not directly influence CO consumption. For instance, itncreasing

SOC led to an increase in soil CO substrate, -se-implying that more CO in soils can be

consumed. To be noticed, the CO oxidation increasing due to CO substrate change is
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larger bigger-than production rate-increasing due to SOC increasing, which-leading to

cause—an extra 18 Tg CO vyr! being—up taken up from the atmosphere to soils in

sensitivity test when SOC increasing by 30% (Table 5) . CO concentrations will only

influence the uptake rate and soil CO substrate concentrations, thus influencing the soil
CO consumption rate.

Annual CO consumption_and net flux have a similar correlation coefficient with te
forcing variables and both they-are,preduction-and-net-flux—are significantly correlated
with air temperature, —and-soil temperature_ SOC and atmospheric CO concentration

due—to—inereasing—microbial—activiies—(R > 0.91 globally, Table 6). Increasing
temperature will resultin-increase ig-microbial activities, while more SOC increasing

will increase soil CO substrate level. Annual CO consumption and net flux have low

correlations with annual precipitation and soil moisture, especially at 45°N-45°S (R<0.54

Table 6). Speeifically—annual-Annual CO production is strongly correlated with annual
mean SOC, air temperature and soil temperature (R>0.91), while is less correlated with

precipitation, soil moisture and atmospheric CO concentration—Fhe-annual-mean-SOC

Meanwhile, the monthly CO consumption, production and net flux fiux are is—stil-well

correlated with air temperature, and-soil-_temperaturemeisture,—and precipitation, and

soil moisture (R>0.69 globally Table 6). The soil moisture is significantly influenced by

temperature at a in-monthly time step seale-since increasing temperature would induce

result—in—higher evapotranspiration. Monthly CO consumption, production and net
fluxtlux have as-low correlations with -SOC because the-soil-organic—carbonit will not
change greatly within a month.

The Reerrelation_ between annual soil CO consumption and atmospheric CO
concentration is 0.91 at the global scale because the atmospheric CO concentration, air

temperature, soil temperature dominate the annual consumption rate. At monthly
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scalestep, this cerrelationR is -0.48 because global atmospheric CO concentrations are
high in winter and low in summer while the simulated soil CO consumption shows an
opposite monthly variation(Table 6, Figure 1211), suggesting that other factors such as
precipitation, air temperature, and soil temperature are major controls for monthly CO

fluxes.

4.3. Model Uncertainties and & Limitations

There are a number of limitations, contributing to our simulation _uncertainties.

First, dBue to the-lacking -ef-long-period observational data of CO flux and associated

environmental factors, the model parameterization using-SCE-UA-R—method-can only
be conducted dene-for 4 ecosystem types including boreal forest, temperate coniferous

forest, temperate deciduous forest and grassland—with-RMSE+angingfrom-0.56-te- 147

mg-m=-day=. Tropical forest calibration is only conducted using a very limited amount of

lab experiment data, but tropical areas are hotspots for CO soil-atmosphere exchanges.
Besides, tropical forest SOC for top 30cm can be really high according to observations.
TEM model may underestimate the top 30cm SOC, which will underestimate production

rates, especially in tropical regions. Tropical regions typically have high temperature

during the whole year, which willHnerease-the-may result in overestimation iea-of CO

consumption using éue—te—equation (2.2). The large deviation for tropical savanna

(which is mosaic of tropical forest and grassland ecosystems) may be due to using
outside air temperature to represent inside air temperature of transparent chamber
observations (Varella et al., 2004), and uncertain tropical forest parameterization.
Second, wW/e used the conclusion from van Asperen et al. (2015) and only considered

the thermal-degradation process for CO production_in this study. Photo-degradation
process and biological formation process were not considered due to lacking
understanding of these processes. Third, Mereover—the derived CO surface

concentration is lower than MOPITT CO surface concentration, which will lead to

overestimation ed—of CO deposition velocity during 1901-2100. Fourth, our mModel

structure still has a large potential to improve. In this study we have-divided the top

30cm soil into 30 layers (layer thickness dz=1cm), but finer division will increase the

accuracy (Figure 12). We choese dz=1cm because if dz > 1cm, the model vertical CO
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concentration profile will deviate from reality and diffusion process will be influenced

significantly. l—and-f dz < 1cm, it will need much more computing time reseudrces-but

don’t have much improvement compared to dz=1cm (Figure 12a-e). We ean-notice that
the 30--layer division well represents s—can-describe-the-soil CO concentration profile
not only for the days with soil CO net uptake, but also for the days ferdays-with CO net

emission (Figure 12c,f). Fifth, Michaelis-Menten function (equation 2.1) is used in this

model and -but-we notice eanfind-that k., is normally much larger than C(t,i)_in those

days of net soil uptake (over ten times largerbigger, Figure 12). However, -But-we can’t
simplify equation (2.2) to since-the-seil-concentration-can-belargerthan-atmosphere-in

days of net emissionand using simplified version like /[« (1 1] - th'i) since CO
co

concentrations in_soils can be larger than in the atmosphere in the days of net
emissions and will-overestimate-CO-—oxidation—rate—when-C(t,i) _may be close to is
comparable-to-k.,, which may lead to overestimation of CO oxidation (Figure 12f).

Finally, aAlthough we focused on natural ecosystems in this study, land-use change,

agriculture activity, and nitrogen deposition also affect the soil CO consumption and
production (King, 2002; Chan & Steudler, 2006). For instance, soil CO consumption in
agriculture ecosystems is 0 to 9 mg CO m2 dayin Brazil (King & Hungria, 2002). We
used grass land or forest ecosystem to represent agriculture areas in CODM module.

Our future study shall include these processes and factors.

5. Conclusions

We analyzed the magnitude, spatial pattern, and the controlling factors of the
atmosphere-soil CO exchanges at the global scale for the 20th and 21st centuries using
a calibrated—process-based biogeochemistry model. Major processes include
atmospheric CO diffusion into soils, microbial oxidation removal of CO, and CO
production through chemical reaction. We found that air temperature and soil
temperature play a dominant role in determining annual soil CO consumption and
production while precipitation, air temperature, and soil temperature are the major
controls for the monthly consumption and production. Atmospheric CO concentrations

are will-be-important for annual CO consumption. We estimated that the global annual
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CO consumption, production and net fluxes for 2000-2013 the-20th-century-are -180 to -
197, 34 to 36 and -145 to -163132-154,-29-36-and-112-119 Tg CO yrl, respectively,
when using a MOPITT eenstant-atmespherie-CO_surface concentration_data. The-CS
: o ) ) )
CO—concentrations—observed—by—the -MOPITT—satellite—Tropical evergreen forest,

savanna and deciduous forest areas are the largest sinks accounting for 66% of the

total CO consumption, while the Northern Hemisphere consumes 5969% of the global
total. During the 20th century, the estimated CO deposition velocity is 0.16-0.19 mm s-1.
During-the21st-century—Tthe predicted CO deposition velocity ret-CO-flux-will reach
0.20-0.30 mm s1126-150-Fg-CO-y* in the 2090s, primarily because of increasing air
temperature. The areas near the equator, eastern Asia, Europe and eastern US will

become the sink hotspots because they have warm and moist soils. This study calls for

long-period observations of CO flux for various ecosystem types_and projection of

atmospheric CO surface concentrations from 1901-2100 to improve future estimates

modelsof global soil CO consumption. The effects of land-use change, agriculture
activities, nitrogen deposition, photo-degradation and biological formation shall also be

considered to improve future quantification of soil CO fluxes.
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Table 1. Model parameterization sites for thermal and hydrology modules (site No. 1-4) and for CODM module

(site No. 5-13)

No. Site Name Location Vegetation Driving Climate Observed Data Source and Comments

1 Poker Flat Research Range 147°29'W/65°7'N Boreal Evergreen Site Observation & ERA Interim Soil Temperature and Moisutre of 2011-2014  Suzuki (2016)
Black Spruce Forest (US_PRR) Needle Leaf Forests

2 Morgan Monroe State Forest 86°25W/39°19'N Temperate Deciduous Site Observation & ERA Interim Soil Temperature and Moisutre of 1999-2014  Philip and Novick (2016)
(US_MMS) Broadleaf Forests

3 Santarem, Tapajos National 54°56'W/3°3'S Tropical Moist Forest Site Observation & ERA Interim Soil Temperature and Moisutre of 2000-2004  SALESKA et al. (2013)
Forest (STM_K83)

4 Bananal Island Site (TOC_BAN)  50°08'W/9°49'S Tropical Forest-Savanna  Site Observation & ERA Interim Soil Temperature and Moisutre of 2003-2006 ~ SALESKA et al. (2013)

5 Eastern Finland (EF) 27°14E/63°9'N Boreal Grassland Site Observation & ERA Interim CO flux of April-November,2011 Pihlatie et.al. (2016)

6 Viterbo, Italy (VI) 11°55'E/42°22'N Mediterranean Site Observation & ERA Interim CO flux of August, 2013 van Asperen et al. (2015)

Grassland

7 Brasilia, Brazil (BB) 47°51'W/15°56'S Tropical Savanna Site Observation & CRU CO flux of October 1999 to July 2001 Varella et al. (2004)

8 Orange County, North Carolina 79°7'W/35°58'N Temperate Coniferous AMF_US-Dk3 2002-2003 CO flux of March 2002 to March 2003 Fisher (2003)
(0C) Forest

9 Tsukuba Science City, Japan 140°7'E/36°01'N Temperate Mixed Forest  Site Observation & ERA Interim CO flux of July 1996 to September 1997 Yonemura et. al. (2000)
(TSC)

10  Manitoba, Canada (CBS) 96°44'W/56°09'N Boreal Pine Forest Site Observation & AMF_CA-Man  CO flux of June-August, 1994 Kuhlbusch et. al (1998)

11 Scotland, U.K. (SUK) 3°12'W/55°51'N Temperate Deciduous ERA Interim 1995 CO flux of 1995 Moxley and Smith (1998)

Forests
12 Alaska, USA (AUS) 147°41'W/64°52'N  Boreal wetland CRU 1991 CO flux of Lab Experiment,1991 Funk et al. (1994)
13 Guayana Shield,Bolivar 62°57'W/7°51'N Tropical Smideciduous CRU 1985 CO flux of Lab Experiment,1985 Scharffe et al. (1990)

State,Venezuela (GBV)

Forest
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Table 2. Ecosystem-specific parameters in the CODM module®

kco Vmax Trer Q10 Myin  Mmax  Mope  Esoc  Fsoc Edrey PMyer  PTrer
Ecosystem Type (ul (ugCO  (°c) (Unitless) V. v v g R v (°C)
T i (G ) ©) ) (G
coryhy gthh v v v g (K) v
1  Alpine Tundra & Polar Desert 36.00 0.78 4.00 1.80 0.10 1.00 055 3.00 0.33 7700 0.25  30.00
2 Wet Tundra 36.00 0.70 4.00 1.80 0.25 1.00 055 3.00 0.42 7700 0.25 30.00
3 Boreal Forest 27.34 1.18 9.81 1.60 0.15 0.64 0.53 298 050 8827 0.35 26.99
4 Temperate Coniferous Forest 42.64 2.15 6.90 1.87 0.02 0.96 053 286 050 8404 0.38 31.52
5 Temperate Deciduous Forest 40.16 2.43 8.54 1.51 0.17 0.81 051 245 050 8801 0.35 37.44
6 Grassland 42.41 0.49 11.27 1.65 0.16 0.82 051 3.09 042 14165 0.24 12.29
7 Xeric Shrublands 8.00 0.30 4.00 1.50 0.10 1.00 055 3.00 0.33 7700 0.25 30.00
8  Tropical Forest 45.00 2.00 4.00 1.50 0.10 1.00 055 380 050 14000 0.50 18.00
9 Xeric Woodland 8.00 0.30 4.00 1.50 0.10 1.00 055 3.00 050 7700 0.25 30.00
10 Temperate Evergreen 40.16 2.43 8.54 1.51 0.17 0.81 051 245 050 8801 0.35 37.44
Broadleaf Forest
11 Mediterranean Shrubland 45.00 1.50 4.00 1.50 0.10 1.00 055 3.00 0.33 7700 0.25 30.00
**  Largest Potential Value 51.00 111 15.00 2.00 0.30 1.00 0.60 3.80 - 15000 0.60  40.00

& k¢ols the half-saturation constant for soil CO concentration; Vmax is the specific maximum CO oxidation rate; T, fis the reference

temperature to account for soil temperature effects on CO consumption; Q10 is the an ecosystem-specific Q10 coefficient to account for
soil temperature effects on CO consumption; Myin, Mgy, Mop: are the minimum, optimum, and maximum volumetric soil moistures of

oxidation reaction to account for soil moisture effects on CO consumption; Egy¢ is an estimated nominal CO production factor, similar as
Potter et al. (1996) (10 mg CO m?2 d* per g SOC m); Fs, is a constant fraction of top 20cm SOC compared to total amount of SOC to
account for SOC effects on CO production; Ea,.r/R is the is the ecosystem-specific activation energy divided by gas constant to

account for the reaction rate of production; PM,..f is the reference moisture to account for soil temperature effects on CO production;
PT,.f is the reference temperature to account for soil temperature effects on CO production
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22 Table 3. Regional soil CO consumption, net flux and production_(Tg CO yr?) during—1901-2013 (E1)-and

22 during 2000-2013 with-MOPIFFdata-transient-CO-surface-concentration

South-45S 455-0 0-45N 45N-North  Global

Consumption 0.22 75.77 91.66 18.90 186.55

Net flux 0.13 59.34 77.17 14.63 151.27

Production 0.09 16.43 14.49 4.27 35.28
230
231
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23

234

235

236

237

238

Table 4. Glebal-Annual total soil CO consumption, net flux and production in different ecosystems during

20004904-2013 (E1) and mean CO deposition velocity -in different ecosystems during 1901-2013 (E2)

Vegetation Type Area Pixels  Consumption Net flux Production Deposition
(108 km?) (Tg COyr?) (TgCcOoyrl) (TgCOyr?) velocity
(mms?)

Alpine Tundra & Polar Desert 5.28 3580 -0.92 -0.69 0.23 0.023
Wet Tundra 5.24 4212 -1.00 -0.42 0.58 0.015
Boreal Forest 12.47 7578 -7.76 -6.01 1.75 0.070
Forested Boreal Wetland 0.23 130 -0.14 -0.09 0.04 0.109
Boreal Woodland 6.48 4545 -2.48 -1.54 0.94 0.036
Non-Forested Boreal Wetland 0.83 623 -0.35 -0.18 0.17 0.029
Mixed Temperate Forest 5.25 2320 -10.49 -9.98 0.51 0.204
Temperate Coniferous Forest 2.49 1127 -3.51 -3.21 0.30 0.185
Temperate Deciduous Forests 3.65 1666 -5.07 -4.83 0.25 0.151
Temperate Forested Wetland 0.15 60 -0.35 -0.35 0.01 0.281
Tall Grassland 3.63 1567 -1.66 -0.65 1.01 0.021
Short Grassland 4.71 2072 -1.05 -0.27 0.78 0.010
Tropical Savanna 13.85 4666 -21.86 -15.88 5.98 0.234
Xeric Shrubland 14.71 5784 -1.95 -1.64 0.31 0.021
Tropical Evergreen Forest 17.77 5855 -85.90 -69.66 16.24 0.879
Tropical Forested Wetland 0.55 178 -3.59 -3.09 0.50 1.154
Tropical Deciduous Forest 4.69 1606 -14.81 -11.78 3.03 0.532
Xeric Woodland 6.85 2387 -8.48 -7.44 1.04 0.246
Tropical Forested Floodplain 0.15 50 -0.89 -0.77 0.12 1.117
Desert 11.61 4170 -0.62 -0.57 0.05 0.008
Tropical Non-forested Wetland 0.06 19 -0.03 -0.02 0.01 0.067
Tropical Non-forested Floodplain 0.36 120 -0.35 -0.24 0.10 0.083
Temperate Non-Forested Weland 0.34 120 -0.33 -0.20 0.14 0.089
Temperate Forested Floodplain 0.10 48 -0.13 -0.12 0.00 0.197
Temperate Non-forested Floodplain 0.10 45 -0.05 -0.03 0.02 0.050
Wet Savanna 0.16 59 -0.39 -0.32 0.07 0.434
Salt Marsh 0.09 35 -0.05 -0.03 0.03 0.035
Mangroves 0.12 38 -0.49 -0.41 0.08 0.809
Temperate Savannas 6.83 2921 -3.83 -3.22 0.61 0.076
Temperate Evergreen Broadleaf 3.33 1268 -7.17 -6.95 0.22 0.252
Mediterranean Shrubland 1.47 575 -0.86 -0.71 0.16 0.100
Total 133.56 59424 -186.55 -151.27 35.28 -
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239

.24F Table 5. Sensitivity of global CO consumption, net flux and production (units—are-Tg CO yr?) to changes in

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

atmospheric CO, soil organic carbon (SOC), precipitation (Prec) and air temperature (AT)

Baseline CO co SOC SOC Prec Prec AT+3°C AT-3°C
+30% -30% +30% -30% +30% -30%

Consumption -147.65 -164.14 -131.12 -175.37 -119.90 -150.72 -143.50 -190.59 -114.83
Change (%) 0.00 -11.17 11.19 -18.78 18.79 -2.08 2.81 -29.09 22.23
Net flux -113.65 -130.15 -97.12 -131.18 -96.10 -116.97 -109.32 -144.23 -89.58
Change (%) 0.00 -14.51 14.54 -15.42 15.44 -2.92 3.81 -26.90 21.18
Production 33.99 33.99 33.99 44.19 23.80 33.74 34.17 46.36 25.25
Change (%) 0.00 0.00 0.00 30.00 -30.00 -0.75 0.53 36.39 -25.72
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Table 6. Correlation coefficients between Effeets-of-anrnuat-and-menthly-climate-forcing variables (precipitation

(Prec), air temperature (Tair), soil organic carbon (SOC), soil temperature (Tsoil), soil moisture (Msoil) and

atmospheric CO (CO air) and -en-absolute values of consumption, production and net flux for different regions

and the globe during-the-20th-Century
Monthly Annual
North- 45°N- 0°- 45°S-  Global North- 45°N- 0°- 45°S-  Global
45°N  0° 45°S  South 45°N 0° 45°S  South
Consumption 0.91 0.96 092 -0.34 0.7 0.65 0.21 026 0.13 0.52
Prec Production 0.91 0.70 0.45 -0.34  0.82 0.63 0.10 0.15 -0.11 0.47
Net flux 0.91 0.97 0.94 -033 0.87 0.65 0.25 031 032 0.54
Consumption 0.97 0.98 091 0.96 0.95 0.92 093 088 0.8 0091
Tair Production 0.96 0.83 0.72 0.98 0.94 0.92 0.92 0.91 0.95 0.91
Net Flux 0.97 0.97 0.88 0.90 0.95 0.91 092 085 062 0.91
Consumption -0.19 0.07 0.21 -0.01 0.15 0.68 0.90 0.92 0.47 0.92
SOC Production -0.19 0.31 0.47 -0.02 0.24 0.72 0.92 0.92 0.50 0.93
Net Flux -0.19 0.03 0.14  0.00 0.13 0.67 0.88 091 038 0.91
Consumption 0.97 0.98 0.92 0.96 0.95 0.94 093 0.88 0.85 0.95
Tsoil Production 0.97 0.83 0.72 0.98 0.94 0.94 092 091 096 0.95
Net Flux 0.98 0.97 0.88 0.90 0.95 0.93 093 086 0.63 0.95
Consumption 0.85 0.96 0.92 0.19 0.76 0.03 0.22 014 0.26 0.22
Msoil ~ Production 0.85 0.75 0.44 0.14 0.69 -0.02 012 0.02 0.05 0.17
Net Flux 0.84 0.96 0.95 0.25 0.77 0.04 0.26 019 040 0.24
Consumption -0.66 -0.76 -0.29 0.14 -0.48 0.87 0.88 081 098 0.91
CO Air  Production -0.70 -0.66 0.08 -040 -0.66 -0.36 -0.48 -0.54 -0.44 -0.57
Net Flux -0.64 -0.73 -035 0.55 -0.41 0.92 091 088 099 0.94
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Carbon/Nitrogen Soil Thermal Hydrological
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(CNDM) (STM) (HM)
Soil Temperature
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Carbon Monoxide
Dynamics Module
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Figure 1. The model framework includes a carbon and nitrogen dynamics module (CNDM), a soil thermal module (STM)
from Terrestrial Ecosystem Model (TEM) 5.0 (Zhuang et al., 2001, 2003), a hydrological module (HM) based on a Land
Surface Module (Bonan, 1996; Zhuang et al., 2004), and a carbon monoxide dynamics module (CODM). The detailed
structure of CODM includes land surface CO concentration as top boundary and thirty 1 cm thick layers (totally 30 cm)

where consumption and production- take placewould-happen-inside.
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314 Figure 2. Evaluation of thermal and hydrology module at four sites: (a) Boreal Evergreen Needle Leaf Forests, (b)
315  Temperate Deciduous Broadleaf Forests. (1) shows the soil temperature comparison between model simulations (gray

316 line) and observations (black line) and (2) shows the soil moisture comparison between model simulations (gray line) and

.31I7 observations (black line). Specifically, the volumetric soil moisture is converted from the water content reflectometry (WCR)
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31 probe output period using an empirical calibration function of Bourgeau-Chavez et al. (2012) for 5cm-30cm layer. {talk-in
31 results 3.1 party Some of them resulted in calculations of values greater than 100% VSM in Nakai et al. (2013) study. Our

32 model estimated high VSM (close to 80%) is due to top 10 cm moss in the model which has a saturation VSM of 0.8
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Figure 3. Parameter ensemble experiment results: Each parameter has 50 calibrated values generated from
running SCE-UA-R 50 times independently. Parameters are normalized to their largest potential values
described in Table 2. (al) and (a2) are temperate coniferous forest normalized parameter distribution boxplots
and CO flux comparisons between model simulations (solid line, using mean value of parameters) and

“yn

observations (green diamond“+”, red lines represent error bar, site No.8), respectively. For each box, line top,

box top, horizontal line inside box, box bottom and line bottom represent maximum, third quartile, median, first
quartile and minimum of 50 parameter values. Red dot represents the mean value of 50 parameter values. (b1)

and (b2) are plots for temperate deciduous forest (site No.11):{e})-and-{e2)-are-forboreal-forest{d1and {62}

56



371 (€1);

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

—_
[
N

-~

2

Figure 3. Contd. Parameter ensemble experiment results: Each parameter has 50 calibrated values generated from
running SCE-UA-R 50 times independently. Parameters are normalized to their largest potential values described in
Table 2. (cal) and (ca2) are borealtemperate-ceniferous -forest normalized parameter distribution boxplots and CO
flux comparisons between model simulations (solid line, using mean value of parameters) and observations (green

diamond“+”, red lines represent error bar, site No. 12), respectively. For each box, line top, box top, horizontal line
inside box, box bottom and line bottom represent maximum, third quartile, median, first quartile and minimum of 50
parameter values. Red dot represents the mean value of 50 parameter values. (b1)-and-(b2)-are plotsfortemperate

deciduous-forest{c1)-and (c2)-are for boreal forest;(d1) and (d2) are for grassland (site No.6). Grassland observation
data is the sum of hourly observations so_-error bar represented the standard deviationthere-is-ne-error-barpresented.

=l
= 08 ] - =
: | .3
8 . [ S r o
. 3
£ 06 I E
- ] . o
.E . o
é E
s 04 3
o
E o
g 02
S
- +
0.0
Gy By b, & b, 4, 5, &, & ko % 200 400 600 800 1000
(d1) B Y % R R T R N R (d2) Davs of vear, 01/01/1994-12/31/1996
1.0 e 4/
g | L 3
3 . . e
> ] . .
cladl | . ] L j =
8 5
g L %
£ 0.6 o
5 5 o
E =)
] E
E o4 . E]
-— =
| Q
g S 2
g 02
S
4
== -4
0.0
b b & 4 & & & & & 4 % 210 220 230 240 250
: b %, A
A N 2 N T S Ve W ¥ Days of year, 01/01/2013-12/31/2013

57



388

38?
390
391

392

= Air Temperature "
oo SR Tomograkee, 3~

©
o

Temperature (°C)
@ @
o o

N
2]

——— Precipitation
Soil Moisture

Precipitation (mm)

Cloud Fraction
Surface Vapor Pressyre

Clouds Fraction (%)

——— Soil Organic Carbon

SOC (gCm?)

1960
Year

1920 1940

19880

area) mean climate, and simulated global
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Figure 5. CO surface concentration data from MOPITT satellite (ppbv): (a) global mean CO surface concentrations from
MOPITT during 2000-2013; (b) the CO annual surface concentrations from both MOPITT and empirical functions (Potter

et al., 1996).
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Figure 87. Global annual mean soil CO fluxes (mg CO m?2 yrt)
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during 2000-2013 using
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Figure 911. Future Global mean annual time series of CO deposition velocity seil-CO-consumption,-netflux-and
proeduction—-(mm_s'Fg-CO—*) using constant in time, spatially distributed CO concentration data input—under
historicalclimate-scenarios—during 1901-2013 (left side of dot line) and under future climate scenarios RCP2.6,
RCP4.5 and RCP8.5 during 2014-2100 (right side of dot line)
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Figure 10. Global annual mean CO deposition velocity using constant in time, spatially distributed CO
concentration data input-consumption—production-and-net-flux-(mg-CO-m2yr* mm s?) a) underhistorical-climate
seenarios—during 1901-2013 and b), c¢), d) under future climate scenarios RCP2.6, RCP4.5 and RCP8.5 during
2014-2100, respectively

64



Soil CO Consumption (Tg CO Month™)

TYIIIII!IIST

IIT\T!TIIIVIT\II!\I]TTI!\I

200

7150

100

Land Surface CO Concentration (ppbv)

-30 —150
= Consumption i
--------- MOPITT Land Surface CO concentration i
-40 iy PR I 1 I S R 0
2000 2002 2004 2006 2008 2010 2012 2014
489 Year
490 Figure 1112. Global mean mMonthly time series of MOPITT surface atmospheric CO concentration (ppbv) and soil

CO consumption from model simulations E1 and-E2(Tg CO mon?1)

65

\ Formatted: Font: Not Bold




491
49

49
49
49
49

(a)dz=10cm,net uptake
5 B oL

(b)dz=2cm,net uptake
5 B

(c)dz=1cm,net uptake

5 r
0 \g 0 rog 0
<o Oo
- 5 = b = -5}
[3 3 < 3 °°
S S ° S R
.g -10 s -10f o g 10} ©
53 g < g
o 151 o -152 Q 157,
Z -20 Z -20 g 3 20
\°d
25 © -25 g -25
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
CO consentration (mg CO m®) CO consentration (mg CO m®) CO consentration (mg CO m®)
(d)dz=0.1cm,net uptake (e)dz=0.01cm,net uptake (f)dz=1cm,net emission
5 e T 5 P 5 Frr g
0 0 o
- 5 o =
§ § §
-10
£ £ £
S 15 : =
-20
-25
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
CO consentration (mg CO m®) CO consentration (mg CO m®) CO consentration (mg CO m®)
Figure 12. Daily mean vertical soil €eCO, concentration profiles of top 30cm. In soils ;(depth < Ocm), black N ( Formatted: Font: Not Bold
diamonds represent the soil CO concentration (mg CO m®). Above the surface (depth>=0cm), black diamonds [“"“atted’ Left
. . . [ Formatted: Font: Not Bold
represent atmospheric CO concentration. a), b), ¢), d) and e) are the results from the same day when soil is a
[Formatted: Font: Not Bold
net sink of CO but with different layer thickness (dz=10cm, 2cm, 1cm, 0.1cm and 0.01cm respectively); f) is the [Formaned: Font: Not Bold

result from the day when soil is a net source of CO, with dz=1cm.
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