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Abstract of the Dissertation

Carbonyl Sulfide Exchange Between Soils and the Atmosphere: Observations and Modeling

by

Wu Sun

Doctor of Philosophy in Atmospheric and Oceanic Sciences

University of California, Los Angeles, 2017

Professor Ulrike Seibt, Chair

Carbonyl sulfide (COS) is a trace gas participating in key processes of the terrestrial carbon cycle.

Despite its low mixing ratio in the troposphere (400–550 pmol mol−1), the amplitude of seasonal

variability of COS greatly exceeds that of CO2 and is in phase with the gross photosynthesis of

the terrestrial biosphere. Over the recent decade, COS has emerged as a promising tracer for

quantifying terrestrial gross primary productivity (GPP) independently from respiration across

the ecosystem to the global scales, because of the parallel uptake of COS and CO2 through leaf

stomata. While leaf uptake of COS dominates surface COS flux on land in the absence of indus-

trial and biomass burning emissions, soil COS flux is another smaller but significant component.

Neglecting the soil component in ecosystem COS budget may bias GPP estimates derived from

COS measurements. Soil may also vary from a sink to a source of COS depending on temperature

and microbial sulfur metabolism. Due to the presence of potential interference from soil COS ac-

tivities, using COS as a photosynthetic tracer requires soil COS flux to be separated from the net

ecosystem COS exchange. This dissertation is dedicated to the mechanistic understanding of the

soil–atmosphere exchange of COS using process-oriented modeling and field observations.

A reactive transportmodel for soil COS processes is constructed to simulate soil–atmosphere COS

flux from environmental variables. This model takes into account the dual-phase diffusive trans-

port and the microbial sources and sinks of COS in the soil column. COS uptake and production

rates are parameterized with enzyme kinetics and thermodynamics, consistent with lab incuba-
ii



tion data. Leaf litter layer is explicitly resolved to account for litter COS uptake, whenever a litter

layer is present. Themodel is evaluated against published field data of COS flux and demonstrates

good skill in predicting both soil uptake and emission of COS. Model simulations further confirm

that COS flux dependence on soil moisture is a result of two rivaling controls—the diffusive limi-

tation on COS supply and the water limitation on microbial activity.

Field observations on soil COS exchange have been conducted at an oak woodland in southern

California and a boreal pine forest in southern Finland using automated soil chambers and mid-

infrared quantum cascade laser spectrometer. Soils at both sites show consistent uptake behavior

related to soil moisture and respiration. At the semi-arid oak woodland in California, microbial

COS uptake is strongly limited by water availability in the dry season. The intact leaf litter layer

contributes a significant portion to the overall soil COS uptake. Litter COS uptake increases with

moisture content and shows a strong pulse immediately after the rain event, indicating a rapid

reactivation of litter microbial activity following alleviated water stress. In the Finnish pine for-

est, soil COS uptake is limited by the diffusional supply of COS to soil microbes, according to the

negative correlationwith soil moisture. The contrasting responses of soil COS uptake tomoisture

in semi-arid and humid ecosystems reflect the coupling of diffusion and microbial uptake con-

trols on COS flux. At both sites, soil COS uptake correlates well with respiration and the COS : CO2

flux ratio varies with temperature. The temperature dependence of COS : CO2 flux ratio may be

a common feature of soils and indicate underlying shifts in active microbial groups.

This dissertation advances knowledge of the physical and biological drivers of soil–atmosphere

exchange of COS. Anticipated applications of the findings will be to better constrain global soil

COS flux and derive COS-based estimates of GPP, which will be useful in understanding the re-

sponses of photosynthesis to climate variability.
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CHAPTER 1

Introduction

Carbonyl sulfide (COS) is a trace gas with the concentration 400–550 pmol mol−1 in the free tro-

posphere. Due much to its chemical similarity to CO2, COS is taken up in the leaf chloroplast by

carbonic anhydrase and other enzymes that routinely catalyze CO2 hydration. COS hydrolysis in

the leaf interior creates a concentration gradient that drives the deposition of COS through stom-

ata, which parallels the leaf uptake of CO2. The coupling of leaf COS and CO2 uptake enables us to

use COS as a quantitative proxy for leaf CO2 assimilation. Thus, canopy gross primary productiv-

ity may be inferred from daytime measurements of COS uptake alone, bypassing the nighttime

uncertainty in eddy covariance methods that have long plagued ecosystem flux measurements.

Because soil can act as a COS sink or source, inferring canopy photosynthesis from COSmeasure-

ments requires soil contribution to the ecosystem COS exchange to be separated. This problem

is what motivates the research in my dissertation.

This chapter serves as a general introduction to our current understanding of the biogeochemical

cycle of COS in the earth system. The main theme of this dissertation, soil COS exchange, should

not only be viewed within the soil compartment but also in the broad framework of the global

COS cycle to better appraise its significance.
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1.1 Chemical properties and reactions of COS

1.1.1 Chemical properties

COS is a linear molecule with the structure O C S. As COS and CO2 are structurally similar and

have the same number of valence electrons, they share some similarities in chemical properties

and reactions. The boiling point of COS is −50◦C at 1 atm [Ferm, 1957], and hence, COS exists in

gas phase at the earth’s surface. COS is soluble in water, though having a smaller solubility than

CO2 [Wilhelm et al., 1977]. Due to the difference between electronegativities of oxygen and sulfur,

the C S bond length is significantly larger than the C O bond length in COS (1.56 Å vs. 1.16

Å) [Ferm, 1957]. Thus, unlike CO2, COS is a polar molecule (dipole moment 0.715 D) [Muenter,

1968]. Its hydrolysis in water differ from CO2 hydrolysis (see section 1.1.2). The asymmetry of

COS molecule gives rise to a more complicated rotational and vibrational spectrum than that of

CO2 [Coblentz Society, Inc., 2015].

1.1.2 Uncatalyzed hydrolysis of COS

In aqueous solutions, COS undergoes hydrolysis to yield H2S and CO2 [Thompson et al., 1935; El-

liott et al., 1989]. Unlike CO2, COS hydrolysis is unidirectional because the reverse reaction is un-

favorable [Notni et al., 2007]. In acidic and in alkaline conditions, the hydrolysis of COS can be

represented respectively with

COS + H2O→ H2S + CO2 (acidic or neutral) (1.1a)

COS + OH− → HS− + CO2 (alkaline) (1.1b)

The two reactions differ in the order of the overall reaction and their rate-limiting steps.
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Hydration of COS forms monothiocarbonate species as intermediates [Elliott et al., 1989]:

COS + H2O→ H2CO2S (1.2a)

COS + OH− → HCO2S− (1.2b)

Kinetics calculations show that the hydration steps are rate-limiting steps of the overall reaction.

In acidic conditions with low [OH−], reaction (1.2a) is the dominant pathway of monothiocarbon-

ate formation, and the overall hydrolysis rate follows the first-order kinetics with [COS]. How-

ever, in alkaline conditions with high [OH−], both reactions are important in monothiocarbonate

formation, and the hydrolysis rate increases nonlinearly with pH.

The subsequent dissociation of monothiocarbonate species into CO2 and HS− (or H2S) is faster

than the hydration steps. The estimated characteristic timescale is 0.05 s for the dissociation of

HCO2S− in intermediate pH conditions (4–12) [Elliott et al., 1989], about 106 faster than the hydra-

tion step. The overall first-order rate constant of COS hydrolysis, as a function of pH, can be fitted

as [Elliott et al., 1989; Ogée et al., 2016],

k = 2.15 × 10−5 exp
[
−10450

(
1
T
−

1
298

)]
+ 12.7 × 10−pKw+pH exp

[
−6040

(
1
T
−

1
298

)]
(1.3)

1.1.3 Enzyme-mediated hydrolysis of COS

In most natural conditions, uncatalyzed hydrolysis of COS is very slow and unable to account

for the observed large uptake rates of COS in leaves and soils. In contrast, enzymatic reactions

are able to accelerate COS hydrolysis by a factor of 104 to 107. Carbonic anhydrases, a family

of enzymes that catalyze CO2 hydrolysis to bicarbonate, have been found to also catalyze the

hydrolysis of COS. Despite different carbonic anhydrase types associated with the phylogenic

tree, many types have been demonstrated with COS catalyzing activity, such as those in cows

and rats [Chengelis and Neal, 1979, 1980], in vascular plants [Protoschill-Krebs and Kesselmeier, 1992;

Protoschill-Krebs et al., 1996], in freshwater algae [Protoschill-Krebs et al., 1995], and in cyanobacteria

[Miller et al., 1989; Badger and Price, 1990]. The ability to catalyze COS hydrolysis seems to be a
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general feature of carbonic anhydrase enzymes.

Other enzymes have also been reported to show COS hydrolysis activity. The CS2 hydrolase iso-

lated from an hyperthermophilic archaea (Acidianus strain) exhibits a typical β-carbonic anhy-

drase structure but catalyzes only the hydrolysis of COS and CS2, not CO2 [Smeulders et al., 2011].

Similarly, COS hydrolase, an enzyme isolated from a Thiobacillus thioparus strain that structurally

resembles β-carbonic anhydrase, shows dominant COS reaction specificity over CO2 [Ogawa et al.,

2013]. Enzymes that are unrelated to carbonic anhydrases may also show COS catalyzing activ-

ity, for example, RuBisCO [Lorimer and Pierce, 1989], nitrogenase [Seefeldt et al., 1995], and carbon

monoxide dehydrogenase [Ensign, 1995].

The mechanisms of enzymatic COS hydrolysis have been investigated with density functional

theory simulations. Carbonic anhydrase has a zinc complex as the active site for CO2 or COS hy-

drolysis. This active site can be mimicked with the simple analog [(H3N)3ZnOH]+, where NH3

imitates amino acid ligands [Schenk et al., 2004]. First, the Zn-complex performs a nucleophilic

addition onto the double C S bond to form a carboxylic acid complex [(H3N)3ZnSCOOH]+. This

intermediate undergoes configuration changes and forms a cyclic structure following water ad-

dition. Then after proton transfer from the water (solvent) to the sulfur atom, the Zn-complex

casts out the CO2 molecule and forms a hydrosulfide analog to the active site, [(H3N)3ZnSH]+.

This hydrosulfide analog can be converted back to its original moiety through protonation and

dissociation of H2S [Notni et al., 2007]. Due to the low concentration of H2S in the ambient, the

dissociation of H2S is practically irreversible. Thus, the overall hydrolysis reaction of COS is irre-

versible. The rate-limiting step in the enzymatic hydrolysis of COS is the nucleophilic attack of

carbonic anhydrase enzymeonCOS,with an activation energy higher but comparable to the same

reaction on CO2 [Schenk et al., 2004]. Compared with the uncatalyzed hydrolysis, the enzymatic

reaction has a much lower activation energy and hence proceeds more readily.
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1.1.4 Oxidation of COS in the atmosphere

COS participates in photochemical and radical reactions and is ultimately oxidized to sulfate in

the atmosphere. In the troposphere, oxidation via OH and O radicals is amore dominant pathway

of COS loss than photolysis.

COS + O(3P) → CO + SO (1.4a)

COS + OH→ CO2 + HS (1.4b)

The HS radical is then oxidized to SO radical by common oxidants in the troposphere [Friedl et al.,

1985],

HS + O2 → SO + OH (1.5a)

HS + NO2 → HSO + NO (1.5b)

HS + O3 → HSO + O2 (1.5c)

HSO + O2 → SO + HO2 (1.5d)

HSO + HO2 → SO + H2O2 (1.5e)

The SO radical continues to be oxidized to SO2, and further, to H2SO4 to form sulfate aerosols

[Seinfeld and Pandis, 2006].

In the stratosphere, COS is photolyzed by UV light [Crutzen, 1976],

COS + hν → CO + S(1D) or S(3P) (1.6)

The molecular S is then oxidized to form SO radical.

S(1D) or S(3P) + O2 → SO + O (1.7)

The SO radical undergoes the same oxidation processes as in the troposphere to ultimately form

sulfate aerosols.
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1.1.5 Formation of COS

In natural environments excepting anthropogenic activities, COS is mainly produced from two

types of reactions, degradation of organosulfur compounds and photolysis or oxidation of re-

duced sulfur gases. The production of COS may happen in the atmosphere, in the surface ocean,

and in soils.

In the atmosphere, COS may be produced from the reaction between CS2 and the OH radical

[Kurylo, 1978; Sze and Ko, 1979]:

CS2 + OH→
 C
S
OH

S


‡

→ COS + HS (1.8)

In addition, the reactions between dimethylsulfide (DMS) and oxidative agents may also produce

COS [Barnes et al., 1994]:

H3CSCH3
O2,NO
−−−−−→ CH3S

HO2,O2
−−−−−→ H2CS

OH
−−→
hν

COS (1.9)

In raindrops and cloud water, COS are produced from photochemical reactions [Belviso et al., 1987;

Mu et al., 2004]. However, the precursors of COS and the reactions in atmospheric water remain

poorly understood.

In the surface layer of the ocean, COS can be produced from chromophoric dissolved organicmat-

ter through both photolysis [Ferek and Andreae, 1984; Zepp and Andreae, 1994; Ulshöfer and Andreae,

1998] and dark reactions [Ulshöfer et al., 1996; Von Hobe et al., 2001].

In soils, COS may be produced from abiotic processes and microbial sulfur metabolism. It has

been shown that abiotic production of COS can be driven by temperature [Maseyk et al., 2014] or

by solar radiation [Whelan and Rhew, 2015; Kitz et al., 2017]. The details of reaction mechanisms

remain unclear, though. Sulfur-containing amino acids (methionine and cysteine) has been hy-

pothesized as plausible sources of COS in abiotic production [Maseyk et al., 2014; Rennenberg, 1991],
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but direct evidence is absent. For microbial COS production, a well-studied pathway is the hy-

drolysis of thiocyanate in acidic conditions [Katayama et al., 1992, 1993; Kim and Katayama, 2000],

SCN− + H3O+ → COS + NH3 (1.10)

The reaction ismediated by thiocyanatehydrolase, an enzymepresent in sulfur utilizing chemoau-

totrophs. How the relative importance of abiotic vs. biotic production of COS varies among soils

is unclear.

1.2 The biogeochemical cycle of COS

As a reactive trace gas, COS is continuously cycled through the compartments of the earth system.

COS is produced in the surface ocean and from industrial activities and biomass burning, while

consumed in the terrestrial biosphere and to a lesser extent in the atmosphere.

1.2.1 COS in the atmosphere

The global annual mean concentration of COS has been relatively stable during the past decade,

ranging from485 to 500 pmolmol−1 according to flask sampling data [Campbell et al., 2017;Montzka

et al., 2007]. In the recent past, instrumental record (since 1977) has witnessed a peak global

mean concentration in the mid 1980s around 570 pmol mol−1 and a decline ever since, indicating

significant changes in the global budget of COS [Campbell et al., 2017]. Tracing back to the early

Holocene from the ice core record, the COS concentration has been increasing steadily since 5000

years ago, from 250 pmol mol−1 to 320 pmol mol−1 before the industrial revolution [Aydin et al.,

2014]. An abrupt increase of COS took place following the industrial revolution as a result of the

rapidly growing anthropogenic emissions [Campbell et al., 2015, 2017].

There is pronounced seasonality in the tropospheric concentration of COS. Seasonal variations in
7



COS concentration have been observed from sites across different latitudes in both hemispheres

[Montzka et al., 2007]. Across the northern hemisphere, COS seasonal variations are in phase with

variations of CO2, showing a spring maximum and a fall minimum. This correspondence in COS

and CO2 seasonal variations suggests a predominant control of vegetative uptake (section 1.2.2)

on the seasonality of COS in the northern hemisphere. The relative seasonal amplitude of COS,

however, greatly exceeds that of CO2, and increases toward higher latitude. In the southern hemi-

sphere, COS seasonal variations are not in phase with terrestrial photosynthesis and seem to be

influenced mostly by oceanic processes (section 1.2.3).

The atmosphere is an active chemical reactor rather than a static pool of COS, responsible for a

small fraction of global COS budget. CS2 and DMS emitted from the ocean and from industrial

activities are oxidized to COS in the troposphere, and the resultant COS is then destroyed by

oxidation and photolysis to ultimately form sulfate aerosols (section 1.1.4). In the stratosphere,

the sulfate aerosol layer formed fromCOShas an important climate effect—to reduce the radiative

forcing by reflecting and scattering the solar radiation. The total atmospheric sink of COS is

estimated to be around 101 Gg S yr−1 (Gg: giga-gram, 109 g) [Kettle et al., 2002; Berry et al., 2013;

Launois et al., 2015a], about 8–10% of the total global budget [Launois et al., 2015a].

1.2.2 Terrestrial ecosystem exchange of COS

The terrestrial biosphere is the largest sink of COS. Uptake by vegetation through leaf stomata

is the dominant component of terrestrial uptake (65–77%), whereas soil uptake or emission is

of secondary importance [Kettle et al., 2002; Berry et al., 2013; Launois et al., 2015a]. Due to the

enzyme-mediated hydrolysis of COS (section 1.1.3), the leaf interior—chloroplast or mesophyll—

is depleted of COS with respect to the ambient environment. Thus the concentration gradient

drives the inward diffusion of COS whenever the stomata are open. The hydrolysis of COS is

a one-way reaction and no apparent emission of COS has been detected from live and healthy

leaves. These facts suggest that leaf COS uptake is a direct indicator of stomatal conductance.
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The coupling between stomatal conductance and photosynthesis [Ball, 1988; Collatz et al., 1991]

further links leaf COS uptake with CO2 uptake [Sandoval-Soto et al., 2005; Stimler et al., 2010a], hint-

ing the possibility of using COS uptake to infer gross primary productivity (GPP) of terrestrial

ecosystems. The concentration normalized ratio of COS to CO2 leaf uptake, dubbed as the leaf rel-

ative uptake (LRU) ratio, is a relatively well constrained parameter for describing the relationship

between COS and CO2 fluxes [Seibt et al., 2010;Wohlfahrt et al., 2012]. The LRU ratio has been found

to be a function of light, temperature, possibly relative humidity [Stimler et al., 2010a; Maseyk

et al., 2014], plant species [Sandoval-Soto et al., 2005], and leaf intrinsic physiological parameters

[Seibt et al., 2010]. Using the calculated LRU and other related variables, it is possible to infer

ecosystem GPP from COS flux measurements alone, without incurring any CO2 flux partitioning

that is known to be compromised by systematic uncertainty associated with the eddy covariance

method during the nighttime [Goulden et al., 1996].

The link between COS and CO2 uptake by the vegetation is observable beyond the canopy scale.

At the regional scale, the pattern of boundary layer COS drawdown over the continental interior

is mainly controlled by ecosystem uptake [Campbell et al., 2008; Berry et al., 2013]. With coupled

simulations using atmospheric transport model and terrestrial biosphere model, it is possible

to use the information in COS and CO2 drawdown to constrain regional scale GPP [Hilton et al.,

2015]. Globally, the signal of terrestrial ecosystem uptake is also evident in seasonal variations of

northern hemisphere COS concentration [Montzka et al., 2007].

Soil represents a minor sink in the terrestrial ecosystem. Since carbonic anhydrases are ancient

enzymes and are ubiquitous among life forms, soil microbes that typically contain carbonic an-

hydrases are capable of consuming COS [Conrad, 1996; Kesselmeier et al., 1999]. Indeed, field mea-

surements and laboratory incubations have shown that most soils behave as COS sink [Castro and

Galloway, 1991; Simmons et al., 1999; Steinbacher et al., 2004; Yi et al., 2007; Kesselmeier et al., 1999;

Van Diest and Kesselmeier, 2008; Whelan et al., 2016], except soils under anoxic [e.g., Whelan et al.,

2013] or high temperature or radiation conditions [Maseyk et al., 2014; Kitz et al., 2017]. Soil COS

uptake rates are typically within the order of 1 to 10 pmol m−2 s−1. Environmental variables that
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may control the uptake rates of COS include soil porosity, water content [Van Diest and Kesselmeier,

2008], temperature [Kesselmeier et al., 1999], and microbial activity [Yi et al., 2007].

When soils act as COS sources, the production rates vary greatly and may reach up to the order

of 100 pmol m−2 s−1 [Whelan et al., 2013; DeLaune et al., 2002]. In wetland soils, the dominant envi-

ronmental controls on COS production rate seem to be redox potential (a measure of the extent

of anoxia) and salinity [Devai and DeLaune, 1995; DeLaune et al., 2002]. Saline wetlands generally

have stronger COS production than freshwater wetlands, possibly because of enhanced sulfur

metabolismwithmore dissolved sulfates. In oxic upland soils, the observed cases with significant

COS emissions are associated with either high temperature conditions, for example, a wheatfield

in the Southern Great Plains (Billings, Oklahoma, USA) [Maseyk et al., 2014], or high radiation

conditions, e.g., a hay meadow in the Central Alps (Neustift, Austria) [Kitz et al., 2017]. Labora-

tory incubations have confirmed the existence of thermal [Whelan et al., 2016] and photochemical

[Whelan and Rhew, 2015] pathways of COS production in soils. Thus, as multiple COS consumption

and production activities exist in the soil, the response of net COS exchange to environmental

variables is a net result of the diverging responses of multiple COS processes.

Recent estimates of the global COS budget of the terrestrial biosphere (vegetation + soil) range

from1093 to 1229Gg S yr−1, with vegetation uptake 663–772Gg S yr−1, andnet soil uptake 233–457

Gg S yr−1 [Berry et al., 2013; Launois et al., 2015a]. The uncertainty in vegetation uptake of COSmay

come from inadequate knowledge of stomatal conductance and leaf-level and ecosystem-level

COS : CO2 relative uptake ratios. The estimate of global net soil COS uptake is much more uncer-

tain with a nearly twofold range. This is probably because that soil COS fluxes are parameterized

empirically with an indirect relationship between COS flux and the flux of a related trace gas (CO2

in Berry et al. [2013] or H2 in Launois et al. [2015a]), without a physical representation of soil COS

processes. The key to improving the estimates of terrestrial biosphere COS budget probably lies

in the refinement of the process-level understanding and associated model representations of

COS processes, for example, microbial COS uptake and abiotic COS production.
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1.2.3 Ocean COS emissions

The ocean is the largest source of COS. COS and its precursors, typically CS2 and DMS, are pro-

duced in the surface water of the ocean. The precursors of COS are quickly oxidized to COS after

admission into the atmosphere, and are considered as part of the indirect emission of COS from

the ocean [Kettle et al., 2002; Suntharalingam et al., 2008]. The flux of COS into the atmosphere is

mainly controlled by production and air–sea exchange processes. COS and its precursors can be

produced from photochemical reactions [Ferek and Andreae, 1984; Ulshöfer and Andreae, 1998] and

dark reactions [Von Hobe et al., 2001]. The production rate is considered to be proportional to the

concentration of the chromophoric dissolved organic matter (CDOM) [Launois et al., 2015b]. The

air–sea exchange acts to transport COS but neither create nor destroy COS. The process is gov-

erned by wind speed and the concentration gradient at the air–sea interface. In the ocean water,

COS is also expected to undergo hydrolysis. The loss of COS through hydrolysis is often calcu-

lated from the uncatalyzed hydrolysis kinetics only (section 1.1.2). It is unclear whether there is

significant uptake of COS by marine phytoplankton through catalyzed hydrolysis (section 1.1.3).

Current knowledge of oceanCOS sources remains largely uncertain. Estimates of the ocean source

strength from field measurements based studies are between 41 and 320 Gg S yr−1 [Rasmussen

et al., 1982; Ferek and Andreae, 1984; Johnson and Harrison, 1986; Mihalopoulos et al., 1992; Chin and

Davis, 1993; Ulshöfer and Andreae, 1998; Watts, 2000; Xu et al., 2001]. The global simulation by Ket-

tle et al. [2002] suggests on average a small ocean source with a large uncertainty range, −110 to

190 Gg S yr−1. Recently, because the vegetation sink of COS has been revised upward by three-

fold, to maintain a balanced global COS budget, the ocean source strength is considered to have

been greatly underestimated [Berry et al., 2013]. A recentmodeling study has estimated the ocean

source strength to be 813 Gg S yr−1, withmost of the emissions in the tropics [Launois et al., 2015b].

Top-down estimates of tropical ocean COS fluxes from satellite observations of surface COS con-

centration (Aura Tropospheric Emission Spectrometer) also show that the tropical ocean is a sig-

nificant source of COS. However, a very recent field study in the tropical Atlantic ocean gives a

much smaller estimate of the ocean source strength, 345 Gg S yr−1, because of widespread under-
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saturation of COS in the tropical ocean [Lennartz et al., 2017]. Arguably, a one-time cruise along

a longitudinal section has limited spatial and temporal coverage and cannot fully capture the

variability of COS in the surface ocean, but it does show that there are great unknowns in the dis-

tribution and seasonality of ocean COS sources. More extensive field measurements are needed

to better constrain the ocean COS sources.

1.2.4 COS emissions from anthropogenic activities and biomass burning

Anthropogenic emissions of COS are the second largest source of COS in total. The largest an-

thropogenic source term is rayon production, which emits CS2 that is rapidly converted to COS

after entering the atmosphere [Campbell et al., 2015]. Smaller anthropogenic source terms include

coal burning, aluminum smelting, and biomass burning. From industrial activity record, it is es-

timated that the current global industrial source of COS is 257 ± 107 Gg S yr−1, accounting for

rayon, coal, and aluminum industries. The biomass burning source is estimated as 116 ± 52 Gg S

yr−1 [Campbell et al., 2015].

Anthropogenic sources of COS have shown large variability since the industrial revolution. An

abrupt increase of industrial emission of CS2 was seen in the 1930s following the expansion of

rayon industry [Campbell et al., 2015]. Other sources have increased gradually. However, there is

a decline in the COS emission from coal burning since 1990. This may be related to shifts in tech-

nologies or energy consumption patterns. The simulated record of anthropogenic COS source is

useful in interpreting the historical COS trend [Campbell et al., 2017].

1.2.5 Volcanic COS emissions

Volcanic emissions of COS have often been neglected from the global budget of COS. Because

globally significant volcanic eruptions happen only sporadically, it has been assumed that vol-
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canic COS input into the troposphere, when amortized over time, is a small fraction. However,

a recent estimate of global annual volcanic COS flux has cast doubt upon this assumption. From

the COS/SO2 ratio in volcanic gases, the mean annual volcanic COS flux during 1972–2000 has

been estimated as 0.094–320 Gg S yr−1 [Halmer et al., 2002]. The enormous uncertainty range as-

sociated with this estimate comes from the lack of COS measurements in volcanic emissions and

the large variability in the COS/SO2 ratio (6.1 × 10−8 to 7.9 × 10−4 for subduction zone related

volcanoes, and 3.4 × 10−5 to 7.9 × 10−2 for other volcanoes). Volcanic flux of COS needs to be

better constrained with field observations and modeling studies.

1.3 Chemical analysis and instrumentation

1.3.1 Gas chromatography based methods

Before the advent of high precision and sensitivity spectroscopy techniques, analysis of COS in

air samples were routinely done with gas chromatography (GC) based methods. First, COS and

other reduced sulfur gases are caught in a cryogenic trap [Kesselmeier et al., 1999; Hofmann et al.,

1992]. The trapped sample is then regenerated and diluted to desired levels before sent to the GC.

Different species of reduced sulfur gases are separated in the GC and then analyzed using a flame

photometric detector (FPD). The FPD detects the intensity of the spectral lines (usually at 394 nm)

emitted from sulfur-containing compounds. An alternative method uses mass spectrometer to

obtain sulfur gas concentrations, but still involves cryo-trap and GC for gas separation [Montzka

et al., 2007; Blake et al., 2008;Whelan et al., 2013]. Both GC-FPD and GC-MSmethods require lengthy

calibration and sample preparation steps. Measurements of COS with GC basedmethods are time

and labor intensive and cannot be operated in realtime or with high time resolution. Thus, eddy

covariance measurements of ecosystem COS exchange is not possible with GC based methods..
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1.3.2 Spectroscopy

Laser spectroscopic methods have recently become available to offer high sensitivity and fast re-

sponse in-situ measurements of COS mixing ratio without pretreatment. Commercially available

spectrometers are now able to perform 10 Hz sampling that suits eddy covariancemeasurements

of ecosystemfluxes [e.g.,AerodyneResearch, 2017; LosGatosResearch, 2017]. The spectroscopybased

sampling system can be fully controlled by computers and once set up, may work continuously

on its own with relatively little human intervention. Recent studies on ecosystem COS exchange

have mostly adopted spectroscopic methods for COS measurements.

Because the ambient concentration of COS is very low, around one millionth of CO2 concentra-

tion, traditional spectrometer design falls short of achieving required signal-to-noise ratio and

sensitivity. Several advanced spectroscopic techniques are employed in commercially available

COS analyzers to tackle these challenges. For example, the COS analyzer fromAerodyne Research

(Billerica, MA, USA) uses a continuous-wave quantum cascade tunable diode laser1 with high sen-

sitivity and an astigmatic Herriott style multi-pass absorption cell with an effective path length

of 76 m [McManus et al., 2010]. The precision at 1 Hz sampling rate is around 5 pmol mol−1 ac-

cording to the manufacturer. Measurements on precalibrated cylinders suggest that the overall

uncertainty of this type of analyzer is 7.5 pmol mol−1 at 1 Hz [Kooijmans et al., 2016]. Another

commonly used COS analyzer model, from Los Gatos Research (San Jose, CA, USA), employs the

cavity ring-down spectroscopy (CRDS) technique to increase the absorption signal. In the sample

cell, the laser signal is trapped within a cavity bounded bymirrors and the concentration of a gas

species is determined from the time of decay of the laser signal intensity within the cavity. The

manufacturer also claims 5 pmol mol−1 precision for COS measurements at 1 Hz.

Deployment of the COS sampling system requires at the minimum a vacuum pump to maintain

the pressure level of the sample cell in the analyzer (e.g., 40 Torr or 53.3 hPa for the Aerodyne
1“Tunable” means the wavelength of the laser can be tuned using some technique to focus in a narrow region of

absorption bands. Quantum cascade laser is tunable in a wide range because the semiconductor crystal in the laser
is a specially designed superlattice material that provides continuous one-dimensional multiple quantum wells.
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analyzer), a cooling system to keep the laser unit at its working temperature, and cylinders to

provide zero-gas (usually ultrapure dryN2) for background calibration [Stimler et al., 2010b]. When

used for eddy covariance measurements, the vacuum pump and tubing specifications must be

chosen such that flow rate in the sampling line is enough to sustain turbulent flow. Because the

spectral curve fitting may drift over time, regular background spectra calibration is needed to

ensure reliable measurements. The Aerodyne COS analyzer, as an example, allows periodically

scheduled auto-calibration of background spectra. The instrument has a solenoid valve system

that can switch between different sampling lines and a zero-gas line. It has been suggested that in

field operations, background calibration should be performed at least every six hours to prevent

significant drift in concentration measurements [Kooijmans et al., 2016].

1.4 Motivation and organization of this dissertation

In the recent decade, COS has gained much attention for its capability as a tracer of terrestrial

carbon cycle processes [Montzka et al., 2007; Berry et al., 2013]. Measurements of leaf or ecosystem

COS exchange have the potential to offer a variety of value-added applications in carbon cycle

studies:

• elucidating leaf-scale physiologicalmechanisms such as internal conductance [Stimler et al.,

2010a] and nighttime stomatal conductance [Kooijmans et al., 2017]

• deriving COS-based estimates of ecosystem GPP [Blonquist et al., 2011; Asaf et al., 2013; Com-

mane et al., 2015] and canopy conductance [Wehr et al., 2017]

• inferring regional scale GPP pattern from surface COS drawdown [Campbell et al., 2008; Berry

et al., 2013; Hilton et al., 2015]

• deciphering long-term global GPP trends from COS concentration record [Campbell et al.,

2017]

• diagnosing uncertainty sources in carbon cycle models
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Ideally, surface COS exchange in the terrestrial ecosystem is dominated by leaf uptake of COS.

However, the occurrence of strong soil COS emissions that exceed canopy COS uptake [Maseyk

et al., 2014; Billesbach et al., 2014] challenges this assumption. Even if the soil behaves unsurpris-

ingly as a small, consistent sink of COS (as in temperate forests), neglecting such component in

the ecosystem COS budget would impose a bias about the order of 20% in COS-derived GPP esti-

mates. Such bias could void the potential gain in the accuracy of GPP estimates from additional

COS measurements, compared with the conventional, CO2 flux partitioned GPP. Using COS mea-

surements to infer ecosystem GPP requires an accurate account of sources and sinks of COS in

the ecosystem, especially those in the soils.

This dissertation advances the understanding of soil–atmosphere exchange of COS with process-

orientedmodeling and field observations. We have developed the firstmechanisticmodel for soil

COS flux that accounts properly the diffusive transport, microbial uptake, and thermal produc-

tion of COS (Chapter 2). We have conducted field measurements using automated soil chambers

in an oak woodland in southern California and used the model to explore what environmental

factors may control the soil flux (Chapter 3). Another field campaign was conducted in a boreal

forest in southern Finland to measure soil COS flux and examine its seasonal pattern and the im-

plication for COS-based GPP inference (Chapter 4). Finally, I summarize the results andwhat they

mean to the ecosystem COS exchange and establish priorities for future research (Chapter 5).
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CHAPTER 2

Soil reactive transport model for surface COS flux

2.1 Chapter introduction

Carbonyl sulfide (COS) is an atmospheric trace gas, with average concentration around 480 pmol

mol−1 [Montzka et al., 2007]. COS uptake in leaves is coupled with CO2 uptake through stomatal

diffusion and hydrolysis mediated by carbonic anhydrase (CA) [Sandoval-Soto et al., 2005; Stimler

et al., 2010a; Seibt et al., 2010]. Therefore plant COS flux measurements can be used to partition

net carbon exchange into gross primary productivity (GPP) and respiration using the quantitative

relationship between leaf COS and CO2 uptake [Campbell et al., 2008; Asaf et al., 2013]. Since the COS

flux observed at ecosystem level and above is the sumof plant and soil fluxes, soil COS fluxesmust

be well quantified for COS-based flux partitioning. For many biomes where soils have active COS

reactions, neglecting soil COS flux would result in significant biases of estimated GPP [Whelan

et al., 2016]. To enable COS-based flux partitioning, particularly at larger scales, a soil diffusion-

reaction model is needed to generate estimates of soil COS exchange from soil parameters and

environmental variables.

Laboratory studies have shown that soil COS uptake is a function of soil temperature and mois-

ture, microbial CA enzyme activity, and ambient COS concentration [Kesselmeier et al., 1999;VanDi-

est and Kesselmeier, 2008]. These empirical relationships were used by Kettle et al. [2002] to model

global soil COS flux from climatological soil data. Recently, Berry et al. [2013] simulated global soil
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COS flux in the Simple Biosphere Model (SiB3) with the assumption that soil COS flux is a func-

tion of heterotrophic respiration and soil water-filled pore space fraction (WFPS). Here the effect

of WFPS on diffusion was represented with an empirical function. Diffusion is not explicitly re-

solved in any existing model. The effect of a litter layer is also not considered. A litter layer may

either act as a barrier for COS diffusion to the soil, or participate in COS exchange. Plant litter

has been found to contribute to the surface COS flux in forests [Kesselmeier and Hubert, 2002], with

magnitudes comparable to that of soil uptake [Berkelhammer et al., 2014].

Existing models have also not considered the possibility of COS production in oxic, upland soils,

based on the assumption that they usually behave as a COS sink [e.g. Kesselmeier et al., 1999;Yi et al.,

2007; Van Diest and Kesselmeier, 2008; Liu et al., 2010a]. However, soil COS fluxes varied between

uptake and strong emissions in a wheat field depending on soil environmental variables [Maseyk

et al., 2014]. The presence of a compensation point for COS uptake also indicates that uptake and

production can co-exist in soils [Kesselmeier et al., 1999; Conrad and Meuser, 2000; Liu et al., 2010a].

Here we develop a diffusion-reaction model for soil COS flux, with four major advantages com-

pared to previous empirical approaches:

1. Diffusion is explicitly resolved, providing amore realistic concentration-dependent uptake

in the soil column.

2. The model accounts for flux activity in surface litter layers.

3. The model includes COS production terms.

4. Litter and soil COS uptake and production terms can be constrained or optimized using

field data.

We evaluate the model using field data from a wheat field in the Southern Great Plains (Billings,

OK, USA) and an oak woodland in the Santa Monica Mountains in southern California (Stunt

Ranch Reserve, CA, USA).
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2.2 Model description

2.2.1 The diffusion equation with source–sink terms

We construct a two-phase 1D diffusion model with microbial COS source–sink terms in soil and

litter layers to calculate surface COS fluxes. Diffusion of COS in the soil and litter is described by

Fick’s law in porous media,

∂

∂t
[(kHθw + θa)C] =

∂

∂z

(
D
∂C

∂z

)
+ S (2.1)

where θw and θa (m3 m−3 soil) are water-filled and air-filled porosities, C (mol m−3) is the gas

concentration of COS, kH (dimensionless) is the Henry’s law constant, D (m2 s−1) is the effective

COS diffusivity in soil. The source–sink terms, S (mol m−3 s−1), are COS uptake and production

in litter and soil. The boundary conditions are (1) concentration at the top boundary equals

atmospheric concentration and (2) no flux at the bottom boundary.

For computational efficiency, diffusion in the aqueous phase is not prognostically evaluated but

forced by the solubility equilibrium. By invoking Henry’s law, the above equation assumes that

the aqueous concentration is always in equilibrium with the gaseous concentration, ensuring

mass balance. Approximating aqueous diffusive flux with this assumption does not significant

bias the surface flux (see Chapter Appendix), since aqueous diffusivity of COS is several orders of

magnitude smaller than the gas-phase diffusivity [Ulshöfer et al., 1996].

Advective transport is not considered since the evaluation datasets were not affected by advec-

tion. However, advection effects on surface COS flux may not be negligible when there is strong

wind pumping causing pressure fluctuations [Massman et al., 1997]. Advective transport, and

prognostic aqueous processes (diffusion, dissolution and possibly ebullition) will be considered

in future development once relevant data are collected.
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2.2.2 Numerical implementation

2.2.2.1 Vertical grid

Weuse a face-centered finite-volume grid for discretizing the soil column, with 26 computational

nodes down to 1m depth. The vertical grid is constructed using an equation similar to that in the

Community LandModel 4.5 [Oleson et al., 2013], which is more densely spaced at the upper bound-

ary. This has advantages of resolving litter layers at the surface, and reducing the computational

demand. The depths of the computational nodes are defined with,

zi = exp (0.2i − 5) , i = 0, . . . ,N (2.2)

where N = 25. The thicknesses of control volumes are,

∆zi =



z0 + z1
2
, i = 0

zi+1 − zi−1
2

, i = 1, . . . ,N − 1

zN − zN−1, i = N

(2.3)

The depths of the layer interfaces are defined with,

zi+1/2 =


zi + zi+1

2
, i = 0, . . . ,N − 1

zN +
zN − zN−1

2
, i = N

(2.4)

The use of face-centered rather than node-centered control volumes generally gives better eval-

uation of diffusive fluxes across interfaces.

2.2.2.2 Discretization

We use the Crank–Nicolson method to discretize the diffusion–reaction equation, which ensures

numerical stability when using large time steps [Crank and Nicolson, 1947]. The method is im-
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Figure 2.1: (a) The vertical finite-volume boxes and computational nodes (asterisk). (b) A

schematic figure showing the diffusive fluxes (J ) across boxes, which relate to concentration

changes through mass balance.

plemented with second order accuracy in space and in time. The discretized finite difference

equations are a sparse linear system that can be easily solved.

We first discretize spatially Eq. (2.1) on the defined grid by integrating in each control volume

[Durran, 2010; Tang and Riley, 2014],

ηi∆zi
dCi

dt
=


Ja→0 − J0→1 + S0∆z0, i = 0

Ji−1→i − Ji→i+1 + Si∆zi , 1 ≤ i ≤ N − 1

JN−1→N + SN∆zN , i = N

(2.5)

where ηi = (kHθw + θa) at z = zi is a simplifying notation, Ja→0 represents diffusive flux from

the atmosphere to soil layer 0, and Ji−1→i represents diffusive flux from layer i − 1 to layer i . The

flux term J can be evaluated with a central difference scheme,

Ji−1→i = Ji−1/2 =

(
−D
∂C

∂z

)
i−1/2

= −Di−1/2
Ci −Ci−1

zi − zi−1
(2.6)

The diffusivity at the interface,Di−1/2 can be interpolated linearly,Di−1/2 = (Di + Di−1) /2, since

the interface locates at the center of two computational nodes. For the ease of denotation, we

defineGi−1/2 = Di−1/2/(zi − zi−1) as the conductance at the interface.
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The flux at the topmost layer is thus,

Ja→0 = −Da→0
C0 −Ca

z0 − 0
= −Ga→0(C0 −Ca) (2.7)

Again, Da→0 is the diffusivity at the soil–atmosphere boundary, and Ga→0 is the conductance.

We use the harmonic mean of soil diffusivity D0 and air diffusivity Da for Da→0, following the

conductance model in Tang and Riley [2013],

Da→0 =
2

1
D0
+
1
Da

(2.8)

By rewriting Eq. (2.5) in a matrix form, we obtain an ordinary differential equation (ODE) system

for time,

A
d
dt

C = BC + S (2.9)

where

C = (C0,C1, . . . ,CN )
T

A = diag (η0∆z0,η1∆z1, . . . ,ηN∆zN )

B =

©­­­­­­­­­­«

−Ga→0 −G1/2 G1/2 0 · · · 0 0 0

G1/2 −G1/2 −G3/2 G3/2 · · · 0 0 0
...

...
...
. . .

...
...

...

0 0 0 · · · GN−3/2 −GN−3/2 −GN−1/2 GN−1/2

0 0 0 · · · 0 GN−1/2 −GN−1/2

ª®®®®®®®®®®¬
(2.10)

S =
(
S0∆z0 +

Da→0

z0
Ca, S1∆z1, . . . , SN∆zN

)T
The above linear ODE system is then discretized at time step t = (n + 1/2)∆t ,

A
Cn+1 − Cn

∆t
= B

Cn+1 + Cn

2
+ S (2.11)

Therefore the evolution in time is,

Cn+1 = (2A − ∆tB)−1 [(2A + ∆tB)Cn + 2∆tS] (2.12)

At each time step, the concentration profile is evolved to the next time step with the diffusion–

reaction operator. Thus the model can simulate transient conditions in real time.
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2.2.3 Parameterization

2.2.3.1 Diffusivities

The diffusivity of COS in soil media (D, m2 s−1) is calculated followingMoldrup et al. [2003],

D

Dm
= θ 2a

(
θa
θsat

)3/b (
T

Tref

)n
(2.13)

whereθsat (m3m−3) is the soil total porosity (θsat = θa+θw),Dm (m2 s−1) is the COS–air diffusivity

atTref = 25◦C and 1 atm, n = 1.5 [Bird et al., 2002], and b is parameterized with water retention

function [Wingate et al., 2008; Clapp and Hornberger, 1978]. We assume that the same function holds

for litter layer diffusivity since litter is also a porous medium like the soil.

For COS, Dm is calculated as 1.337 × 10−5 m2 s−1 at 25◦C and 1 atm, based on the theoretical

CO2/COS diffusivity ratio of 1.21 derived in Seibt et al. [2010] from the Chapman-Enskog kinetic

theory, and the molecular diffusivity of CO2 (1.618 × 10−5 m2 s−1, 25◦C and 1 atm) is calculated

fromMassman [1998].

2.2.3.2 COS solubility function

In solubility equilibrium, the chemical potentials of COS in gas phase (µg) and in aqueous solution

(µaq) are equal,

µg = µ
	
g (T ) + RT ln

p

p	
+ RT lnϕ = µ∗aq(T ,p) + RT lnx + RT lnγ = µaq (2.14)

where p is the partial pressure in gas phase, x is the molar fraction in aqueous phase, ϕ is the

fugacity coefficient, γ is the activity coefficient, and p	 is the standard pressure. Here, µ	g and

µ∗aq are both chemical potentials under chosen standard conditions. Note that µ
	
g depends only

on temperature, whereas µ∗aq depends on both temperature and pressure.
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Table 2.1: COS solubility functions in the literature and in this study.

Reference Model Unit Parameters

Wilhelm et al. [1977] lnkH,xp =
A

R
+

B

RT
+
C

R
ln
T

K
atm−1

A = −1839 J K−1 mol−1

B = 99981 J mol−1

C = 252 J K−1 mol−1

De Bruyn et al. [1995] lnkH,xp =
A

R
+

B

RT
atm−1

A = −124 J K−1 mol−1

B = 17552 J mol−1

This study with data
kH,cc = (T /K) exp

(
α +

β

T /K

)
mol mol−1

α = −20.00

from Elliott et al. [1989] β = 4050

For a dilute solution, as x → 0 and p/p	 → 0, we have ϕ → 1 and γ → 1. This is valid for COS

in natural environments because its molar fraction is only ∼ 10−10 in the atmosphere [Montzka

et al., 2007] and ∼ 10−12 in seawater [Ulshöfer et al., 1996; Von Hobe et al., 1999]. Therefore,

µ∗aq − µ
	
g = −RT ln

x

p/p	
≡ −RT lnkH,xp (2.15)

where kH,xp is the Henry’s law constant defined as the ratio of aqueous phase molar fraction to

gas phase partial pressure. According to van ‘t Hoff equation,

∂ lnkH,xp
∂T

=
∆solH

	
m

RT 2
(2.16)

where ∆solH	m is the standard partial molar enthalpy of dissolution. We assume that it is con-

stant within the temperature range of ambient conditions. With respect to a reference stateT0,

integrating yields,

lnkH,xp = −
∆solH

	
m

R

(
1
T
−
1
T0

)
(2.17)

Temperature dependence of kH,xp can thus be described by the following function, withA and B

constants,

kH,xp = exp
(
A

R
+

B

RT

)
(2.18)
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Figure 2.2: COS solubility function used in this study (pink), obtained from regression with Elliott

et al. [1989] data (pink). Solubility data measured under pH < 9, non-saline conditions (pink dia-

monds) were used for the regression. Also plotted are the COS solubility functions from Wilhelm

et al. [1977] and De Bruyn et al. [1995].

The dimensionless Henry’s law constant, kH,cc , is defined as the ratio of aqueous molar concen-

tration to gaseous molar concentration.

kH,cc ≡
caq

cg
=
ρwx/Mw

p/(RT )
=
ρwRT

Mwp	
·

x

p/p	
=
ρwRT

Mwp	
kH,xp = T exp

(
A

R
+ ln

ρwR

Mwp	
+

B

RT

)
(2.19)

Thus, we can build a nonlinear regression model for temperature dependence of the dimension-

less Henry’s law constant,

kH,cc(T ) = (T /K) exp
(
α +

β

T /K

)
(2.20)

Using Elliott et al. [1989] data for the regression (Figure 2.2), we obtained that α = −20.00+1.48−1.46,

and β = 4050+424−430 (95% confidence interval).
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2.2.3.3 Soil fluxes

Because both COS uptake and production activities exist in soils, and the net COS flux exhibits a

linear response to COS concentration [Kesselmeier et al., 1999; Conrad andMeuser, 2000], we assume

that uptake and production are separable terms.

Soil COS uptake (U ) is formulated based on Michaelis–Menten kinetics, with dependence on soil

temperature and moisture:

U = −VSU,max ·
kHC

Km + kHC
· f (T ) · д(w) (2.21)

where Km = 1.9 mol m−3 is the Michaelis constant for COS hydrolysis by CA [Ogawa et al., 2013],

VSU,max (mol m−3 s−1) is the soil COS uptake capacity, and f (T ) and д(w) are temperature and

moisture limitation functions.

We assume that the temperature limitation function for soil COS uptake reflects the temperature

dependence of enzyme activity, which is described as [Peterson et al., 2004; Daniel et al., 2010],

f (T ) = AT

T exp
(
−
∆‡Gcat
RT

)
1 + exp

[
−
∆Heq

R

(
1
T
−

1
Teq

)] (2.22)

where ∆‡Gcat (J mol−1) is the activation free energy of the transition state of CA enzyme in terms

of COS reactions, ∆Heq (J mol−1) is the enthalpy change during conversion from activated to in-

activated form of the enzyme,Teq (K) is the temperature at which the concentrations of the acti-

vated enzyme and the inactivated enzyme are equal,AT is the pre-exponential factor to normal-

ize the equation so that max f (T ) = 1. The function has a temperature optimum, Topt, defined

at which the function reaches its maximum value. This temperature optimum is close to the pa-

rameterTeq, and always smaller than it [Peterson et al., 2004]. Other enzymes in soil microbes may

also contribute to COS uptake, for example, COSase, nitrogenase and CS2 hydrolase [Ogawa et al.,

2013]. These enzymes are not considered here due to lack of information on their kinetics and

distribution in the microbial community. They are also unlikely to be as ubiquitous as CA.
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Typical fit values of ∆‡Gcat for a range of enzymes are between 51 and 88 kJ mol−1, whereas ∆Heq

varies from 86 to 826 kJ mol−1 [Daniel et al., 2010]. We assume that ∆‡Gcat = 84.10 kJ mol−1 (20.1

kcalmol−1) for CA-catalyzed COS hydrolysis, based on calculations of CA–COS nucleophilic attack,

the rate-determining step of COS hydrolysis, which used [(H3N)3Zn(OH)]+ as a structural analog

of the active site of CA [Schenk et al., 2004].

The temperature dependence (Eq. 2.22) has a similar mathematical form as that in Kesselmeier

et al. [1999], but the temperature limitation of COS uptake is now linked to enzyme kinetics that

can be determined in the laboratory. Using ∆‡Gcat = 84.10 kJ mol−1, ∆Heq = 358.9 kJ mol−1,

andTeq = 293.14 K, we can approximate the temperature functionφ(T ) in Kesselmeier et al. [1999]

(Figure 2.3a). In this study,Teq will be an adjustable parameter to fit temperature dependence for

different soils (see section 2.2.4.2 and Table 2.2).
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Figure 2.3: (a) Temperature dependence function of soil COS uptake (Eq. 2.22) with ∆Heq = 358.9

kJ mol−1 and Teq = 20°C. (b) Moisture dependence function of soil COS uptake (Eq. 2.23) with

wopt = 0.14 m3 m−3. Also plotted are the temperature and moisture dependence functions of

Kesselmeier et al. [1999].

For the parameterization of moisture dependence, we use a simple bell-shaped function, de-

27



scribed by the form of Rayleigh distribution function,

д(w) = Aw ·
w

w2
opt
· exp

(
−

w2

2w2
opt

)
(2.23)

wherewopt (m3 m−3) is the optimal water content for COS uptake, and AW is the normalization

factor such that maxд(w) = 1. The parameter wopt can be adjusted to fit observed data (see

section 2.2.4.2 and Table 2.2). The function has a wider range than that in Kesselmeier et al. [1999]

(Figure 2.3b), and does not approach zero at high soil moisture. It represents the dependence

of microbial uptake per se instead of a combination of diffusion and microbial uptake, because

diffusion has already been accounted for. We found no empirical reason to assume thatmicrobial

uptake of COS to be zero at high soil water content, if it is not diffusion-limited.

Soil COS production is represented as an exponential function of temperature,

P = VSP,max · exp [kT (T −Tref )] (2.24)

whereVSP,max (mol m−3 s−1) is the soil COS production capacity, kT (K−1) is the temperature de-

pendence factor that is equivalent toQ10 = 1.9, andTref = 25◦C. TheQ10 value here is set as the

average value of theQ10 associated with the two regression lines of COS flux vs. temperature in

Maseyk et al. [2014]. Lab incubation of various soils has found that soil COS emissions generally

exhibit exponential responses with temperature [Whelan et al., 2016]. Although COS may be pro-

duced by both soil microbes and roots [Maseyk et al., 2014], we use a single production term in

Eq. (2.24) due to a lack of data on the individual temperature responses of the different compo-

nents.

2.2.3.4 Litter fluxes and litter properties

Litter was present at one of the model evaluation sites (Stunt Ranch). We obtained an equation

for litter COS fluxes based on an incubation experiment with litter at the Stunt Ranch site [Sun
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et al., 2016],

FSL = −VLU,max ·
kHC

Km + kHC
· sinh (kLwL) +VLP,max · exp [kT (T −Tref )] (2.25)

whereVLU,max (mol m−3 s−1) andVLP,max (mol m−3 s−1) are the litter COS uptake and production

capacities,kT (K−1) is the temperature dependence factor for COS production equivalent toQ10 =

1.9, and kL (dimensionless) is the moisture limitation factor for COS uptake. The hyperbolic sine

function is chosen to describe the exponential dependence on litter water content.

Litter porosity is usually much larger than that of soils. In the model, the porosity at the grid

point near the litter–soil interface is interpolated so as to prevent numerical instability caused

by discontinuity (Figure 2.4).

Temperatures of the litter layers were interpolated between soil and chamber air temperature

by assuming a logarithmic temperature profile in the surface layer, according to mixing length

theory [Prandtl, 1925]. The roughness length was assumed to be 0.01 m [Stull, 1988].

2.2.4 Field datasets for model evaluation

2.2.4.1 Field sites

Southern Great Plains, OK (SGP): Soil COS fluxes were measured from 1 April to 31 May 2012 in

a wheat field at the ARM Southern Great Plains Central Facility (36.61◦N, 97.49◦W) near Billings,

OK. The soils are mainly silt loam to clay loam, with 33% sand, 22% silt, and 45% clay [Fischer et al.,

2007]. Further details on the site and data are provided inMaseyk et al. [2014].

Stunt Ranch, CA (SR): Surface COS fluxes were measured from 1 April to 15 April 2013 in a

Mediterranean oak woodland at the University of California Stunt Ranch Santa Monica Moun-

tains Reserve (34◦05′38′′N, 118◦39′26′′W) in southern California. The soil is a gravelly sandy loam,
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covered with 2 cm of leaf litter from a coast live oak tree (Quercus agrifolia). The site received 2

mm precipitation the day before the measurements started. The experimental setup was largely

identical to that used at SGP [see Maseyk et al., 2014]. Further details on the site and data are

provided in Sun et al. [2016].

2.2.4.2 Site-specific parameters

Table 2.2: Site-specific parameters (SR: Stunt Ranch, CA; SGP: Southern Great Plains, OK).

Site
θsat θFC zT (m) Teq wopt θlit dlit

(m3 m−3) (m3 m−3) (m) (°C) (m3 m−3) (m3 m−3) (cm)

SGP
0.50

N/A 0.11 10 0.20 N/A N/A
(0.60 in the top 2 cm)

SR 0.35 0.20 0.14 15 0.14 0.94 2

Site-specific parameters are summarized in Table 2.2. We used site-specific values for soil poros-

ity that were constant with depth except in the top few centimeters when there is loose topsoil.

Soil porosity is estimated as 0.50 m3 m−3 at the SGP site from the maximum observed soil mois-

ture [Fischer et al., 2007;Maseyk et al., 2014], but that in the top 2 cm is assumed to be 0.60 m3 m−3

as the topsoil is looser due to agricultural activity. At the SR site, soil porosity was measured as

0.35m3m−3. We assume the field capacity (θFC) is 0.20m3m−3 at the SR site based on soil textures

[Or and Wraith, 2002]. For the parameter b in Eq. (2.13), we use 4.9 for SR (sandy loam) and 5.3 for

SGP (silt loam) based on Clapp and Hornberger [1978].

Soil temperature profiles are modeled with the observations at 5 cm depth. The temperature

signals are considered as a superposition of fast varying diurnal signals (TF) and slowly varying

synoptic scale signals (TS) [Van Wijk and de Vries, 1963],

T (z, t) = TS +TF · exp (−z/zT ) sin(ωt +ψ − z/zT ) (2.26)

where zT is the damping depth for diurnal temperature waves, ω = 2π day−1 is the angular
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frequency,ψ is the phase constant. zT is determined from,

zT =
√
2αT /ω (2.27)

where αT (m2 s−1) is the soil thermal diffusivity, calculated from soil mineral composition and

water content using empirical formulae in Peters-Lidard et al. [1998] and Johansen [1975]. Soil ther-

mal diffusivities are 2.5–5.0 × 10−7 m2 s−1 at the SGP site, and 6.8–8.1 × 10−7 m2 s−1 at the SR

site, assuming typical mineral compositions. The thermal diffusivities are translated to average

damping depths of 0.11 m (SGP) and 0.14 m (SR), respectively.

For the SR data, we observed that the temperature optimum for COS uptake isTopt ≈ 13◦C [Sun

et al., 2016]. This is reproduced by settingTeq at 15◦C in Eq. (2.22). For the SGP soil, because COS

flux did not show a temperature optimum for uptake during the observed temperature range

(7–47◦C) in Maseyk et al. [2014], we setTeq = 10◦C (equivalent toTopt ≈ 7◦C) to get a monotonic

relationship with temperature.

Soil moisture was measured at 5 cm depth at both sites, and additionally at 30 cm at SGP. We

generate soilmoisture profiles for the SGP site by interpolating between the 5 and 30 cmdata, and

assuming constant soil moisture below 30 cm (cf. 1D simulations with gravity drainage boundary

condition inWalker, 1999). For the SR site, we assume soilmoisture at 1mdepth is at field capacity

(θFC, m3m−3), and interpolated smoothly between the values at the surface and 1mdepth (Figure

2.4). The conditions below 10 cm do not significantly affect surface COS flux according to Figure

2.11 (see also section 2.4.2). The optimum water content for soil COS uptake,wopt, is assumed to

be 0.20m3m−3 for SGP soils, corresponding to a threshold for the COS flux-temperature response

[Maseyk et al., 2014]. For SR soils, we setwopt = 0.14 m3 m−3, estimated from lab incubation data

of the same soils [Whelan et al., 2016].

Since litter was present at the SR site, litter layers are included in model simulations when val-

idating the model with the SR dataset. The 2 cm thick litter layer is represented in the top 6

grid points. Litter porosity was measured to be 0.94 m3 m−3. Litter water content (LWC) is an

important variable controlling litter COS fluxes. Since LWC was not measured at SR, we test two
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scenarios: (1) fast decreasing LWC, and (2) slowly decreasing LWC following the precipitation

event on the day before the measurements started. We also evaluate the surface COS flux in the

absence of litter fluxes.
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Figure 2.4: Soil porosity andmoisture profiles at the SGP site (a, c) and the SR site (c, d) in the top

50 cm. Note that in (c) and (d), the profiles also show the porosity in the litter layers and litter

water content (g g−1) in red. The dashed lines denote litter-soil interfaces, and the light gray

lines represent air-litter interfaces (same for Figure 2.7). One computational node near litter-soil

interface is interpolated for porosity in order to prevent numerical instability. Measured data of

soil moisture at 5 and 30 cm for SGP, and 5 cm for SR, are shown as red crosses.

2.3 Evaluation results

In the evaluation, soil COS uptake and production capacities (VSU,max andVSP,max) are chosen to fit

the general trend of observed data. The aim here is to demonstrate that themodel can reproduce

the data with the proper settings, and thus has the potential to be applied at large scales. Model

performance in the evaluation tests is summarized in Table 2.3.
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Table 2.3: Summary of model evaluation results.

Site
VSU,max VSP,max Mean flux, observed Mean flux, modeled RMSE r 2

(mol m−3 s−1) (pmol m−2 s−1)

SGP 1.2 × 10−1
1 × 10−10 a,

1.0 0.7 2.3 0.688
3.3 × 10−11 b

SR 1 × 10−2 2 × 10−11 −1.5 −1.6 0.5 0.869

a For the growing season (before DOY 130). b For the post-senescence stage (after DOY 134).

2.3.1 Evaluation against data from the wheat field soil (SGP)

The simulated COS fluxes at the SGP site are generally in good agreement with the observations

(Figure 2.5), especially the diurnal variations and the transition from uptake to emissions. Model

results and the data lie on a 1:1 line, albeit with large scatter at high emission fluxes (Figure

2.5c). As shown in the distribution of model residuals with respect to surface soil temperature

andmoisture (Figure 2.5d), themodel tends to underestimate the high emissions at high temper-

atures. In the growing season (before DOY 130), the model captures the high uptake instances,

but tends to underestimate high emission instances atmid-day. This ismainly because some high

emissions are not associatedwith high soil temperature. During the senescence and post-harvest

period (after DOY 134), the model reproduces the strong diurnal variations, except that the mid-

day peak emissions are underestimated. Examples for COS profiles during overall soil COS uptake

and emissions show exponential decrease and increase of the COS concentration in soil air with

depth, respectively (Figure 2.7a).

From the incubation experiments,Maseyk et al. [2014] shows that the root-free soil exhibited up-

take at −0.21 pmol kgDW−1 s−1 (−0.4 pgS gDW−1 min−1) in the peak growing season, but emis-

sions at 0.10 pmol kgDW−1 s−1 (0.2 pgS gDW−1min−1) during late growing season and senescence.

When translated to theVmax parameters as in Eq. (2.21) and (2.24), the incubation data correspond

to estimates ofVSU,max at 2.6× 10−2mol m−3 s−1 in April, andVSP,max at 1.3× 10−10mol m−3 s−1 in
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Figure 2.5: (a) Observed COS fluxes (black) and modeled COS fluxes (red) at the Southern Great

Plains site. (b) Surface soil temperature andmoisture at the site during the sameperiod. (c)Model

vs. data for COS fluxes. (d) Mean residuals (observed – modeled) binned by 5°C soil temperature

and 0.05 m3 m−3 soil moisture steps.

May, assuming ambient COS concentration at 2.04×10−8molm−3 (500 pptv, 1 atm, 25◦C),kH ∼ 1,

and soil dry density 1.33 × 103 kg m−3 estimated from porosity (0.50). These estimates from in-

cubation data are reasonably similar to the model parameters needed to fit the data (Table 2.3)

given that there were only a few incubation experiments.

The observed COS emissions were higher in the senescence and post-harvest stages (after DOY

134) than during the growing season. However, when the temperature dependence is considered,

the COS production capacity in the growing season (before DOY 130) must be higher than after

harvest to account for the high fluxes under relatively low soil temperatures (< 20◦C) in this

period (Figure 2.5a and Table 2.3). We hypothesize that root production of COS may have peaked

during the late growing season following increased root sulfate uptake during seed ripening [Zhao

et al., 1999], and then decreased during the following senescence stage.
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Surprisingly, to simulate the strong diurnal variability of COS emissions in the senescence and

post-harvesting stages, the high emissions need to be counteracted by continuing COS uptake,

with the same uptake capacity as during the growing season. Without uptake activity, COS would

accumulate in the soil column from high production in the daytime, and still exhibit high emis-

sions at night. An additional contribution to daytime emissions could have come from photo-

chemical production of COS, as observed for SGP soil in lab incubations [Whelan and Rhew, 2015].

However, this would only be a minor component since the maximum photochemical production

rate translated to a per area basis was around 2 pmol m−2 s−1, less than 10% of the observed

diurnal variability. In addition, photochemical production would not have affected the fluxes

measured inside the chamber because it was opaque. However, it may have affected the fluxes

measured at the ecosystem scale [Billesbach et al., 2014;Maseyk et al., 2014]. Hence, photochemical

production will be included in a future model version.

2.3.2 Evaluation against data from the oak woodland soil (SR)

The observation period at SR started with a rain event, and thus at high LWC. We set the starting

LWC to 0.32 g g−1 to fit the observed high uptake fluxes, and simulated a rapid water loss (Figure

2.8b) due to strong evaporation at typically warm and sunny conditions. The LWC was assumed

to decrease to 0.06 g g−1 following an exponential decay function. This assumption fits well with

the observed fluxes, both for the diurnal variations and the overall trend (Figure 2.6). As an alter-

native, we used a scenario with slowly decreasing LWC (Figure 2.8b), or assuming no litter flux at

all. In the first case, the uptake during the dry period was overestimated, whereas the no-litter

flux scenario did not reproduce the general trend, even after soil uptake capacity was increased

by 10-fold to compensate for the missing litter uptake (Figure 2.8a). The soil moisture change in

this period was not strong enough to drive the overall trend from strong uptake to weak uptake.

The simulated COS profiles show that the presence of litter layers on top of the soil reduces the

COS supply available to the soil, especially when there is strong uptake in the litter layers, thus
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Figure 2.6: (a) Observed COS fluxes (black) and modeled COS fluxes (red) at the Stunt Ranch site.

(b) Surface soil temperature and moisture at the site during the same period. (c) Model vs. data

for COS fluxes.

limiting the contribution of soil uptake to the overall surface uptake (Figure 2.7b). When LWC is

low and litter uptake is weak, this limiting effect is not significant.

2.4 Discussion

2.4.1 Sensitivity tests: diffusion-controlled uptake

Laboratory studies have found that soil COS uptake has an optimum at 19–30% water-filled pore

space fraction (WFPS) and approaches zero asWFPSbecomeshigher [Kesselmeier et al., 1999;VanDi-

est and Kesselmeier, 2008]. We conducted a set of idealized simulations to find what factors control

such dependence. Based on model results, the shape of the surface flux vs. soil moisture curve
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is the net result of two competing effects: with increasing soil moisture, the higher microbial

activity is counteracted by stronger diffusion limitation. The resultant surface COS uptake has

an optimum value of 20% WFPS, much lower than the optimum value of microbial uptake per se

(Figure 2.9). The shape of the microbial activity curve is not important at high soil water content

where the diffusion limitation is dominant.

We also show that for diffusion-controlled, concentration-dependent uptake, the surface flux

does not increase linearly with soil COS uptake capacity (VSU,max), but follows a logarithmic re-

lationship (Figure 2.10). Hence, if we can constrain the range of soil COS uptake capacity from

laboratory experiments, the uncertainty in fluxes arising from this parameter would not be dom-

inant. The non-linear increase also shows that empirical methods that assume a linear response
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Figure 2.8: (a) Simulated COS fluxes at the Stunt Ranch site for three scenarios, compared with

the observations: fast decreasing litter moisture (red), slowly decreasing litter moisture (light

brown), and no litter flux but 10x soil uptake (light blue). (b) Changes in litter water content for

the fast loss (solid) and slow loss (dashed) scenarios.

of fluxes to soil COS uptake capacity would not give accurate results.

2.4.2 Advantages of a depth-resolved model

One of the main advantages of using a depth-resolved model is that it enables the analysis of

changes in uptake and production capacities over time, or between sites. For example, an unex-

pected finding was that the production capacity parameter at SGP needed to be decreased after

the senescence stage (from 1 × 10−10 to 3.3 × 10−11 mol m−3 s−1, Table 2.3). Surface COS emis-

sions strongly increased after senescence, but were associated with much higher temperatures.

The post-senescence decrease in production capacity indicates that soil COS production may be

related to plant activity. We also found that during the period of strong surface COS emissions

after the harvest at SGP, the pronounced diurnal variations required the same soil COS uptake

38



0.0 0.2 0.4 0.6 0.8 1.0
Water−filled pore space fraction

0.000

0.001

0.002

0.003

0.004

0.005

M
icr

ob
ia

l C
O

S 
tu

rn
ov

er
 ra

te
 (s

<1
)

0

5.0×10−7

1.0×10−6

1.5×10−6

2.0×10−6

CO
S 

di
ffu

siv
ity

 in
 s

oi
l (

m
2  s

<1
)

−1.5

−1.0

−0.5

0.0

So
il C

O
S 

flu
x 

(p
m

ol
 m

<2
 s

<1
)

T=15°C

T=13°C

T=20°C

T=22°C
T=15°C

T=13°C

T=20°C
T=22°C
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andVSU,max = 10−2molm−3 s−1 as in Eq. (2.21). Soil porosity is set at 0.35m3m−3, andTopt is about

13°C. Only soil COS uptake activity is included in these simulations. Also shown are the twomodel

variables that dominate the simulated flux response, the effective soil COS diffusivities (blue) and

microbial COS uptake turnover rates (green) at the same soil temperatures. Note they-axis of soil

COS flux is reversed to show the uptake.

capacity as during the growing season, indicating that soil COS uptake does not directly depend

on plant activity. Soil COS uptake could be partly abiotic [Liu et al., 2008, 2010b] or largely due to

microbial activity [Kesselmeier et al., 1999], but even in the latter case may not respond quickly to

changes in plant cover.

The uptake and production parameters that best fit at each site and during distinct phenological

periods can be obtained by optimization procedures used with a particular soil dataset, another

significant advantage of a depth-resolved model. Given reasonable initial guesses of the uptake

and production parameters, the optimization runs iteratively over the data with the gradient

descent or Newton’s method until the minimal sum of square errors is attained. An example of
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Figure 2.10: An idealized numerical experiment to test the sensitivity of COS flux to soil COS

uptake capacity, with θsat = 0.35 m3 m−3, θw = 0.07 m3 m−3, soil temperature at 15°C, and

ambient COS concentration at 500 pmol mol−1. Note that the x-axis is in logarithmic scale and

they-axis is reversed for showing COS uptake.

data optimization applied to the SR dataset is in Sun et al. [2016].

We found that soil COS uptake is largely determined by activity in the top 10 cm of the soil. For

each layer, we calculated how much the surface uptake would increase as a result of increasing

the COS uptake capacity (VSU,max) in that layer by a factor of 10 (Figure 2.11). Surface uptake is

sensitive to VSU,max changes in the top 10 cm, even though the layer sizes are the smallest, but

not sensitive to changes below 10 cm. Thus, physical parameters in the top layers of the soil are

most important for soil COS fluxes. On the other hand, it also means that information on sources

and sinks of COS in the deeper soil cannot be obtained from surface flux measurements.
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Figure 2.11: Increase of surface COS uptake (in percentage) from 10-fold changes of VSU,max at

each depth. The black line shows the changes for an uptake-only case (VSU,max = 10−2 mol m−3

s−1), while the red line shows the changes when both uptake and source activities are included

(VSU,max = 10−2 mol m−3 s−1,VSP,max = 10−11 mol m−3 s−1, but the soil is still a sink). Soil condi-

tions are the same as for Figure 2.10.

2.4.3 Which biome-specific parameters are needed for a global simulation?

The COS fluxmodel can be integrated intomore comprehensive land surfacemodels (e.g. CLM4.5

and SiB3) to simulate global fluxes. Soil temperature and moisture are usually generated from

prognostic equations in these models. Litter layers would need to be added as they are often not

represented separately but embedded in soil layers as soil organic carbon (e.g. in CLM4.5). Sev-

eral parameters may be biome-specific: (1) the uptake and production capacities of COS (VSU,max,

VSP,max); (2) the optimum temperature and moisture of soil COS uptake (Topt, wopt); (3) the Q10

parameter of COS production from microbial, root, or abiotic sources; and (4) the function form
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of litter COS uptake.

TheVmax parameters should be controlled by microbial biomass and enzyme content in the soil,

which in turn are related to soil physical state and organic carbon content. These parameters

can be estimated by optimizing model results against field data. The Topt and wopt parameters

can be determined from laboratory experiments, and extended to soils in similar environments,

considering that they are likely related to local climate regimes and soil hydrology. Root COS

production as a function of temperature needs to be determined from laboratory experiments.

More studies are also needed to constrain litter COS fluxes, and how they change with litter type,

level of litter degradation, and litter moisture content and temperature. With more field obser-

vations and lab incubations, we expect a database of these parameters in different biomes will be

constructed for regional and global simulations of soil COS fluxes.

2.5 Chapter conclusion

This study presents a mechanistic diffusion-reaction model coupling physics and biogeochem-

istry to simulate soil COS flux, as well as its evaluation with field data. The model explicitly ac-

counts for diffusion in the soil column, COS production, and COS exchange in the litter layer. The

model reproduced well the observed fluxes at two sites, and has enabled us to gain novel (and

unexpected) insights such as the higher COS production capacity at SGP during the growing sea-

son despite lower soil COS emissions, and the continuing COS uptake capacity required to partly

counteract the large COS emissions at SGP after harvest. We also demonstrate that diffusionmust

be considered to accurately simulate surface COS fluxes. Diffusion control on surface uptake is

evident in its sensitivity to soil water content, and the sub-linear response of uptake flux to soil

COS uptake capacity. For large-scale simulations of soil COS fluxes, further lab and field studies

are needed to establish a database of soil and litter COS uptake and production capacities and

parameters for typical soil types across key biomes.
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2.6 Supplement

2.6.1 List of variables and parameters

Table 2.4: List of variables and parameters.

Value and unit Description Reference

Physical and biological constants

Dm 1.337 × 10−5 m2 s−1 COS-air mass diffusivity at 25°C Massman [1998]; Seibt

et al. [2010]

Tref 298.15 K Reference temperature

R 8.3145 J K−1 mol−1 Universal gas constant

kH(T ) mol mol−1 Henry’s law constant of COS This study, data from

Elliott et al. [1989]

Km 1.9 mol m−3 Michaelis-Menten constant for

COS hydrolysis by carbonic an-

hydrase

Ogawa et al. [2013]

Soil and litter properties

θa m3 m−3 Volumetric air content

θw orw m3 m−3 Volumetric water content

θsat m3 m−3 Soil porosity

θlit 0.94 m3 m−3 Litter porosity

continued on the next page
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continued from the previous page

Value and unit Description Reference

θFC m3 m−3 Field capacity Or and Wraith [2002]

T K Soil or litter temperature

TS K Slowly varying component of

soil temperature

TF K Fast varying component of soil

temperature

TL K Litter temperature

wL g g−1 Litter water content

D m2 s−1 COS diffusivity in soil Moldrup et al. [2003]

zT m Damping depth for diurnal tem-

perature waves

αT m2 s−1 Soil thermal diffusivity Peters-Lidard et al.

[1998]; Johansen [1975]

COS solubility model

µg J mol−1 Chemical potential of COS in gas

phase

µaq J mol−1 Chemical potential of COS in

aqueous phase

µ	g J mol−1 Chemical potential of COS in gas

phase under a chosen standard

condition

continued on the next page
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continued from the previous page

Value and unit Description Reference

µ∗aq J mol−1 Chemical potential of COS in

aqueous phase under a chosen

standard condition

cg mol m−3 Gaseous concentration of COS

caq mol m−3 Aqueous concentration of COS

ϕ dimensionless Fugacity coefficient

γ dimensionless Activity coefficient

p atm Partial pressure of COS

p	 1 atm Standard pressure

T0 273.15 K Standard temperature

x dimensionless Molar fraction of COS in aque-

ous phase

ρw 1 × 103 kg m−3 Density of water

Mw 18.016 g mol−1 Molar mass of water

kH,xp atm−1 Henry’s law constant of COS

kH,cc mol mol−1 Henry’s law constant of COS (di-

mensionless)

∆solHm J mol−1 Standard partial molar enthalpy

of COS dissolution

α dimensionless Fitting parameter

continued on the next page
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continued from the previous page

Value and unit Description Reference

β dimensionless Fitting parameter

Fluxes and model parameters

FSL pmol s−1 kg−1 dry

weight

COS fluxes from litter incuba-

tion

U mol m−3 s−1 Soil COS uptake term

P mol m−3 s−1 Soil COS production term

C mol m−3 COS gaseous concentration pro-

file

kL 11.56 Factor for moisture dependence

of litter COS uptake

Sun et al. [2016]

VLU,max 1.68 × 10−3 mol m−3

s−1
Litter COS uptake capacity Sun et al. [2016]

VLP,max 1.33×10−11molm−3

s−1
Litter COS production capacity Sun et al. [2016]

VSU,max mol m−3 s−1 Soil COS uptake capacity

VSP,max mol m−3 s−1 Soil COS production capacity

2.6.2 The effect of aqueous diffusion

To demonstrate quantitatively that aqueous diffusive flux is small compared to gaseous diffusive

flux, we assume a soil column of vertically uniform profiles of porosity, temperature and mois-
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ture,

θsat = 0.50 m3 m−3

T = 25◦C

θw = 0.25 m3 m−3

The factor b in Eq. (2.13) in the main text is set to 5.3 here, without losing generality. The

soil gaseous diffusivity for COS calculated based on Eq. (2.13) in the main text is, Dg = 5.64 ×

10−7 m2 s−1. The molecular aqueous diffusivity for COS calculated from Ulshöfer et al. [1996] is

Dm,aq = 1.94× 10−9m2 s−1. Then by counting the tortuosity effect using Eq. (2.3) inMoldrup et al.

[2003], we obtain the actual soil aqueous diffusivity for COS,Daq = 7.13 × 10−11 m2 s−1.

We consider the steady-state COS flux of the soil (i.e. ∂C/∂t=0) with a sink proportional to the

concentration and no production term. We obtain the equation,

D
d2C
dz2
= −S = kC (2.28)

with the boundary conditionC(z = 0) = Catm. We obtain the general solution,

C(z) = Catm exp(−
√
k/D · z) (2.29)

The surface flux is thus

F = −D
dC
dz

���
z=0
=
√
kDCatm (2.30)

which is proportional to
√
D. We can then calculate the ratio of aqueous diffusive flux (Faq) to

gaseous diffusive flux (Fg),

Faq

Fg
=

√
Daq

Dg
= 0.0112 (2.31)

Undermost conditions, the aqueous diffusive flux is a small fraction of the total flux (Figure 2.12).

Hence, any errors from neglecting aqueous diffusion are usually small (< 10% at water filled pore

space below 83%), except at high soil moisture when the overall flux also tends to be small (see

Figure 2.9).
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Figure 2.12: The ratio of aqueous flux to gaseous flux for an ideal case with soil porosity 0.50 m3

m−3. COS uptake velocity is assumed constant.
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CHAPTER 3

Litter uptake dominates soil–atmosphere exchange of COS in

a Southern Californian oak woodland

3.1 Chapter introduction

Carbonyl sulfide (COS), a trace gas in the atmosphere (∼484 pmol mol−1), has been recently rec-

ognized as a promising indicator of gross photosynthetic carbon flux in terrestrial ecosystems

due to its close coupling with CO2 during leaf uptake [Montzka et al., 2007; Campbell et al., 2008;

Asaf et al., 2013; Berry et al., 2013]. This coupling is a result of co-diffusion of CO2 and COS into leaf

stomata [Sandoval-Soto et al., 2005; Seibt et al., 2010; Stimler et al., 2010a], and subsequent hydrolysis

mediated by carbonic anhydrase (CA) enzymes [Protoschill-Krebs and Kesselmeier, 1992; Protoschill-

Krebs et al., 1996; Schenk et al., 2004; Notni et al., 2007]: COS + H2O→ H2S + CO2. This hydrolytic

reaction can also happen in soils, complicating the link between ecosystem COS and CO2 uptake.

The global biogeochemical cycle of COS is predominantly driven by vegetation and soil micro-

bial uptake, and production from ocean biogenic activities and photochemical reactions [Kettle

et al., 2002; Berry et al., 2013]. Other known significant COS sources include anthropogenic emis-

sions [Campbell et al., 2015] and biomass burning [Campbell et al., 2015; Blake et al., 2004; Montzka

et al., 2007], both of which are much smaller than the vegetation sink. The seasonal amplitudes

of atmospheric COS and CO2 concentrations in the northern hemisphere are highly correlated

[Montzka et al., 2007]. Regional atmospheric drawdown and ecosystem and leaf-level fluxes of COS
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and CO2 also exhibit strong covariation [Campbell et al., 2008; Asaf et al., 2013; Stimler et al., 2010a].

The COS-based GPP tracer approach is promising because COS plant uptake appears to dominate

the continental COS budget. However, other continental sources and sinks, in particular those in

soils, need to be better understood to develop a robust tracer approach.

The catalytic reaction between COS and CA enzymes in soils is indicated by the reduced COS up-

take after treatment with CA inhibitor [Kesselmeier et al., 1999], and by the oxygen isotope sig-

natures of soil CO2 efflux [Seibt et al., 2006; Wingate et al., 2009]. Soil COS uptake is a function of

temperature, soil porosity and water content, with different optimum temperatures and water

contents identified for a range of soils in laboratory experiments [Kesselmeier et al., 1999; Van Diest

and Kesselmeier, 2008; Whelan et al., 2016]. In field studies, soil COS uptake has been observed in

a handful of ecosystems. Soil uptake rates of COS measured in the field are mostly in the order

of 1–10 pmol m−2 s−1 [Castro and Galloway, 1991; Simmons et al., 1999; Yi et al., 2007; Berkelhammer

et al., 2014;Maseyk et al., 2014]. Larger soil uptake rates have been observed in an oak woodland in

northern California but were likely biased by pressure-driven advection [Kuhn et al., 1999]. Leaf

litter also acted as a COS sink [Kesselmeier and Hubert, 2002; Berkelhammer et al., 2014], contribut-

ing a significant fraction of surface fluxes in a subtropical forest [Yi et al., 2007]. Although the

majority of observations have shown that soils generally behave as COS sinks, the presence of

a compensation point [Kesselmeier et al., 1999; Conrad and Meuser, 2000; Liu et al., 2010a] indicates

that COS may also be produced in the soil. Net emissions of COS have been observed in a wheat

field soil at high temperature [Maseyk et al., 2014] and samples from a range of other oxic soils

[Whelan et al., 2016], and in anoxic soils such as peatlands, salt marshes and flooded paddy fields

[de Mello and Hines, 1994; Li et al., 2006; Yi et al., 2008, 2013;Whelan et al., 2013].

However, most of the field studies were conducted using sparse sampling, limiting our ability to

link COS fluxes to environmental and biological factors. Therefore, soil COS fluxes have been ei-

ther assumed to be negligible [Asaf et al., 2013], or empirically parameterized from soil respiration

and moisture [Berry et al., 2013] or H2 fluxes [Launois et al., 2015a]. Litter fluxes have rarely been

quantified separately in the field [Berkelhammer et al., 2014], and not included yet in any budget
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or modeling studies.

Here we analyze the response of soil and litter COS fluxes to environmental conditions during

a 40-day field campaign in an oak woodland in southern California in spring 2013. We quantify

the contributions of litter uptake to the net surface fluxes of both COS and CO2 using a depth-

resolved diffusion-reaction model that includes an interactive litter layer [Sun et al., 2015]. Our

study addresses a crucial gap in closing ecosystem COS budgets, an important step towards a

COS-based carbon flux partitioning approach.

3.2 Methods and materials

3.2.1 Field site

We conducted measurements from 1 April to 11 May 2013 (DOY 91–131) at the Stunt Ranch UC

Reserve (34◦05′38′′ N, 118◦39′26′′W, 397 m above sea level) in the Santa Monica Mountains, Cali-

fornia. The study site was in a mediterranean oak woodland dominated by coast live oak (Quercus

agrifolia). The soil is a gravelly loam [USDA Natural Resources Conservation Service, 2014], covered by

a 2–6 cm thick layer of leaf litter. Annual rainfall was about 180mm in 2012–2013, mostly received

during the winter, and average annual temperature is 19◦C (July: 24◦C, January: 14◦C). The site

has large interannual variability in precipitation. Rainfall was observed on 31 March (DOY 90, 2

mm) and 5–6 May (DOY 125–126, 13.5 mm, see Figure 3.7, Supplement).

3.2.2 Experimental setup

Amid-infraredquantumcascade laser (QCL) spectrometer (AerodyneResearch Inc., Billerica,MA)

was used to measure COS, CO2 and H2O concentrations. The RMS noise (1 σ ) at 1 Hz was 3–5
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pptv for COS. Flow through the instrument was maintained by a TriScroll 600 pump (Agilent

Technologies) connected to the analyzer by a 1′′ vacuum line. The analyzer was housed in a small

shed that was ventilated but not temperature controlled. To account for instrument drift due to

temperature changes, we implemented frequent background calibrations (every 15minutes)with

dryN2 as the zero gas, and corrected the drift linearly in all calculations (section 3.6.2). A solenoid

valve at the analyzer inlet was actuated to switch from the sampling line to the background/zero

gas. Due to insufficient background correction, the measured gas concentrations were affected

by instrument drift on 1–2 April (DOY 91–92). The calculated chamber fluxes were not affected

because they are based on relative concentration changes.

We deployed two chambers for soil flux observations. The chambersweremodified versions of LI-

8100 long-term soil chambers (LI-COR Biosciences Inc., Lincoln, NE), with custom-made stainless

steel chamber bowls and collars. A third, identical chamber was used as a blank control cham-

ber by sealing the bottom with FEP Teflon film (see SI for details on uncertainty estimates). Soil

chamber 1 (SC1) was placed 4.5 m away from a coast live oak tree, SC2 was 0.5 m away from the

tree, and underneath the tree canopy. The litter layer was 2 cm thick in SC1, and 6 cm thick in

SC2. We kept the litter in the chambers intact as much as possible. The soil chambers were con-

nected to the COS analyzer via 1/4′′ sampling lines (Synflex tubing). Teflon filters (1 µmMillipore

Millex) were placed at each chamber sampling line and at the analyzer inlet to prevent particle

contamination. To keep all sampling lines flushed at all times, a second dry scroll pump (IDP3,

Agilent) was used to provide bypass flow for the lines not directed into the QCL. The bypass flow

was directed via 1/4′′ Dekabon tubing back into the chambers to provide the incoming air for the

chamber measurements. The flow rate of the incoming air was adjusted with needle valves to

provide slightly more flow (0.1 to 0.2 slm) into the chamber than pulled through the outlet. The

open vent on top of the chamber provided sufficient release for the small additional incoming

flow to maintain ambient pressure inside the chamber.

Flow rates in the sampling lines were monitored with flowmeters (Honeywell AWM5104VN). We

also measured atmospheric temperature and humidity (Vaisala HMP 45 AC probes), chamber air
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temperatures (type T thermocouples, PFA coated), and soil temperatures and volumetric soil wa-

ter content (SWC) in the upper 5 cm (Stevens Hydra Probe II, Stevens Water Monitoring Systems

Inc., Portland, OR). A datalogger (CR1000, Campbell Scientific Inc., Logan, UT) was used to control

the opening and closing of chambers, and switching of solenoid valves to select sampling lines,

and record sensor data. Chambers were sampled in 15-minute intervals, with zero offset correc-

tion at the start of each interval. Chambers were closed for 8 min, with the transient changes in

chamber air concentrations monitored by the QCL. Before and after chamber closure, the air in

the open chamber wasmeasured for 2min each. Chamber fluxes were calculated from the differ-

ence between the transient changes and the incoming air concentrations interpolated from the

two open chamber measurements (see Figure 3.8, Supplement). Each soil chamber was sampled

once per 90-minute period (before DOY 116) or per 120-minute period (after DOY 116).

3.2.3 Litter incubation experiments

To constrain the litter fluxes, we conducted two litter incubation experiments from 7–9 and 9–11

May (DOY 127–129, 129–131). Litter samples were collected from the area between the two soil

chambers and from a similar footprint to the chambers, placed in SC3, and measured as part of

the sampling sequence. The samples as well as in-situ litter content of the soil chambers were

then collected for laboratory analysis of litter wet and dry weight (Table 3.2, Supplement).

Litter fluxes of COS (FSL, pmol kg−1 s−1) and CO2 (FCL, µmol kg−1 s−1, both per unit litter dry

weight) were assumed to be functions of litter temperature (TL, K, approximated by the air tem-

perature in the incubation chamber) and litter water content (wL, g water g−1 litter). Changes in

water content of the litter samples were calculated by integrating litter water fluxes over time.

We formulated nonlinear regression models for litter COS and CO2 fluxes (see section 3.6.3):

FSL(wL,TL,CS,a) = VSLU,max · sinh(kSLwL) · kH,S(TL) ·CS,a +VSLP,max · exp[kT (TL −Tref )] (3.1)

FCL(wL,TL) = VCLP,max · sinh(kCLwL) · exp
[
−
ERL
R

(
1
TL
−

1
Tref

)]
(3.2)
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whereVSLU,max (m3 kg−1 s−1) andVSLP,max (pmol kg−1 s−1) are the baseline rates of litter COS up-

take and production (i.e. uptake/production capacity), VCLP,max (µmol kg−1 s−1) is the baseline

rate of litter respiration (i.e. CO2 production capacity), kT (K−1) is the temperature dependence

factor for COS production which is equivalent to Q10 = 1.9 (see section 3.6.3), Tref = 25◦C is a

reference temperature, kSL and kCL (both dimensionless) are moisture limitation factors for COS

uptake and CO2 production, ERL (J mol−1) is the activation energy of litter respiration, and kH,S

(dimensionless) is the Henry’s law constant for COS.We obtained a new equation forkH,S(T ) from

a fit to empirical data [Elliott et al., 1989]:

kH,S(T ) = (T /K) exp
(
α +

β

T /K

)
(3.3)

with parameters α = −20.00, β = 4050 [Sun et al., 2015]. The term kH,S(T ) is applied to the

ambient concentration,CS,a (pmol m−3), to get the aqueous concentration of COS, since COS hy-

drolysis typically occurs in the aqueous phase. Hyperbolic functions are chosen for moisture

dependence so that fluxes approach zero in completely dry conditions. Outliers were excluded

from the regression of litter fluxes by using Cook’s distance statistic [Cook, 1977]. The fit param-

eters from Eqs. (3.1) and (3.2) were then used to parameterize litter fluxes in the soil–litter flux

model described below.

3.2.4 Litter and soil environmental variables

Litter porosity was estimated to be 0.94 (section 3.6.4). The litter water content was calculated by

integrating litter water fluxes frommultiple regressions of litter incubation data (Figure 3.12 and

3.13, Supplement). Due to the lack of direct field data, the initial litter moisture and that after

the second rain (DOY 126) was set to about half of the observed litter water content at saturation

(Table 3.6) to fit the observed COS fluxes and the litter water content measured prior to the litter

incubations.

Soil porosity was measured as 0.35 m3 m−3. At the soil–litter interface, porosity values were in-
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terpolated to prevent numerical instability caused by discontinuity. Soil temperature and mois-

ture profiles were parameterized from the values measured at 5 cm depth. We assume that the

temperature variations are a superposition of fast varying diurnal sine waves and slowly varying

background signals [Van Wijk and de Vries, 1963]. Temperatures of deeper soil that are not mea-

sured are constructed by superposing the background signals with depth-damped, phase-lagged

diurnal variations (section 3.6.5 and Figure 3.15, Supplement). We assumed that soil water con-

tent is 0.20 m3 m−3 at 1 m depth, corresponding to typical field capacity of loamy soils [Or and

Wraith, 2002]. Soil water content profiles were constructed from data collected at 5 cm depth

assuming a smooth increase with depth (Figure 3.14 and Table 3.7, Supplement).

3.2.5 Modeling surface (soil + litter) fluxes

We use a depth-resolved diffusion–reaction model to simulate surface COS and CO2 fluxes from

soil parameters and environmental variables, with flux activity in the litter included. A detailed

description and evaluation of the COS model is presented in Sun et al. [2015]. Briefly, the model

evaluates COS profiles accounting for vertical diffusion and local sources and sinks. The source

and sink terms are related to temperature and moisture in each soil/litter layer. Here we incor-

porate a CO2 model with the same structure as the COS model but its own production terms.

Briefly, the soil COS sink term is parameterized as the soil COS uptake capacity (VSSU,max, mol m−3

s−1) multiplied by temperature and moisture limitation functions [Sun et al., 2015]. The soil COS

production term is the COS production capacity (VSSP,max, mol m−3 s−1) modified by an exponen-

tial temperature function withQ10 = 1.9 [Sun et al., 2015;Maseyk et al., 2014].

For CO2 fluxes, the soil CO2 source term is,

PC(T ,wS, z) = VCSP,max · fC(T ) ·wS/w0 · exp(−z/zD) (3.4)

whereVCSP,max (mol m−3 s−1) is the CO2 production capacity, fC(T ) is the temperature limitation
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function,wS/w0 is the linear moisture dependence function withw0 = 0.10, and zD = 0.2 m is

assumed for the exponential decay depth for the CO2 production profile. The temperature de-

pendence fC(T )was adapted from the widely usedmodified Arrhenius equation [Lloyd and Taylor,

1994], but was normalized so that fC(Tref = 25◦C) = 1. The Vmax parameters (VSSU,max, VSSP,max

and VCSP,max) are optimized by minimizing the sum of square errors (SSE) cost function (model

result vs. observations) with the gradient descent or Newton’s method.

Litter source and sink terms of COS and CO2 are described in Eqs. (3.1) and (3.2). For model im-

plementation, the litter COS uptake and production capacities (VSLU,max and VSLP,max) and CO2

production capacity (VCLP,max) were converted from per unit litter dry weight to per unit volume

of litter (mol m−3 s−1) using the litter dry bulk density (31.3 kg m−3, see section 3.6.4).

3.3 Results

3.3.1 Surface (soil + litter) fluxes

During the campaign, both observed surface areas behaved primarily as net COS sinks, with fluxes

from −6.3 to +3.0 and from −7.9 to +2.5 pmol m−2 s−1 in chambers 1 and 2, respectively, and an

overall mean flux of −1 pmol m−2 s−1 (Table 3.1 and Figure 3.1a). Net emissions were observed in

15% of measurements, mostly associated with soil temperatures above 15◦C (Figure 3.17a, Sup-

plement). Larger emissions (> +1 pmol m−2 s−1) were only observed in 1% of cases.

The overall trends of surface COS fluxes in the two chambers were very similar, and generally

followed changes in soil moisture (Figure 3.1). COS uptake was strongest after rain events, peak-

ing at −6 to −8 pmol m−2 s−1, and gradually decreasing to about −1 pmol m−2 s−1 within 10

days after the rain. The peak COS fluxes in both chambers lagged the rain event on DOY 126 by

approximately 1 day. The diurnal variations of COS fluxes resembled those in soil temperature
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Figure 3.1: Observed surface fluxes of COS (a) and CO2 (b) measured in two soil chambers at an

oak woodland in southern California in spring 2013 (1 April to 11 May, DOY 91–131), with soil

temperatures and volumetric soil water content (c). Shaded areas are 95% confidence intervals

of fluxes, including uncertainty estimates from blank chamber measurements (see SI). Arrows

indicate two rain events and a heat wave. Note that SC1 had much less litter and was farther

from the tree than SC2.
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(Figure 3.2c), and were small compared to the long-term variations. Diurnal amplitudes of COS

fluxes were smallest during the dry period. CO2 fluxes showed broadly similar temporal patterns

as COS fluxes (Figure 3.1b). In contrast to the COS fluxes, however, the CO2 fluxes were very dif-

ferent between the two chambers, probably due to root respiration as SC2 was located next to a

tree.

For both chambers, net COS uptake increased exponentially with soil water content (SWC), with

a similar shape of the SWC response (Figure 3.2a). Surprisingly, the two curves appear shifted

along the SWC axis, indicating that changes in the surface COS flux are related to soil moisture

variations but soil moisture is not the main driver of the COS fluxes at our site (see discussion).

Net COS and CO2 fluxes were negatively correlated in both chambers (Figure 3.2b), consistent

with previous observations [Yi et al., 2007; Berkelhammer et al., 2014].

3.3.2 Litter fluxes

In both incubation experiments, the leaf litter of coast live oak was mostly a net COS sink, with

fluxes ranging from −4.3 to +1.3 pmol s−1 kg−1 dry weight (Figure 3.3a), and a source of CO2

(Figure 3.3b). Litter COS uptake and CO2 production decreased as the litter was drying over time

(fluxes in Figure 3.3 are plotted vs. litter moisture). Based on nonlinear fits (Eqs. 3.1 and 3.2),

we found a strong relationship between COS and CO2 fluxes and litter moisture, but only a weak

correlation with temperature. Deviations from the fit were observed below 15◦C at night (Fig-

ure 3.3) and associated with high relative humidity, probably due to dew formation on the litter

surface. Dew formation would result in increased litter moisture not detected by our water flux

measurements. COS uptake and CO2 production were well correlated (Figure 3.10, Supplement),

with stronger correlation when chamber air temperature was below 15◦C (r = −0.77). At higher

temperature, the correlation between the fluxes was weaker (r = −0.65) as litter CO2 fluxes had

a stronger temperature response than COS fluxes.
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Figure 3.2: The observed surface COS fluxes appear to have different relationships with soil water

content (a) for the two soil chambers, although the overall shape of the SWC response is similar

for both chambers. Surface COS uptake is positively correlated with CO2 efflux in both chambers

(b). Data points are colored for soil temperatures.
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Figure 3.4: Modeled surface (soil + litter) COS (a–b) and CO2 (c–d) fluxes (red) in the two soil

chambers agree well with observations (black) during most of the campaign (panel insets show

modeled vs. observed fluxes). Also shown are the fluxes simulated at the litter-soil interface,

i.e. resulting from soil-only gas exchange (blue).
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Table 3.1: Summary of observations and model results for chamber fluxes

SC1 SC2

Max. surface COS flux (pmol m−2 s−1) 2.95 2.47

Min. surface COS flux (pmol m−2 s−1) −6.33 −7.85

Mean surface COS flux (pmol m−2 s−1) −1.13 −1.43

Mean surface CO2 flux, observed (µmol m−2 s−1) 0.54 1.19

Mean soil water content (m−3 m−3) 0.138 0.035

Litter thickness (cm) 2 6

Mean modeled surface COS flux (pmol m−2 s−1) −1.02 −1.28

Mean modeled surface CO2 flux (µmol m−2 s−1) 0.63 1.13

RMSE of modeled COS fluxes (pmol m−2 s−1) 0.85 0.83

RMSE of modeled CO2 fluxes (µmol m−2 s−1) 0.49 0.63

Pearson correlation, model vs obs. COS fluxes 0.801 0.884

Pearson correlation, model vs obs. CO2 fluxes 0.436 0.717

Range of modeled litter COS fluxes (pmol m−2 s−1) −5.95 to +0.25 −6.85 to +0.74

Mean modeled litter COS flux (pmol m−2 s−1) −0.58 −1.10

Mean litter contribution to COS soil + litter uptake 56.9% 85.7%

Mean litter contribution to COS soil + litter uptake,

first 5 days (after rain)

83.5% 95.6%

Mean modeled litter CO2 flux (µmol m−2 s−1) 0.21 0.51

Mean litter contribution to CO2 emissions 34.2% 44.8%

Mean litter contribution to CO2 emissions, first 5 days

(after rain)

71.7% 74.2%
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3.4 Discussion

3.4.1 Litter is a major contributor to surface COS fluxes

Using the depth-resolved model to quantify the contributions from litter and soil to net surface

fluxes (Figure 3.4), we found that litter uptake accounted for the majority of COS fluxes during

wet periods, and nearly the entire flux for SC2 (Table 3.1 and Figure 3.5). During the dry period,

litter still contributed substantially to fluxes in SC2 but very little in SC1. The net surface COS

fluxes should therefore be plotted against the litter moisture as the relevant parameter in Figure

3.2a. Since we did not record continuous litter moisture data, the fluxes are plotted against soil

moisture that has similar changes over time, but the plots appear shifted since the soil moisture

was significantly lower in SC2 throughout the campaign.

Several factorsmay explain the stronger role of litter fluxes in SC2. Since SC2was located directly

under the large tree, it had a much thicker litter layer than SC1 (6 cm vs. 2 cm) and hence more

litter COS uptake. The litter in SC2 should also have a lower rate of water loss because of the in-

sulating effect of the thicker layer, and due to the lower temperatures (Figure 3.1c) in its shaded

location next to a tree. The resulting higher litter moisture in SC2 during the dry period is repre-

sented in the model (Figure 3.13, Supplement). The stronger COS uptake in the thicker and more

humid litter in SC2 then leads to a stronger COS drawdown across the litter layer so that less COS

reaches the soil (Figure 3.18, Supplement). In addition, SC2 had lower soil moisture due to water

uptake by the roots of the nearby tree. The soil under SC2 should therefore have lower microbial

activity due to the lower moisture, and additionally lower microbial COS uptake due to the lower

soil COS concentration. However, the stronger litter COS uptake more than compensates for the

lower soil uptake in SC2, particularly during wet periods. In oakwoodlands and other ecosystems

with a sparse or open canopy, we thus expect overall stronger, andmore litter-dominated, surface

COS fluxes near and under the trees than in the inter-canopy space. As discussed below, we also

expect that litter COS uptake plays amajor role in surface COS fluxes, and thus surface COS fluxes
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Figure 3.5: Relative contributions of litter and soil components to dailymean chamber COS fluxes

from model results. Note that emissions were much smaller than uptake fluxes (see Figure 3.4).

Litter and soil fluxes with different signs were normalized against the larger component (e.g. be-

tween DOY 110 and 125).
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to reflect the distribution and timing of litter fall and decomposition across many ecosystems.

The litter in our field incubations had fluxes ranging from−4.3 to+1.3 pmol s−1 kg−1 dry weight

(section 3.2), comparable to litter fluxes of −2.7 to +1.6 pmol s−1 kg−1 dry weight from a beech

forest measured in laboratory incubations [Kesselmeier and Hubert, 2002]. Kesselmeier and Hubert

[2002] also observed increasing litter COS uptake with litter moisture up to approximately 25–

45%, although the litter moisture in our field incubations (10–25%) was at the lower end of their

range. For soil samples from our site, the largest observed COS uptake rate was about 0.3 pmol

kg−1 s−1 from laboratory incubations, with a similar range as measured for samples from other

natural ecosystems [Whelan et al., 2016].

3.4.2 Litter moisture changes drive variations in surface COS and CO2 fluxes

Weobserved strong concurrent increases in surface COS uptake and CO2 emissions after rain (Fig-

ure 3.6). Combining the surface flux and litter incubation data with model simulations indicates

this increase predominantly originated from the litter layer (Figure 3.4), with more than 80% of

COS uptake and more than 70% of CO2 emissions attributed to the litter layer in the first five

days after the rain event (Table 3.1). The response of both fluxes to rainfall is similar to the Birch

effect—the burst of CO2 efflux after rewetting of dry soils [Birch, 1958; Jarvis et al., 2007]. However,

at our site the flux spike was dominated by litter fluxes, with only a minor contribution from soil

fluxes. In addition to the model analysis, our attribution is supported by the fact that the COS

and CO2 fluxes responded simultaneously (Figure 3.6). Secondly, the flux responses in SC2 were

much stronger for both COS and CO2 even though there was very little change in soil moisture

underneath the tree canopy and thick litter layer (Figure 3.1).

Bursts of CO2 emissions from litter following rewetting have been reported from laboratory stud-

ies [e.g. Clein and Schimel, 1994] but their contributions to surface fluxes in natural ecosystems

have not been identified yet. Based on our findings, we propose that leaf litter in the field can
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observed in both soil chambers. The peak fluxes occur with a lagged response, about 1 day after

the rain. Note that the COS uptake is plotted on a reversedy-axis.
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generate a Birch effect similar to that observed in soils. This litter Birch effect can occur even

after light rainfall that is intercepted largely by the aboveground litter, with very little change

in soil moisture. At the ecosystem scale, the rewetting of leaf litter may be an important con-

tributor to the Birch effect observed in ecosystems with drying-rewetting cycles, for example in

mediterranean regions.

The physical destruction of soil aggregates should not play a role in the litter Birch effect, in

contrast to the contribution of this process to the Birch effect in the soil [Denef et al., 2001;Navarro-

García et al., 2012]. In the litter, labile carbon may have accumulated due to other mechanisms

such as photodegradation [e.g. Rutledge et al., 2010; Wang et al., 2015] or the physical breaking up

of leaves. The rapid mineralization of microbial compounds in response to rewetting identified

in the soil [Fierer and Schimel, 2003] could also play a role in the litter. Further research is needed

to identify which of these mechanisms may contribute to the litter Birch effect.

About one day after the rain, both COS and CO2 fluxes show a second increase, with an earlier on-

set in the COS uptake than the CO2 emissions (Figure 3.6). The difference in the timing of the sec-

ond increase is likely due to the higher temperature sensitivity of litter respiration whereas the

enzyme activity responsible for COS uptake appears to be less sensitive to temperature. The time

lag between first and second increase could indicate a sequential resuscitation of fast and slow

responding microorganisms as observed in other ecosystems in California [Placella et al., 2012], or

a sequence of re-activation of microbes from dormancy followed by newmicrobial growth [Fierer

and Schimel, 2003; Blazewicz et al., 2014]. Microbial dynamics will need to be included explicitly to

improve our capacity to simulate COS fluxes in environments with drying-rewetting cycles.

For the litter water content immediately after the rain (not measured), we used a best estimate

of 0.3 g g−1 litter dry weight. This value fits well with the observed litter water content a few

days after the rain (Figure 3.13), and is about half of the measured saturated litter water content

of 0.5 to 0.6 g g−1 (Table 3.6, Supplement). To assess the potential effects of uncertainties in litter

moisture on the litter–soil partitioning of COS uptake, we used an idealized simulation with no
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litter flux and enhanced soil uptake. However, even increasing theVmax for soil COS uptake by an

order ofmagnitude cannot account for the highuptake after the rain because COSuptake does not

respond linearly toVmax, but rather logarithmically as it is limited by diffusion [Sun et al., 2015].

Considering that litter uptake draws down the COS concentration at the litter–soil boundary, it

is even less likely that soil contributes a significant portion to the COS uptake after the rain.

We also observed an increase in COS uptake in both chambers during DOY 103–105, coincident

with decreased soil temperatures andhigh relative humidity (Figure 3.1a, and Figure 3.19, Supple-

ment). This increase was likely caused by the lower soil and litter temperature that reduced COS

production, and possible dew formation on the litter surface that stimulated litter COS uptake.

3.4.3 Implications of litter fluxes for soil chamber measurements

Chambermeasurements of surfacefluxes have beenmade eitherwith the litter layer intact [Castro

and Galloway, 1991; Kuhn et al., 1999; Yi et al., 2007], or with the aboveground litter removed from

treatment plots [Yi et al., 2007]. Litter fluxes have been reported separately in only one study so far

[Berkelhammer et al., 2014]: litter fluxes (−2.04±0.4 pmol m−2 s−1) were nearly identical to litter +

soil fluxes (−2.1±0.2 pmolm−2 s−1), although the bare soil fluxeswere larger (−4.4±0.6 pmolm−2

s−1). Our model simulations provide some insight into the mechanisms that may be responsible

for this pattern. The strong uptake of COS in the litter layer leads to a significantly lower COS

concentration at the litter–soil interface than in the ambient air at the litter surface (see Figure

3.18, Supplement). As enzymatic uptake depends on the COS concentration, the removal of the

litter layer results in a much larger soil uptake flux due to the increased COS concentration in

the soil air. Measuring soil fluxes with the litter removed therefore yields information on the

potential soil uptake rather than the actual soil fluxes. Hence, removing the litter layer may lead

to biases in measured COS uptake and CO2 emissions, particularly in ecosystems with drying-

rewetting cycles. Only during dry periods with small or no litter COS uptake does the litter layer

behave as a diffusion barrier without a large effect on soil fluxes themselves.
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As demonstrated by the results reported here and in Berkelhammer et al. [2014], the COS uptake of

a soil–litter system is typically not the sum of fluxes measured from bare soil and litter samples.

We therefore suggest that future studies report three fluxes: the surface flux from the intact

litter–soil system, the bare soil flux after removing the litter, and the litter flux isolated from

the soil underneath. A depth resolved diffusion-reaction model can then be used to assess the

contributions of litter and soil fluxes to the net surface COS flux [Sun et al., 2015; Ogée et al., 2016].

3.4.4 Dynamics of surface COS exchange in an oak woodland

The surface COS flux is controlled by physical and biological properties of the soil and overly-

ing litter layers. At the Stunt Ranch site, water content was the dominant factor controlling the

long-term trend of surface COS fluxes, whereas diurnal variations were mostly driven by tem-

perature. We hypothesize that surface COS fluxes in ecosystems with seasonal rainfall such as

mediterranean or other semi-arid regions will have pronounced seasonal variations, with peaks

in COS uptake following rain, and weak COS uptake or emissions during the dry season. Strong

variations in the isotopic composition of soil CO2 fluxes have also been reported in semi-arid

ecosystems [e.g. Wingate et al., 2008; Maseyk et al., 2009], indicating moisture-driven variations in

microbial respiration and CA enzyme activity.

Litter phenology is likely another key factor controlling the seasonality of surface COS fluxes.

In mediterranean ecosystems, many drought-deciduous species shed their leaves in the hot, dry

summer period. Microbial activity is severely water-limited during those months, and photo-

chemical degradation plays a major role in litter decomposition [e.g. Austin and Vivanco, 2006].

The air-dried leaf litter accumulated on the ground provides structure and material (dormant

microbial biomass or labile carbon) for the rapid onset of microbial activity after rainfall, i.e. the

litter Birch effect associated with spikes in litter COS uptake. In contrast, in temperate ecosys-

tems litter fall typically occurs in the autumn, andwewould expect enhanced surface COS uptake

around that time. However, litter decomposition then proceeds more gradually as long as there
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is sufficient soil moisture, hence litter COS fluxes should be less variable than in semi-arid sys-

tems. We therefore expect distinct patterns in the seasonality of surface COS fluxes for semi-arid

compared to other ecosystems.

3.4.5 Implications for COS-enabled land biosphere models

Incorporating COS as tracer into biosphere models has the potential to separate the responses of

photosynthesis and respiration at large scales. However, few land surface models represent the

litter as a separate layer even though a significant portion of land area is covered by aboveground

litter [Matthews, 1997]. The lack of a litter layer may bias the net surface COS uptake if soil fluxes

are parameterized from chambermeasurementswhere the litter has been removed. For example,

surface fluxes would be overestimated by a factor of two if based on the soil flux data instead of

the soil + litter data reported in Berkelhammer et al. [2014]. Hence, neglecting litter uptake may

lead to a potentially large bias in estimates of global surface COS fluxes. This would result in an

equally large bias in vegetation COS uptake derived from flux budgets, and be propagated into

the COS-derived gross photosynthetic carbon uptake [seeWhelan et al., 2016].

In addition, our findings indicate that surface COS and CO2 fluxes could be decoupled due to the

effects of litter COS uptake. In the first study using a COS-enabled global biosphere model [Berry

et al., 2013], soil COS uptake was parameterized using the empirical relationship between COS

uptake andmicrobial respiration [Yi et al., 2007] and soilmoisture limitation to diffusion [VanDiest

and Kesselmeier, 2008]. Litter fluxes or soil COS production were not included. We tested two

empirical COS-CO2 relationships [Berry et al., 2013; Berkelhammer et al., 2014] using data from SC1,

and found that they did not capture well the fluxes in the wet period (Figure 3.20, Supplement).

The decoupling result as litter fluxes dominate the net surface COS exchange while both litter

and soil contribute to CO2 emissions. For example, soil CO2 production could proceed with very

little associated COS uptake when a large amount of COS has already been converted in the litter

layer. COS emitted during photodegradation [Whelan and Rhew, 2015] and soil COS production
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[Maseyk et al., 2014] may additionally decouple COS and CO2 fluxes at high solar radiation or soil

temperatures.

Similar to the empirical COS-CO2 relationships, the relationship with H2 deposition that has been

used to parameterize soil COS fluxes [Launois et al., 2015a] is likely an indirect link. In the soil,

H2 is mostly consumed by microbial hydrogenases (e.g. in Streptomycetes spp., see Constant et al.

[2010]), and sometimes by methanogens and sulfate reducers [Conrad, 1996]. These processes do

not appear to be directly linked to CA enzyme activity. Instead, the observed similarities in large-

scale COS and H2 deposition [Belviso et al., 2013] could result from variations in microbial activity

that affect different enzymes and hence both fluxes.

Instead of empirical relationships, depth-resolved models that treat COS as independent tracer

[Sun et al., 2015; Ogée et al., 2016] are better suited for global COS simulations. However, we cur-

rently lack data on many of the model parameters. In our study, we were able to fit a single set

of optimized COS uptake and production parameters for both chambers (Table 3.8, Supplement),

indicating that similar mechanisms determine the flux patterns despite the differences in litter

thickness and soil moisture. The optimized fluxes agreed well with observations in both cham-

bers, which is encouraging for the use of biome-specific sets of parameters in large scale models.

Both chambers also had a similar optimum temperature for COS uptake of around 13◦C (Figure

3.16, Supplement), comparable to a temperate arable soil (15◦C) but lower than boreal soils (25◦C)

in lab incubations [Van Diest and Kesselmeier, 2008]. Temperature optima could be affected by

changes in microbial community as well as varying contributions from different COS-converting

enzymes [Smeulders et al., 2011; Ogawa et al., 2013] that may be present in addition to CA. COSmod-

els would therefore strongly benefit fromdata on enzyme activity linked tomicrobial community

dynamics across biomes and seasons.
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3.5 Chapter conclusion

Our results indicate that litter plays a major role in determining surface COS fluxes in a mediter-

ranean oak woodland. Litter water content was the most important driving factor for litter up-

take, and thus also for net surface COS fluxes. Following a rainfall event, we observed a litter

Birch effect with peaks in both COS and CO2 fluxes, implying a rapid reactivation of litter mi-

crobes after rainfall. Surface COS fluxes are likely to show a distinct and pronounced season-

ality in semi-arid ecosystems. Due to the uptake of COS in the litter layer, combined with the

concentration-dependent nature of soil COS uptake, the COS uptake by the intact litter–soil sys-

tem is not the sumof the separate litter and soil components. It is therefore important to keep the

litter–soil structure intact when installing chambers for surface COS measurements. Similarly, it

is important to account for the litter–soil structure as well as litter fluxes in model simulations.

Characterizing net surface, litter and bare soil COS fluxes separately will provide valuable new

data and insights for model development, and help to improve ecosystem to global COS budgets.

3.6 Supplement

3.6.1 Meteorological conditions

The meteorological station at Stunt Ranch Reserve is located approximately 80 m NW from the

measurement site. Two precipitation events were observed during the campaign—2 mm on 31

March 2013 and 13.5 mm on 5 and 6 May 2013.
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Figure 3.7: Daily mean meteorological conditions at Stunt Ranch Reserve in March to May 2013.

(a) Air (red) and soil (purple) temperature; (b) relative humidity (circles) and precipitation (bars);

(c) wind direction (arrows) and speed (circles). Our fieldmeasurements were conducted between

DOY 90 and 132.
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3.6.2 Chamber flux measurements

During each 15-min chamber measurement period, the sampling sequence was allocated as in

Figure 3.8. We calculated chamber COS, CO2 and H2O fluxes based on mass balance:

V
dC
dt
= f (Cin −Cout) + FA (3.5)

whereC is the chamber concentration of themeasured gas,V andA are the chamber volume and

surface area, f is the air flow rate, F is the flux rate of the gas, and Cin and Cout are the cham-

ber inlet and outlet concentrations. Assuming well-mixed chamber air, the outlet concentration

must equal the chamber headspace concentration, i.e., Cout = C . The flux rate F is assumed

constant in the measurement period. To account for changes in Cin during chamber closure, we

interpolated linearlyCin (Figure 3.8) and subtracted this zero-flux baseline from the changes in

chamber concentration.

There were no significant chamber effects on COS and CO2 fluxes. The average COS effect from a

blank chamberwas 0.15± 0.44 pmolm−2 s−1 (Figure 3.9). The chamber effectswere not correlated

with temperature (r 2 = 0.03), and small even at high air temperatures. However, chamber effects

had larger variations at lower temperatures (5–15◦C). The reason is not entirely clear, but could

be due to COS adsorption/desorption on chamber walls and vapor condensation in the chamber

at night that slightly bias the mass balance. For CO2 flux, the average chamber effect (–0.02 ±

0.13 µmol m−2 s−1) was not statistically different from zero. Standard deviations of the chamber

effects were included in the calculation of chamber flux errors.

3.6.3 Modeling litter COS and CO2 fluxes from field incubations

In modeling litter COS flux, the following assumptions were considered:

1. COS uptake rate is proportional to its concentration [Kesselmeier et al., 1999]

2. Enzymatic COS hydrolysis is an aqueous reaction [Notni et al., 2007; Elliott et al., 1989], which
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Figure 3.8: Sampling sequence during a sampling period (15 min), illustrated with data from soil

chamber 1. The first 2 min are allocated to auto-background calibration (abg), followed by 1 min

of sampling on the atmosphere line (atm). Then the system switches to the chamber line, and

samples the air in the open chamber (ch open) for 2 min. The chamber is then closed (ch closed)

for 8 min, and opened for the last 2 min. The light gray line represents the zero-flux baseline

correction to account for changes in ambient concentrations between the two chamber-open

intervals.
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Figure 3.9: COS fluxes produced by the blank chamber shown in a histogram (a), and boxplot with

5◦C bins (b). The boxes in (b) indicate the interquartile ranges (IQR) bounded by 25th and 75th

quantiles (Q1 and Q3). The upper whiskers are at the smaller of the data maximum and Q3 + 1.5

IQR, and the lower whiskers are at the larger of the data minimum and Q1 – 1.5 IQR.

means COS uptake rate depends on its aqueous concentration kH,SCS,a

3. Temperature dependence of the uptake rate can be described by Arrhenius equation, pro-

portional to exp
(
−
Eact
RTL

)
, where Eact is the apparent activation energy

4. COS uptake increases exponentially with litter water contentwL, as observed from the in-

cubation data

5. COS production is present since COS emissions were observed

We therefore formed the following nonlinear regression model of litter COS flux FSL,

FSL(wL,TL,CS,a) = VSLU,max · sinh(kSLwL) · kH,S(TL)CS,a +VSLP,max · exp [kT(TL −Tref )] (3.6)

The explicit temperature dependence of COS uptake, exp
(
−
Eact
RTL

)
, was tested but dropped since

it was not statistically significant. The uptake rate is thus implicitly dependent onTL since kH,S is

a function of temperature. A hyperbolic sine function was used for water content dependence,

because uptake flux should approach zero in completely dry conditions (wL → 0).

Since the relationship between litter COS production and temperature has not yet been deter-

mined, COS production of leaf litter was assumed to depend exponentially on temperature simi-
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lar to that of root COS production [Maseyk et al., 2014] and soil abiotic COS production [Whelan and

Rhew, 2015]. InMaseyk et al. [2014], two regression lines of COS fluxes against temperature under

different soil moisture conditions give Q10 values of 1.7 and 2.1, therefore we used the average

Q10 = 1.9 here (equivalent to kT = 0.064).

The fitted parameters for the regression models of litter COS and CO2 fluxes are shown in Table

3.3. When fitting the two litter incubation experiments separately, the parameters are different

due to heterogeneity between the litter samples. We therefore combined the data from both ex-

periments for regressions to parameterize litter COS fluxes in the soil–litter COS flux model. The

models trained with the combined data average out the heterogeneity, and do not significantly

increase RMSEs.
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Figure 3.10: Litter COS and CO2 fluxes (± 1σ ) are well correlated. Data points are colored for

temperature bins, with square symbols indicating litter incubation experiment A (DOY 127–129),

and diamond symbols for experiment B (DOY 129–131). Litter COS flux has weaker sensitivity to

CO2 flux when chamber temperature > 15◦C, due to different temperature dependence of the two

fluxes.
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Figure 3.11: Litter relative uptake ratio versus chamber temperature. The relative uptake ra-

tio, defined as the flux ratio of COS to CO2 normalized by their respective concentrations,

generally increases with temperature, and asymptotically approaches zero at high tempera-

ture. The thick gray line indicates the fitted function for relative uptake vs. temperature,

RU = − exp(2.40 − 0.0808T ) (r 2 = 0.42, RMSE = 2.77). Note only negative litter relative up-

take values are used for the regression. Other colored thin lines are simulated curves at various

constant litter water contents, χCOS = 500 pptv and χCO2 = 400 ppmv, based on Eqs. (S1) and (S2).

Table 3.2: Litter dry weight and thickness

Litter sample no. Dry weight (g) Thickness (cm)
Dry bulk density

(kg dry weight m−3)†

Litter in SC1 20.201 2 31.8

Litter in SC2 58.733 6 30.8

Litter incubation A 59.265 N/A N/A

Litter incubation B 47.505 N/A N/A

† Chamber bottom area is 317.8 cm2.
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Table 3.3: Model parameters for fluxes from litter incubation experiments

Sample no.
VSLU,max

kSL
VSLP,max VSLP,max

kCL
ERL RMSE(FSL) RMSE(FCL)

m s−1 pmol kg−1 s−1 µmol kg−1 s−1 kJ mol−1 pmol kg−1 s−1 µmol kg−1 s−1

Litter A 6.667 × 10−7 a 35.02 0.2147 3.084 × 10−4 49.37 20.80 0.33 0.16

Litter B 2.286 × 10−6 22.10 0.1376 2.327 × 10−2 19.08 21.42 0.45 0.19

Combined b 2.818 × 10−5 11.56 0.4247 5.651 × 10−2 15.00 14.88 0.54 0.21

a Underlined parameters are not statistical significant, based on p < 0.05 criterion.
b This is the same parameter set used in soil–litter flux model, but they are transformed to per unit volume basis

using the dry bulk density of litter (31.3 kg m−3) andKm = 1.9 mol m−3.

3.6.4 Parameterizing litter water fluxes and litter water content

The litter density was measured to be 530 kg m−3 after grinding the litter into fine powder. With

the average dry bulk density of litter layers estimated as 31.3 kg m−3 (Table 3.2), we calculated

litter porosity as 0.94 m3 m−3. Because we did not measure litter water content in the two soil

chambers (SC1 and SC2), we reconstructed litter water content using the empirical relationship

between litter water fluxes, FWL = f (T ,wL) and environmental variables (temperature T (◦C)

and litter water contentwL), from multiple regression using litter incubation data:

FWL = (−0.00766 + 0.00152T ) · sinh(7.64wL) (3.7)

Here FWL is in mmol s−1 kg−1 dry weight, normalized by the dry weight of the litter. The compar-

ison of modeled versus observed litter water flux is shown in Figure 3.12.

We divided the litter into two layers, a top layer spanning 0–1 cm (model layers 0–2) and a bottom

layer spanning 1–2 cm (model layers 3–5) in SC1, and 1–5.5 cm (model layers 3–10) in SC2. In the

top 1 cm of the litter, we assumed the evaporation rate is 1.5 times of that described in Eq. (S3),

and in the lower layer of the litter, the evaporation rate is 50% of that in Eq. (S3).
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The following ordinary differential equation was formed forwL in each litter layer,

d
dt

[
wLmd

1 −wL

]
=mdFWL(T ,wL)Mw (3.8)

wheremd is the dry weight of litter. Litter water content of the two chambers were solved nu-

merically with the assumed conditions ofwL after rain events (Figure 3.13).

We assumed the initial water content was 0.35 g g−1 for the litter in SC1, and 0.30 g g−1 for the

litter in SC2, across different vertical layers. These assumptions of initial litter water content

lead to a good agreement between the simulated and the observed high COS fluxes, which is not

attainable by simply increasing soil flux parameters. Similarly, we assumed that the litter water

content was vertically uniform immediately after the rain on 5–6 May 2013 (DOY 125–126). We

also included nighttime condensation of water on the litter surface. The amount of condensation

was calculated by assuming that the over-saturated water vapor in a 10 m air column above the

chamber would be condensed out and added to the top 1 cm of the litter. Although there are

uncertainties in litter water content after the rain due to lack of continuous data, the parameter-

ized litter water content is within the range constrained by the data from the litter incubation

experiments (Figure 3.13).

Table 3.4: Litter water content measured in a follow-up field visit on April 19, 2014.

Litter Description Gross Dry Litter water Soil moisture

sample no. (location, depth) weight (g) weight (g) content (g g−1) below (m3 m−3)

LTR-SC1-1 SC1, top layer (0–1 cm) 14.915 12.830 0.140
0.106

LTR-SC1-2 SC1, bottom layer (1–2 cm) 20.163 17.360 0.139

LTR-SC2-1 SC2, top layer (0–1 cm) 15.033 13.423 0.107

0.120LTR-SC2-2 SC2, middle layer (1–3 cm) 30.518 26.701 0.125

LTR-SC2-3 SC2, bottom layer (∼ 3–6 cm) 66.876 56.706 0.152
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Table 3.5: Water content of fresh leaves from coast live oak (Quercus agrifolia) at the site, sampled

on March 2, 2015.

Sample no. Fresh weight (g) Water loss (g) Leaf water content (g g−1)

Sample set LF1: sunlit, big leaves (5 pieces each subsample)

LF1-V1 2.348 1.213 0.517

LF1-V2 1.857 0.959 0.516

LF1-V3 1.671 0.813 0.487

LF1-V4 1.670 0.877 0.525

Mean ± S.D. N/A 0.511 ± 0.014

Sample set LF2: shaded, big leaves (5 pieces each subsample)

LF2-V1 1.607 0.810 0.504

LF2-V2 2.009 1.049 0.522

LF2-V3 1.669 0.797 0.477

LF2-V4 1.287 0.588 0.457

Mean ± S.D. N/A 0.490 ± 0.025

Sample set LF3: small leaves (5 pieces each subsample)

LF3-V1 0.597 0.294 0.492

LF3-V2 0.742 0.357 0.481

LF3-V3 0.473 0.217 0.459

LF3-V4 0.409 0.202 0.494

Mean ± S.D. N/A 0.481 ± 0.014
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Figure 3.12: Predicted vs. measured litter water fluxes in field incubations.

Table 3.6: Saturated water content of the litter measured from a soaking experiment on March

2, 2015. Litter samples were soaked in water overnight, and then taken out for water content

measurements. The soaked samples were wiped before weighing to remove water droplets on

the litter surface.

Sample no. Saturated weight (g) Dry weight (g) Water content (g g−1)

LTRSAT-1 6.677 2.544 0.619

LTRSAT-2 5.013 2.635 0.474

Mean N/A 0.547
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3.6.5 Site-specific parameters for soil variables and fluxes

Soil/litter water content profiles are shown in Figure 3.14. Soil temperature profiles of SC1 and

SC2 were simulated empirically from those measured at 5 cm depth, and compared with data

from a nearby meteorological station (Figure 3.15). The temperature signals were assumed as a

superposition of fast varying diurnal signals (TF) and slowly varying synoptic scale signals (TS)

[Van Wijk and de Vries, 1963],

T (z, t) = TS +TF exp(−z/zT ) sin(ωt + ϕ − z/zT ) (3.9)

where zT (m) is the damping depth for diurnal temperature waves, ω = 2π day−1 is the angular

frequency, and ϕ is the phase constant. zT can be calculated from,

zT =
√
2α/ω (3.10)

where α (m2 s−1) is the soil thermal diffusivity. Based on Peters-Lidard et al. [1998] and Johansen

[1975], we calculated α to be 6.8–8.1 ×10−7 m−2 s−1 for SC1, and 2.0–3.9 ×10−7 m−2 s−1 for SC2.

An average damping depth zT = 0.14 m was used for modeling soil temperature profiles at SC1,

whilezT = 0.085mwas used for SC2. Temperatures of the litter layerswere interpolated between

soil temperatures and chamber air temperatures by assuming logarithmic temperature profiles.

Soil COS flux terms include a sink term, depending on soil temperature, moisture and COS con-

centration, and a source term depending on soil temperature only. The exact function forms are

described in detail in [Sun et al., 2015]. The sink term has an optimum temperature, assumed to

be about 13◦C in this study (Figure 3.16), and an optimum water content at 0.14 m3 m−3, esti-

mated from lab incubations of soil samples from Stunt Ranch [Whelan et al., 2016]. The source

term responds exponentially to temperature, with aQ10 parameter of 1.9 [see Sun et al., 2015].

An empirical approach to parameterizing soil COS flux has been proposed based on an exponen-

tial relationship between the ratio of concentration-normalized fluxes of COS and CO2 with tem-

perature [Berkelhammer et al., 2014]. In contrast, in our study the variability of this ratio was not

well explained by temperature (Figure 3.17b), probably due to the inclusion of litter COS fluxes.
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Figure 3.14: Parameterized water content profiles for SC1 and SC2. The dashed lines denote lit-

ter–soil interfaces. In the litter layers, water content is shown as mass fraction (g g−1), whereas

in soil layers it is shown as volumetric fraction (m m−3). Note that the y-axis is in logarithmic

scale.
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Figure 3.15: Parameterized soil temperature profiles for SC1 and SC2 (top and middle panels),

and the interpolated profile at the nearby meteorological station measured at 5, 10, 20, and 50

cm (bottom panel). Note that the y-axis is in logarithmic scale. The litter–soil interfaces are

marked by dashed lines. Since the area around the meteorological station is exposed to the sun,

soil temperatures there are higher than at the mostly shaded soil chambers. The two areas show

generally consistent patterns of variation.
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Figure 3.16: Temperature dependence functions of soil COS uptake and production compared

with data in the dry period (DOY 100–120). The dry period was chosen to minimize the effects

of moisture changes on fluxes. The functions are shown with arbitrary magnitude to match the

envelope of the data. We set parameters of the uptake function to give an optimum temperature

Topt ≈ 13◦C that is consistent with the data.

Table 3.7: Soil temperatures and moisture near the surface and 20 cm depth near SC1 measured

on April 19, 2014.

Depth (cm) Temperature (◦C) Moisture (m3 m−3)

5 22.0 0.085

20 22.9 0.108
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Figure 3.17: Temperature dependence of (a) surface COS flux and (b) relative uptake ratio of con-

centration-normalized COS to CO2 fluxes.

3.6.6 Modeled COS profiles in wet and dry periods

Because COS uptake rates strongly depend on litter and soil moisture content, the differences of

fluxes in wet and dry conditions lead to different COS profiles. In wet conditions, steeper vertical

COS gradients develop in the upper layers as a result of strong COS uptake and high diffusivity

in the litter (Figure 3.18). The gradients are reduced in dry conditions, with much higher COS

concentration in the litter and upper soil. Due to the assumed soil COS production, COS concen-

trations are at the compensation point in the deeper soil. The compensation point is higher in

the dry period, when COS uptake becomes weaker.
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Figure 3.18: Simulated COS concentration profiles at the two chambers. The litter–soil interfaces

are marked with a dashed line. They-axis is in logarithmic scale.
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Figure 3.19: The transient increase in net surface COS uptake (purple dots) during dry condi-

tions between DOY 103 and 106 was mainly caused by reduced COS production due to lower soil

temperature (orange lines).
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Figure 3.20: Observations (black) andmodel results (red) for chamber 1 compared with estimates

from two empirical relationships used to calculate soil COS uptake: based on heterotrophic res-

piration, a WFPS dependence function, and a proportionality factor linking the COS to the CO2

flux, here 4 pmol COS µmol−1 CO2 [Berry et al., 2013] (brown), and based on a function which links

the concentration-normalized ratio of COS to CO2 flux (soil uptake ratio, SRU) to soil temperature

[Berkelhammer et al., 2014] (blue). Here, a linear SRU–T function was used (see Figure 3.17).
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Table 3.8: List of variables and parameters.

Value and unit Description Reference

Physical and biological constants

Tref 298.15 K Reference temperature

R 8.3145 J K−1 mol−1 Universal gas constant

kH,C(T ) dimensionless Henry’s law constant of CO2 Weiss [1974]

kH,S(T ) dimensionless Henry’s law constant of COS Sun et al. [2015]; Elliott

et al. [1989]

Km 1.9 mol m−3 Michaelis–Menten constant for

COS hydrolysis by carbonic an-

hydrase

Ogawa et al. [2013]

Soil and litter properties

θa m3 m−3 Volumetric air content

θw m3 m−3 Volumetric water content

θsat
0.35 m3 m−3 Soil porosity This study

0.94 m3 m−3 Litter porosity This study

T K Soil temperature

TS K Slow varying component of soil

temperature

continued on the next page
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continued from the previous page

Value and unit Description Reference

TF K Fast varying component of soil

temperature

TL K Litter temperature

wL g g−1 Litter water content

zT m Damping depth for diurnal tem-

perature waves

This study

α m2 s−1 Soil thermal diffusivity Peters-Lidard et al.

[1998]; Johansen [1975]

Chamber mass balance calculation

C mol m−3 Chamber concentration of the

gas being measured

V m3 Chamber volume

A m2 Chamber-covered surface area

f mol s−1 Flow rate

F mol m−2 s−1 Flux rate of the gas

Cin mol m−3 Sampling inlet concentration

Cout mol m−3 Sampling outlet concentration

Ca mol m−3 Ambient concentration

Fluxes and model parameters

FSL pmol s−1 kg−1 litter

dry weight

COS fluxes from litter incuba-

tion

continued on the next page
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continued from the previous page

Value and unit Description Reference

FCL µmol s−1 kg−1 litter

dry weight

CO2 fluxes from litter incuba-

tion

CS,a mol m−3 COS concentration in air

CC,a mol m−3 CO2 concentration in air

VSLU,max 2.818 × 10−5 m3 s−1

kg−1 dry weight

Litter COS uptake capacity, per

unit dry weight

Regression model

VSLP,max 0.4247 pmol s−1 kg−1

dry weight

Litter COS production capacity,

per unit dry weight

Regression model

VCLP,max 5.651 × 10−2 µmol

s−1 kg−1 dry weight

Litter CO2 production capacity,

per unit dry weight

Regression model

kSL 11.56 Factor for moisture dependence

of litter COS uptake

Regression model

kCL 15.00 Factor for moisture dependence

of litter CO2 fluxes

Regression model

ERL 14.88 kJ mol−1 Apparent activation energy of

litter respiration

Regression model

zD 0.2 m Exponential decay depth of res-

piration

VSLU,max 1.68 × 10−3 mol m−3

s−1
Litter COS uptake capacity Converted from regres-

sion model

VSLP,max 1.33×10−11molm−3

s−1
Litter COS production capacity Converted from regres-

sion model

continued on the next page
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continued from the previous page

Value and unit Description Reference

VCLP,max 1.77 × 10−6 mol m−3

s−1
Litter CO2 production capacity Converted from regres-

sion model

VSSU,max 9.56 × 10−3 mol m−3

s−1
Soil COS uptake capacity Model optimization

VSSP,max 1.62×10−11molm−3

s−1
Soil COS production capacity Model optimization

VCSP,max 2.63 × 10−6 mol m−3

s−1 for SC1; 7.87 ×

10−6mol m−3 s−1 for

SC2

Soil CO2 production capacity Model optimization
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CHAPTER 4

Soil COS and CO fluxes in a boreal pine forest in southern

Finland

4.1 Chapter introduction

Soil is a significant sink of the trace gases carbonyl sulfide (COS) and CO [Conrad, 1996; Schlesinger

and Bernhardt, 2013], contributing to 26–33% of the global COS sink [Berry et al., 2013; Launois et al.,

2015a], and 10–15% of the global CO sink [Conrad and Seiler, 1985; Khalil and Rasmussen, 1990; King

andWeber, 2007]. In the atmosphere, COS is amajor precursor to the stratospheric sulfate aerosols

that exert negative radiative forcing [Brühl et al., 2012; Kremser et al., 2016], and CO affects concen-

trations of methane and other important greenhouse gases by regulating their sinks through the

OH radical [Daniel and Solomon, 1998]. Soil fluxes influence themean concentrations and distribu-

tions of COS and CO in the atmosphere, and consequently atmospheric chemical processes and

the Earth’s radiative balance.

COS participates in land carbon cycle processes due to its chemical similarities to CO2 [Kettle

et al., 2002; Montzka et al., 2007; Berry et al., 2013]. In leaf chloroplasts and soil microbes, COS as

a substrate of carbonic anhydrase is hydrolyzed irreversibly to CO2 and H2S [Protoschill-Krebs and

Kesselmeier, 1992; Protoschill-Krebs et al., 1996; Stimler et al., 2010a, 2011; Kesselmeier et al., 1999; Saito

et al., 2002; Kato et al., 2008; Ogawa et al., 2013]. The hydrolysis occurs as a side reaction of CO2

hydration, the main function of carbonic anhydrase in living organisms [Badger and Price, 1994;
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Henry, 1996]. Because of the irreversible COS hydrolysis in leaves, COS is taken up concurrently

with CO2 through stomata and is not emitted back from leaves [Sandoval-Soto et al., 2005; Stimler

et al., 2010a]. This allows COS to serve as a tracer to quantify terrestrial photosynthesis indepen-

dently from respiration [Montzka et al., 2007; Campbell et al., 2008; Seibt et al., 2010; Wohlfahrt et al.,

2012; Asaf et al., 2013; Berry et al., 2013; Billesbach et al., 2014;Maseyk et al., 2014].

Globally, the largest COS sink is leaf uptake, followed by soil uptake [Berry et al., 2013], whereas the

major COS sources include ocean emissions from biogenic and photochemical processes [Ferek

and Andreae, 1984; Launois et al., 2015b], and anthropogenic emissions from industrial activities

and biomass burning [Campbell et al., 2015]. Since ocean COS emissions are geographically sep-

arated from the terrestrial COS sinks (leaf and soil), and anthropogenic emissions are usually

concentrated as point sources, the spatial separation of dominant COS sources and sinks enables

us to constrain land COS fluxes, and hence photosynthetic carbon uptake, from large-scale at-

mospheric COS observations [Campbell et al., 2008; Berry et al., 2013; Hilton et al., 2015]. However,

for the use of COS as a photosynthetic tracer, soil COS flux, which is unrelated to photosynthesis,

needs to be understood and separated from the ecosystem COS flux that is the sum of leaf and

soil fluxes [Maseyk et al., 2014; Commane et al., 2015;Wehr et al., 2017].

Soils vary fromCOS sinks to sources dependingonphysical andbiogeochemical conditions [Maseyk

et al., 2014; Whelan and Rhew, 2015; Whelan et al., 2016; Devai and DeLaune, 1995]. Aerated upland

soils are primarily weak COS sinks, whereas anoxic wetland soils are COS sources [Whelan et al.,

2013]. In unmanaged upland soils, the uptake rates range from 0 to 12 pmol m−2 s−1 in field stud-

ies [e.g., Steinbacher et al., 2004; Yi et al., 2007; Berkelhammer et al., 2014]. Soil COS uptake depends

nonlinearly on soil temperature and moisture, with optimal conditions that maximize the up-

take [Kesselmeier et al., 1999; Van Diest and Kesselmeier, 2008; Whelan et al., 2016]. Soil COS uptake

also correlates positively with soil respiration [Yi et al., 2007; Berkelhammer et al., 2014; Sun et al.,

2016], suggesting a link through microbial activity between them.

It has been assumed that soil COS flux is a minor component in the total COS budget of non-
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wetland ecosystems when using COS for photosynthesis measurements [e.g., Asaf et al., 2013].

However, recent discoveries defy this assumption. Strong net emissions of COS have been ob-

served from cropland soils at high temperature [Maseyk et al., 2014; Whelan et al., 2016] and in an

alpine grassland under solar radiation [Kitz et al., 2017], highlighting the crucial role of abiotic

COS production in soil COS flux. In semi-arid ecosystems, the rewetting of leaf litter after rainfall

can stimulate pulses in COS uptake that temporarily overwhelm leaf COS uptake [Sun et al., 2016].

Understanding factors controlling soil COS flux variability is therefore essential to the prediction

of soil COS fluxes. In ecosystems where soil COS flux takes a potentially significant and variable

fraction of the ecosystem COS budget, failure to account for soil COS flux may lead to significant

biases in the photosynthesis estimates from the COS approach [Whelan et al., 2016]. Ensuring ac-

curate photosynthesis measurements from the COS approach requires understanding how soil

COS flux is controlled by soil temperature, moisture, and biotic factors.

Soil CO flux is also the net balance between concurrent uptake and production activities [Conrad

and Seiler, 1980, 1985; Sanhueza et al., 1998; King, 1999; King and Crosby, 2002; Bruhn et al., 2013; van

Asperen et al., 2015; Pihlatie et al., 2016]. Soil CO uptake is primarily due tomicrobial activity [Inman

et al., 1971; Conrad and Seiler, 1980;Whalen and Reeburgh, 2001] and involvesmore diversemetabolic

pathways compared with those in COS uptake [Mörsdorf et al., 1992; King and Weber, 2007; Ogawa

et al., 2013]. The key environmental factors controlling CO uptake rates include soil moisture and

temperature [Conrad and Seiler, 1985; King, 1999; Yonemura et al., 2000a]. Similarly, there can exist

an optimal condition of soil moisture and temperature that maximizes the soil CO uptake [Moxley

and Smith, 1998; King, 1999], but this feature has not been evaluated extensively on different soil

types. The moisture optimum can sometimes be lower than the annual soil moisture range in

natural conditions [e.g., King, 1999], and thus may not be well defined in field observations. Soil

CO uptake has also been shown to correlate with soil respiration in the laboratory (Hendrickson

and Kubiseski, 1991), but such correlation is yet to be investigated in field conditions.

Soil can show net CO emissions. CO production in soils have been considered largely abiotic [Con-

rad and Seiler, 1985; Zepp et al., 1997], but microbes on fine roots have also been reported to con-
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tribute significant CO production in the laboratory [King and Crosby, 2002]. Soil CO emissions gen-

erally increases with temperature and solar radiation in field conditions [King, 1999; Yonemura

et al., 2000a; Zepp et al., 1997; van Asperen et al., 2015], indicating dominant contributions from

photochemical and thermal production. Because most studies on soil CO flux are laboratory in-

cubations of altered soil samples or short-term, sporadic field experiments, how environmental

factors control the variability of soil CO flux in the field remain poorly understood.

In general, soil fluxes of COS and CO are controlled by gas transport in the soil column that re-

sponds to soil moisture [e.g., Sun et al., 2015; Yonemura et al., 2000a], and by in situ reactions in-

cluding uptake and production. Both COS and CO uptake processes are mainly due to micro-

bial activities [Kesselmeier et al., 1999; Kato et al., 2008; Bartholomew and Alexander, 1979; Whalen

and Reeburgh, 2001] and may correlate with soil respiration through microbial activity link [Yi

et al., 2007; Berkelhammer et al., 2014; Hendrickson and Kubiseski, 1991], whereas their production

processes are predominantly abiotic and should respond to physical drivers. Based on previous

studies, we hypothesize soil COS flux to respond to soil temperature, moisture, and microbial ac-

tivity indicated by the heterotrophic respiration. Despite limited knowledge of soil CO processes,

we expect similarities in the responses of soil CO flux to soil physical variables and microbial ac-

tivity compared to the responses of COS flux, based on the reactive transport mechanism in the

soil column [Sun et al., 2015; Ogée et al., 2016; Yonemura et al., 2000b]. Here we report continuous

field measurements of soil COS, CO, and CO2 fluxes in a Scots pine forest in southern Finland over

the late growing season. We explore diurnal and seasonal variabilities of the fluxes and identify

the major physical and biological drivers of the variabilities.
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4.2 Materials and methods

4.2.1 Site description

Field measurements were made at the SMEAR II site (Station for Measuring Forest Ecosystem–

Atmosphere Relations) at Hyytiälä Forestry Field Station of the University of Helsinki (61.845◦N,

24.288◦E, 181 m above sea level). The station features a largely homogeneous stand of Scots

pine (Pinus sylvestris) planted in 1962 [Suni et al., 2003; Vesala et al., 2005]. The forest floor is cov-

ered by mosses (Dicranum polysetum, Hylocomium splendens, and Pleurozium schreberi) and under-

story herbs including bilberry (Vaccinium myrtillus) and lingonberry (Vaccinium vitis-idaea) [Kul-

mala et al., 2011]. The climate is boreal, with 30-year average January and July temperatures of

−7.2◦C and 16.0◦C, respectively [Pirinen et al., 2012]. The average annual precipitation is 711 mm,

with summer and fall receiving somewhatmore thanwinter and spring [Pirinen et al., 2012]. Mete-

orological and ancillary data such as surface pressure, air temperature, relative humidity, radia-

tion, precipitation, and soil temperature andmoisture are continuously monitored at the SMEAR

II site (see Hari and Kulmala, 2005 for description of the site infrastructure). These data are avail-

able online at http://avaa.tdata.fi/web/smart/smear/.

Soils at the site are podzols of depths varying from 0.5 to 1.6 m, developed from glacial deposits.

The O horizon is a porous mor-humus layer laden with fine roots and mycorrhizae, distinct from

the mineral soil underneath. Its thickness varies from 1 to 5 cm [Pihlatie et al., 2007; Pumpanen

et al., 2008], bulk density is 0.10 g cm−3, and porosity is 0.67 m3 m−3 [Pumpanen and Ilvesniemi,

2005]. The O horizon is highly acidic (pH = 2.9 to 3.6) and rich in carbon content (31–45 wt%).

The mineral soil underneath is of sandy loam texture, but also has a high fraction of gravels and

stones [Haataja and Vesala, 1997]. The A horizon is 4–8 cm thick, and has the total porosity of 0.61

m3 m−3 and the carbon content of 3–6 wt%. Beneath the A horizon, porosity and carbon content

decrease with depth. The mineral soil is less acidic than the humus layer, with pH around 4 to 5.
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4.2.2 Experimental setup

A quantum cascade laser spectrometer (QCLS, Aerodyne Research Inc., Billerica, MA, USA) was

used to measure concentrations of COS, CO, CO2, and H2O at 1 Hz. The instrument has overall

uncertainty (1 s.d.) of 7.5 ppt (parts per trillion) for COS, 3.3 ppb for CO, and 0.23 ppm for CO2

[Kooijmans et al., 2016]. An oil-free dry scroll pump (Varian TriScroll) was connected to the QCLS

to pull the sampling air through the analyzer. The QCLS was housed inside a small cabin that

was not air conditioned. An automatic background correction was performed every 6 hours with

an ultrahigh-purity (99.99999%) nitrogen cylinder to remove the curvature effect in the baseline

spectra. An air purifier (Gatekeeper CE-500K-I-4R) was used to scrub trace amounts of CO from

the cylinder air. The instrument was calibrated against three working standards that had been

calibrated to the NOAA or WMO scale in the laboratory [Kooijmans et al., 2016].

Soil fluxes were measured in two automated soil chambers (LI-8100A-104, LI-COR Biosciences,

Lincoln, NE, USA) modified to avoid COS emission artifacts from chambermaterials and operated

in a flow-through configuration [Maseyk et al., 2014]. These modifications included replacing the

chamber bowl and soil collar with stainless steel components, and removing or replacing other

small COS-producing parts. Dark chambers were selected to prevent photochemical production

of COS [e.g., Whelan and Rhew, 2015] or CO [e.g., van Asperen et al., 2015] at the soil surface during

chamber measurements. The two chambers were placed in similar environments, about 10 m

apart. The moss layer or any other vegetation was removed to expose the humus layer inside the

chambers.

The sampling system used a multi-position valve (Valco Instruments Co., Inc.) to sample each

soil chamber once per hour. Air was sampled from the open chamber for 3 minutes, then the

chamber was closed and the headspace air was sampled for 9–10 minutes, followed by sampling

from the open chamber for 2 minutes. Soil chamber 2 was added to the sampling system on 30

July 2015. Prior to this date, soil chamber 1 was measured twice per hour.
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To ensure that the chamber materials do not show apparent fluxes that bias the measurements,

we conducted blank chamber tests with soil chamber 1 at the start of the campaign. The cham-

ber footprint was sealed off with a Teflon FEP film to exclude soil fluxes and measure only the

fluxes from chamber materials. We found that the apparent fluxes of CO and CO2 from the blank

chamber were 0.00 ± 0.10 nmol m−2 s−1 and −0.05 ± 0.15 µmol m−2 s−1, respectively (Figure 4.7,

Supplement), and hence were not statistically different from zero. However, we found a small

positive COS flux (0.66 ± 0.48 pmol m−2 s−1) that was statistically different from zero in a one-

sample t-test (t = 3.40 and p = 0.02). We did not observe the blank chamber COS emissions to

depend on temperature as in Maseyk et al. [2014], since daily temperature changes were small at

the site. Because the same chamberwas previously used at a site with strong diurnal temperature

variations but did not show temperature-dependent COS emissions [Sun et al., 2016], we assumed

the blank chamber COS flux to be constant throughout the campaign period. We therefore sub-

tracted the mean blank chamber COS flux from the measured COS fluxes in both chambers, and

included the uncertainty term from the blank chamber COS flux. In doing so, we also assumed

soil chamber 2 to have the same blank chamber COS flux as soil chamber 1, since the chamber

materials were the same.

The tubing connecting the chambers to the QCLS (Synflex 1/4′′) was flushed continuously tomin-

imize wall effects for the sampled gases. The segment of inlet tubing inside the chambers was

perforated to enhance the mixing of chamber air. The outlet tubing was pushed into the center

of the chamber bowl, with a filter attached to it. Airflow into the chambers was provided by a

diaphragm pump (KNF N811) with inlet at 0.5 m height in the vicinity of the chambers. The air

flowing through the pump did not show enhanced COS or CO concentrations. The flow rates into

the chambers were set to 1.5 standard liter per minute (slm) before, and 2.1 slm after 19 August

2015. Flow rates at the chambers, and pressure and flow rate at the pump inlet were checked dur-

ing regular site visits. To correct for drifts, we interpolated the time series of chamber flow rate

linearly from a set of discrete field measurements, including the measured flow rate values and

the estimated values derived from linear correlations with pump flow rates and inlet pressure.

The residence time of the air in the chamber was 3–4 minutes, as calculated from the chamber
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effective volume (6.1 L) and the flow rate.

In flow-through chambers, any imbalance between inlet and outlet flows creates pressurization

in the chamber headspace that drives vertical advection in the soil column, leading to biases in

measured fluxes [Lund et al., 1999]. For soil fluxes, underpressure seems more problematic than

overpressure, because it would siphon up the soil pore air that is usually enriched in CO2 by a

few orders of magnitude. To prevent pressure-related flux biases, we set the inlet flow slightly

higher than the outlet flow, with the small residual flow (approx 0.1 slm) equilibrated through

the vent at the top of the chamber [Xu et al., 2006]. The residual flow that was dissipated would

not affect themass balance calculation, because flux values were always calculated using the flow

rates measured at the inlet.

4.2.3 Flux calculation

Fluxes were calculated from the mass balance equation of chamber headspace concentrations

during chamber closure. Assuming the chamber air is wellmixed, the rate of change of headspace

concentration of a gas species is the balance of the inlet flux, the outlet flux, and the soil flux.

The inlet concentration is assumed to be the ambient concentration measured before chamber

closure, and the outlet concentration is what the analyzer measures during chamber closure. We

therefore obtain an equation of mass balance in the chamber,

V
dC
dt
= q(Ca −C) + FA (4.1)

whereC [molm−3] is the chamber headspace concentration,Ca [molm−3] is the ambient concen-

tration, q [m3 s−1] is the inlet flow rate,V [m3] andA [m2] are the chamber volume and footprint

area, respectively, and F [mol m−2 s−1] is the flux rate to determine. By solving the differential

equation ofmass balance, the soil flux rate F is then obtained from least square fit of the chamber

headspace concentration versus time.
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We implemented a baseline correction to account for changes in ambient concentrations during

chamber closure and instrument drift. The inlet concentrationwas interpolated between the two

opening periods before and after chamber closure. This zero-flux baseline was subtracted from

chamber concentrations before calculating the flux from least square fitting. Somemeasurement

periods hadwavelike noises in all measured gas concentrations, likely due to instrument instabil-

ity, which prevented the calculation of reliable fluxes. Causes of the instrument instability were

unclear and we did not find it to be related to condensation in the chamber. The affected flux

data points were filtered out by diagnosing the concentration versus time plots, and conspicuous

outliers were also removed (Table 4.3, Supplement).

4.2.4 Treatment of soil moisture data

Soil moisture data were measured with the Campbell TDR100 time-domain reflector (Campbell

Scientific, Logan, UT, USA) and provided by the SMEAR II database. Sensors were in close prox-

imity to the chambers (∼ 5 m). Since soil moisture measurements were associated with high-

frequency random noises, we ran a Savitzky–Golay filter with a one-day window to smooth them

while retaining the daily trends. After early September 2015, soil moisture measurements had

frequent gaps. A more complete time series was available from soil profile measurements about

30 m north from the chamber site. Soil A horizon moisture at this site in August was highly cor-

related with both the A horizon (r 2 = 0.88) and humus layer (r 2 = 0.93) moisture measurements

near the chambers. We reconstructed themissingmeasurements at our soil plots from the linear

regressions using August data. The gapfilled soil moisture data of both layers generally agreed

well with the intermittentmeasurements during that period (RMSE = 0.042m3m−3 for the humus

layer and 0.015 m3 m−3 for the A horizon, respectively).
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4.2.5 Statistical analysis

To extract smooth patterns of temperature and moisture dependence of soil fluxes, we ran a

2D local regression (LOESS) on COS, CO, and CO2 fluxes against humus layer temperature and

moisture (predictors). Unlike linear regression, LOESS is a non-parametric method that does

not require any analytical expression of the underlying relationships. At each data point, a low-

degree polynomial is fitted to all its neighboringpoints, weighted bydistances, to give a smoothed

estimate at the current point [Cleveland et al., 1992].

Table 4.1: A statistical summary of fluxes from the two soil chambers.

mean s.d. 1st qtl. median 3rd qtl.
Jun/Jul Aug Sep Oct/Nov

mean mean mean mean

SC1

FCOS (pmol m−2 s−1) −2.83 1.01 −3.38 −2.75 −2.17 −2.55 −2.74 −3.25 −3.76

FCO (nmol m−2 s−1 ) −1.00 0.43 −1.27 −0.93 −0.69 −0.78 −1.02 −1.39 −1.18

FCO2 (µmol m
−2 s−1) 3.18 1.29 2.29 3.12 4.02 2.97 4.13 3.23 1.10

SC2

FCOS (pmol m−2 s−1) −2.47 1.18 −3.12 −2.38 −1.75 n/a −2.15 −2.80 −2.79

FCO (nmol m−2 s−1 ) −0.76 0.43 −1.01 −0.69 −0.44 n/a −0.64 −0.94 −0.72

FCO2 (µmol m
−2 s−1) 3.84 1.92 2.42 3.58 5.23 n/a 3.73 5.12 1.94

4.3 Results

4.3.1 COS flux

Soils in both chambers behaved as COS sinks, with average fluxes of −2.8 (± 1.0) and −2.5 (± 1.2)

pmol m−2 s−1 for SC1 and SC2, respectively (Figure 4.1; Table 4.1). The two chambers exhibited
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Figure 4.1: Soil fluxes of (a) COS, (b) CO, and (c) CO2 from two chambers in a pine forest in southern

Finland in summer and fall 2015. Also shown are (d) soil humus layer (1 to 5 cm) and A horizon

(2 to 5 cm below the humus layer) temperatures (lines) and daily precipitation (bar plot), and (e)

gapfilled and smoothed soil moistures in the humus layer and A horizon. Frequent gaps in raw

soil moisture data (shown in transparent colors) from September 2015 onwards were gapfilled

(solid lines) based on the correlation with soil moisture from a nearby location (see Sect. 4.2.4 for

details).
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Figure 4.2: Monthly-mean diurnal trends of soil chamber fluxes of COS (a–d), CO (e–h), and CO2

(i–l), and temperature in the humus layer and in the A horizon (m–p), averaged in one-hour bins.

The x-axes are local winter time (UTC+2). Red and blue curves are mean diurnal trends of SC1

and SC2, respectively (a–l). Brown and orange represent temperature in the humus layer and in

the A horizon, respectively (m–p). All shaded areas indicate standard deviations (± 1 s.d.). Note

that for soil temperature the y-axis ranges change by month. The July 2015 subset includes two

days of data from June, and the October 2015 subset includes two days from November.
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broadly similar patterns of COS fluxes (Figures 4.1a and 4.2a–d). COS emissions happened rarely,

accounting for only 0.1% cases of SC1 and 1.5% cases of SC2, respectively. Most emission cases

were not statistically different from zero, and the few large emissions appeared to be transient

and isolated cases unrelated to temperature or moisture change. Overall, soil COS fluxes at this

site were comparable to reported values in similar ecosystems, for example, −2.5 pmol m−2 s−1

from a Swedish boreal forest soil in Simmons et al. [1999].

There was a weak increasing trend in soil COS uptake (or decreasing net COS flux) throughout the

campaign (Table 4.1). This increasing trend was not significant during the peak growing months

(July and August), but became stronger towards the end of the growing season (September and

October). Such trend in COS uptake appeared to coincide with the decreasing trends in soil tem-

perature and moisture (Figure 4.1d, e). However, soil COS uptake in October might have been

affected bymore frequent instrument instabilities (Sect. 4.2.3) and power outages, and likely had

larger uncertainty than other periods.

No significant diurnal trend was observed in COS fluxes (Figure 4.2a–d), although surface (0.5 m)

COS concentration often changed from around 300 pmolmol−1 at night to 400 pmolmol−1 atmid-

day. Interesting, we found no correlation between COS fluxes and ambient COS concentrations

(r = 0.005; Figure 4.8, Supplement), indicating that COS uptake was not concentration limited at

the daily timescale. The deposition velocity of COS (uptake normalized by concentration) showed

weak diurnal variability (Figure 4.3a, b), as a result of the depleted canopy COS concentration at

night due to the stable boundary layer conditions and nocturnal canopy COS uptake [Kooijmans

et al., 2017].

Smoothed 2D patterns of soil COS uptake as a function of soil temperature and moisture were

constructed with the LOESS method (Sect. 4.2.5). Soil moisture rather than temperature was the

dominant physical driver of soil COS uptake, with uptake rates decreasing with increasing mois-

ture (Figure 4.4a). There was only a weak tendency of increasing COS uptake with decreasing

temperature. Soil COS uptake was positively correlated with soil respiration (Figure 4.5), consis-
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tent with previous observations [Yi et al., 2007; Berkelhammer et al., 2014; Sun et al., 2016]. However,

the relationship between soil COSuptake and respiration seemed to divide into different branches

delimited by soil temperature bins (Figure 4.5).

4.3.2 CO flux

CO was also taken up by soils in both chambers, with average fluxes of −1.00 (± 0.43) and −0.76

(± 0.43) nmol m−2 s−1 in SC1 and SC2, respectively (Table 4.1). Although the two chambers were

placed in similar conditions, SC1 always had slightly stronger uptake than SC2, indicating small

scale heterogeneity. Both chambers had only a few and very weak CO emission cases (0.1% of SC1

and 0.5% of SC2).

In contrast to soil COS flux, there was clear diurnal variability in CO flux, consistent across all

months (Figure 4.2). CO uptake was significantly lower during the daytime than at night, with

up to 0.5 nmol m−2 s−1 difference (30–50% of nighttime CO uptake). We found weak correlations

between soil CO flux and ambient CO concentration (r = −0.590 and −0.317 for SC1 and SC2,

respectively, Table 4.2; Figure 4.8, Supplement). However, the relative diurnal amplitudes of CO

concentration were too small (less than 10% in monthly-mean diurnal trends; not shown) to ex-

plain the diurnal variability in CO uptake. Significant diurnal variability was also present in CO

deposition velocity (Figure 4.3c, d), with the midday values about 40% smaller than those around

midnight. This further supported that the diurnal variability in CO uptake was not driven by am-

bient CO concentration. The diurnal variability in CO uptake was also unrelated to soil temper-

ature, since it was out of phase with soil temperature variations (Figure 4.2). Instead, CO uptake

was weakly correlated with the below-canopy radiation (rank correlation = 0.51 and 0.35 for SC1

and SC2, respectively; Figure 4.12, Supplement), which varied diurnally, suggesting that the mid-

day reduction in CO uptake might be partially due to photochemical CO production at the soil

surface.
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During the campaign period, soil CO uptake was the highest in September compared with other

months (Table 4.1; Figure 4.2). The increase of CO uptake in September appeared to result from

the decrease of soil moisture rather than changes in soil temperature (Figure 4.4). CO uptake

was also weakly correlated with CO2 flux (Figure 4.5; Table 4.2), branching into different clusters

depending on temperature bins. Such pattern resembled the relationship between COS and CO2

fluxes (Figure 4.5).

4.3.3 CO2 flux

The average CO2 fluxes during the campaign period were 3.2 (± 1.3) and 3.8 (± 1.9) µmol m−2

s−1 for SC1 and SC2, respectively. Soil respiration showed strong seasonal variations that corre-

lated with soil temperature changes (Table 4.2 and Figure 4.4; Figures 4.9 and 4.10, Supplement).

Monthly mean soil respiration in SC1 increased from 3.0 µmol m−2 s−1 in July to 4.1 µmol m−2 s−1

in August, the warmest month. As soil temperature began to decrease in September, soil respi-

ration dropped to 3.2 µmol m−2 s−1 in SC1 but increased in SC2, indicating possible small-scale

differences between the two chamber locations. There was no well-defined relationship between

soil moisture and respiration (Figure 4.4).

We did not see strong temperature-driven diurnal trends in soil respiration (Figure 4.2), mainly

because daily temperature variations were small (2–3◦C diurnal amplitude in the humus layer).

Temperature dependence of soil respiration at the daily timescale was generally weak sincemost

of the days had low correlations between CO2 flux and temperature (see Figure 4.14, Supplement

for a histogram of the corresponding daily r 2-values), despite the correlation between soil respi-

ration and temperature over the campaign period. Interestingly, a small decrease in respiration

at midday was found in the July diurnal trend of CO2 flux in SC1 (Figure 4.2i). Daytime CO2 flux

in July was on average 0.44 µmol m−2 s−1 lower than nighttime CO2 flux, and such difference

was statistically significant (p = 1 × 10−8 in a two-sample t-test). The slightly higher nighttime

respiration in July might be related with A horizon temperature that peaked at midnight. Other
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months did not see such pattern.
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Figure 4.3: Monthly-mean diurnal trends of apparent deposition velocities of COS and CO

(−FCOS/[COS]0.5 m and −FCO/[CO]0.5 m) in the two chambers, averaged in one-hour bins. Differ-

ent monthly periods are color-coded.

4.4 Discussion

4.4.1 Physical and biological factors controlling COS and CO fluxes

The net soil flux of COS or CO is generally the balance of concurrent sink and source activities.

Here we explore how physical and biological factors drive the variability in the net fluxes of COS
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Figure 4.4: Smoothed patterns of soil COS (a), CO (b) and CO2 (c) fluxes as functions of soil humus

layer temperature and moisture, constructed using 2D local regression. Darker colors indicate

stronger COS or CO uptake, or stronger CO2 emission.
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Table 4.2: Pearson correlations between fluxes and environmental variables for the two soil

chambers. Tsoil,O and Tsoil,A are soil temperatures in the humus layer and in the A horizon, re-

spectively. Similarly,wsoil,O andwsoil,A are soil moistures (m3 m−3) in the humus layer and in the

A horizon.
COS CO Tsoil,O Tsoil,A wsoil,O wsoil,A FCO2

(pmol mol−1) (nmol mol−1) (◦C) (◦C) (m3 m−3) (m3 m−3) (µmol m−2 s−1)

SC1

FCOS (pmol m−2 s−1) 0.022 −0.096 0.327 0.307 0.308 0.293 −0.212

FCO (nmol m−2 s−1) 0.592† −0.590 0.254 0.180 0.560 0.555 −0.205

FCO2 (µmol m
−2 s−1) −0.204 0.249 0.462 0.524 −0.007 −0.033 1

SC2

FCOS (pmol m−2 s−1) 0.019 −0.060 0.163 0.161 0.184 0.178 −0.491

FCO (nmol m−2 s−1) 0.531 −0.317 0.075 0.041 0.231 0.226 −0.474

FCO2 (µmol m
−2 s−1) −0.223 0.373 0.388 0.399 −0.041 −0.038 1

† For pairs which we do not expect an underlying mechanistic reason for their correlations, for example, CO flux

and COS concentration, the correlation values are underlined.

113



and CO, and infer their effects on the gross uptake of COS and CO.

Soil moisture is the key determinant of the net soil COS flux (Figure 4.4a). Since COS production is

controlledmainly by temperature [Whelan et al., 2016], the absence of temperature-driven diurnal

variability in COS flux (Figure 4.2a–d) indicates that COS production, if present at all, was likely

a minor component. Hence, the observed soil moisture dependence of COS flux should result

from the variability in gross COS uptake not COS production. The moisture dependence of COS

uptake activity typically manifests as a bell-shaped curve with a moisture optimum [Kesselmeier

et al., 1999; Van Diest and Kesselmeier, 2008; Whelan et al., 2016]. Below the moisture optimum, mi-

crobial uptake of COS is limited by water availability, whereas above it, COS uptake is limited by

the diffusional supply of COS from the atmosphere because soil gas diffusivity decreases with

moisture content [Sun et al., 2015; Ogée et al., 2016]. In this study, the decrease of COS uptake with

increasing soil moisture (Figure 4.4a) is characteristic of the diffusion-limited regime in COS up-

take. The diffusion-limited regime indicates that themoisture optimum for COS uptakewas likely

below the observed soil moisture range and that most COS uptake happened beneath the surface

humus layer.

There is only a weak tendency of decreasing net COS uptake with increasing temperature (Fig-

ure 4.4a). The lack of strong temperature dependence is not surprising given that 90% of the

data were measured in the narrow temperature range of 8.3–16.4◦C (humus layer). A tempera-

ture optimum for COS uptake cannot be identified within the observed temperature range, but

likely exists below this range since COS uptake tends to increase slightly with decreasing tem-

perature (Figure 4.4a). The low temperature optimum would differ from previous laboratory

studies that report temperature optimum values of around 20◦ [Kesselmeier et al., 1999; Van Diest

and Kesselmeier, 2008], suggesting a need to constrain such parameter under field conditions.

Soil CO flux variability is also dominated by moisture dependence and did not show any signifi-

cant temperature dependence (Figure 4.4b). Previous studies show that themoisture dependence

of CO uptake also follows a bell-shaped curve with a moisture optimum, which qualitatively re-
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sembles that of soil COS uptake [Moxley and Smith, 1998; King, 1999]. Because CO uptake in the soil

is subject to the same reactive transport mechanism as in COS uptake, the decrease of CO uptake

with increasing soilmoisture indicates that CO uptakewas also diffusion-limited and themajority

of uptake activity should happen below the surface humus layer. The absence of temperature-

driven variability in net CO uptake suggests the lack of significant abiotic thermal production of

CO, yet other production activity may still exist.

A unique feature of soil CO flux is the diurnal cycle showing reduced daytime net uptake (Figure

4.2e–h), contrasting with soil COS flux that shows no significant diurnal variability. The correla-

tion between CO uptake and below-canopy radiation (Sect. 4.3.2; Figure 4.8, Supplement) implies

that there might be photochemical production at the surface humus layer during the campaign.

Although opaque chambers were used to prevent photochemical production of CO during mea-

surements (Sect. 4.2.2), when the chamber was open and not beingmeasured, the soil surface was

exposed in the sun and photochemical production might happen. CO production at the surface,

if present, may alter the vertical CO profile and consequently affects surface flux measurements,

because gas transport in the soil column is a slow process. Strong diurnal variability in soil CO

flux due to photochemical production has previously been reported in a boreal forest [Zepp et al.,

1997], a temperate mixedwood plain [Constant et al., 2008], and a reed canary grass cropland [Pih-

latie et al., 2016]. Hence, photochemical production is a possible daytime source of CO that can

be responsible for the diurnal cycle of net CO flux. Future studies on soil CO flux will need to

operate the chamber in constant darkness to confirm or falsify the existence of photochemical

CO production.

Both COS and CO fluxes appear to correlate well with soil respiration when divided into specific

temperature bins (Figure 4.5). To characterize the sensitivities of COS and CO fluxes to respi-

ration, mean flux ratios (FCOS : FCO2 and FCO : FCO2) are calculated in each temperature bin,

approximated by the slope of no-intercept linear regression (Figure 4.6). The sensitivity of COS

or CO uptake to respiration is stronger at lower temperature, as indicated by the more negative

FCOS : FCO2 or FCO : FCO2 ratio (Figure 4.6). The asymptotic nature of the temperature dependence
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of FCOS : FCO2 ratio corresponds well with that of the concentration-normalized COS to CO2 flux

ratio (termed the soil uptake ratio, SRU, which differs from the flux ratio by a factor of 1 to 1.15)

reported from a temperate forest [Berkelhammer et al., 2014]. This suggests that the temperature

dependence of the FCOS : FCO2 ratio can be a generalizable feature for soils. Interestingly, the tran-

sition from linear increase to constant ratio occurs around 10◦C at our site (Figure 4.6) compared

to 30◦C in the temperate sites, indicating a soil or site-specific feature for further investigation.

The newly discovered relationship between the FCO : FCO2 ratio and temperature can be used to

simulate soil CO uptake empirically.

Whydoes the relationship betweenCOSorCOuptake and respirationdivide into different branches

defined by soil temperature (Figure 4.5), despite that COS or CO uptake itself does not show strong

temperature dependence (Figure 4.4)? Since microbial activity underpins COS or CO uptake,

each branch in the uptake–respiration patternmay represent the behavior of a distinct microbial

group. The temperature dependence of flux ratios hence may indicate shifts in active COS and

CO-consumingmicrobial groups caused by temperature. For example, microbial groups that have

optimal uptake at a lower temperature may have a stronger sensitivity of COS (or CO) uptake to

respiration than groups active at higher temperature. The asymptote values of FCOS : FCO2 and

FCO : FCO2 (Figure 4.6) hence would reflect the uptake to respiration sensitivity behavior of mi-

crobial groups active at higher temperature. Collectively, the sum of COS uptake (or CO uptake)

contributions from the ensemble of microbial groups may not show a well-defined temperature

response like that in respiration. Although we cannot rule out the possibility that the flux ratio

vs. temperature pattern is influenced by divergent temperature responses of microbial uptake

and abiotic production [e.g., Whelan et al., 2016; King, 1999; van Asperen et al., 2015], abiotic pro-

duction is unlikely to correlate with respiration. A mechanistic explanation for the temperature

dependence of flux ratios requires a clear-cut separation of uptake and production processes and

further understanding on the microbial communities involved in COS uptake or CO uptake.
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Figure 4.5: Relationships between COS and CO2 fluxes (top row) and that between CO and CO2

fluxes (bottom row). The slopes are modulated by soil humus layer temperatures (colored).
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Flux ratios are generally smaller in SC2 because of higher CO2 fluxes.
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4.4.2 Variations of soil fluxes over the late growing season

Neither COS flux nor CO flux exhibits strong seasonality, mainly because soil temperature vari-

ation was not strong and soil moisture was not low enough to severely limit microbial activity.

For example,Whelan et al. [2016] has shown that COS uptake is inhibited when soil moisture is be-

low around 0.10 m3m−3 in incubation experiments, yet in this campaign soil moisture was above

this threshold most of the time. From August to October, monthly mean net soil uptake of COS

increased slightly from 2.7 to 3.8 pmol m−2 s−1, and that of CO increased from 1.0 to 1.2 nmol

m−2 s−1, despite a significant drop in humus layer temperature from 13.5 to 5.5◦C. As discussed

previously, the increase was due to increased gas diffusivity caused by declining soil moisture.

Soil microbial activities for COS and CO uptake at this site appeared tolerant of low temperature

at the end of the growing season. Given the lack of temperature-related seasonality in COS or

CO uptake, it is possible that a shift in active microbial groups might have acted to stabilize the

overall uptake against changes in soil physical variables.

Soil respiration in SC1 increased significantly from July to August (3.0 to 4.1 µmol m−2 s−1), con-

currentwith a slight increase in themean soil temperature (12.8 to 13.5◦C). As shown in Pumpanen

et al. [2008], soil respiration at the site is not only controlled by temperature but also by gas dif-

fusivity and photosynthate input from the vegetation. Since soil moisture dropped greatly after

July (Figure 4.1), the increase in respiration was more likely driven by the aeration of soil than

by just a slight increase in soil temperature. In early October, soil respiration was suppressed by

the abrupt decrease in soil temperature, and gradually dropped to below 1 µmol m−2 s−1 (Figure

4.1). In addition, the declining ecosystem photosynthetic activity after August [Vesala et al., 2010]

would reduce photosynthate input to the soil, and thereforemight also contribute to the decrease

in respiration. However, since the soil plots in both chambers were cleared of understory vege-

tation before the campaign, autotrophic fraction in total soil respiration should be much smaller

than soil plots with intact vegetation, and would rely on photosynthate supply from trees in a

distance. The smaller contribution of autotrophic respiration is also supported by the lower Au-

gust soil respiration of around 4 µmol m−2 s−1 in our campaign compared with the August soil
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respiration of around 6 µmol m−2 s−1 in Pumpanen et al. [2015] from a vegetated area at the same

site. Overall, the seasonal pattern of CO2 flux is mainly driven by soil temperature and moisture,

and to a lesser extent, photosynthate input.

4.4.3 Implications on using COS as a photosynthetic tracer

The soil at this boreal forest site (podzol) was consistently a weak sink of COS during the late

growing season (July to November). Soil uptake of COS was around 8–16% of the daytime mean

ecosystem uptake of about 24 pmol m−2 s−1 [Kooijmans et al., 2017, with daytime defined as the

periodwith solar elevation angle> 20◦ therein]. Soil COS uptake did not show strong diurnal and

seasonal variations, nor did it show any abrupt increase induced by rain events [cf. Sun et al., 2016;

Whelan and Rhew, 2016]. Moreover, soil COS uptake variability was well explained by changes in

soil moisture and respiration, and it would be possible to construct an empirical model for soil

COS flux based on its relationship with soil moisture, temperature, and CO2 flux (Figures 4.4 and

4.5). Hence, we expect that soil COS uptake can be reliably accounted for when using COS as a

photosynthetic tracer at this site.

Since soil COS uptake did not show a well-defined response to soil temperature or moisture but

correlates well with respirationwhen divided into specific temperature bins (Figures 4.4 and 4.5),

simulating soil COS uptake in this boreal forest will rely on using soil respiration as an important

statistical predictor. In this case, the parameterization scheme used in Berry et al. [2013] and the

empirical relationship based on soil relative uptake ratio (COS uptake to CO2 emission ratio nor-

malized by their concentrations) as in Berkelhammer et al. [2014] will be useful in predicting COS

uptake, provided that diffusion in the soil column is properly resolved.
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4.4.4 Implications on soil–atmosphere CO exchange

The global soil CO budget remains uncertain due to limited field observations and the lack of

modeling studies. Our results from the boreal forest site help bridge the gap in the understanding

of soil CO exchange in this important biome. CO uptake by soil is usually characterized by the

deposition velocity of CO, because ambient CO concentration varies spatially. At this site, CO

deposition velocity lies in the range of 0.1–0.35 mm s−1 (Figure 4.3), similar to previous studies in

boreal forests [Zepp et al., 1997; Kuhlbusch et al., 1998] and slightly less than in temperate forests

[Sanhueza et al., 1998; Yonemura et al., 2000a]. CO deposition velocity shows a weak decreasing

trend with increasing soil moisture (Figure 4.13, Supplement), which is broadly similar to the

negative correlation found in Yonemura et al. [2000a], indicating a prominent diffusional control

on CO uptake.

Globally, soils contribute to a significant but poorly constrained CO sink. The current estimate of

global soil CO uptake (∼ 300 Tg yr−1 in King andWeber, 2007) is equivalent to a global mean uptake

of 2.3 nmol m−2 s−1, averaged over the total land area (1.49× 108 km2). This global mean value is

significantly higher than the mean CO uptake (∼ 1 nmol m−2 s−1) observed at this boreal forest

in the late growing season. Recent field observations of soil CO uptake in temperate ecosystems

are also smaller than this global mean, for example, less than 1 nmol m−2 s−1 in a grassland in

Italy [van Asperen et al., 2015], and 0.78 nmol m−2 s−1 in a grassland in Denmark [Bruhn et al., 2013].

If we assume soil at this site is representative of boreal forest soils, it follows that temperate and

tropical soils must have higher CO uptake capacity to compensate for the relatively low soil CO

uptake in the boreal forest compared with the global mean, or the current estimate of global soil

CO uptake needs to be revisited.
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4.5 Chapter conclusion

The boreal forest soil studied here behaves consistently as a sink of COS and CO during the late

growing season. Soil COS and CO uptake appear to be largely insensitive to temperature, at least

within the narrow temperature (3–16◦C) and moisture range (0.10–0.38 m3 m−3) at this site. In

contrast to laboratory experiments, controls on fluxes can be difficult to identify in field condi-

tions due to concurrent changes in temperature, moisture, and microbial community. We find

that soil moisture is the dominant physical driver for soil COS and CO uptake, and the uptake

rate generally decreases with soil moisture, suggesting that microbial uptake is limited by the

diffusional supply of COS and CO into the soil column. The relationship between COS uptake

and respiration and that between CO uptake and respiration are regulated by soil temperature,

leading to the temperature dependence of COS : CO2 and CO : CO2 flux ratios. In future studies,

measuring soil vertical profiles of COS and CO will help resolve the interplay between physical

transport and biological uptake. Furthermore, studies onmicrobial dynamics are needed to shed

light on the mechanisms relating COS and CO uptake with respiration.

Compared with total ecosystem uptake of COS, soil COS uptake is a small fraction (8–16%). Soil

COS uptake does not show significant diurnal or long-term variability in the peak growing season

(July and August), and thus will not be a dominant source of uncertainty when inferring photo-

synthesis from COS measurements.

Soil CO uptake shows reducedmidday uptake rate and deposition velocity, possibly related to the

photochemical production of CO at the surface organic layer. A comparison of soil CO uptake in

this boreal forest with the estimated global mean shows that boreal forest soils have relatively

low CO uptake activity. Similar studies on soil CO fluxes are needed in other biomes to better

constrain the magnitude and distribution of global biosphere–atmosphere CO exchange.
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4.6 Supplement

Table 4.3: Numbers of valid observations from the two chambers (SC1 and SC2).

no. of total possible obs. no. of missing obs. no. of misfit obs.

and outliers†
no. of valid obs. % of valid obs.

SC1 SC2 both SC1 SC2 both SC1 SC2 both SC1 SC2 both SC1 SC2 both

FCOS 3768 1992 5760 143 98 241 549 859 1408 3076 1035 4111 81.63 51.96 71.37

FCO 3768 1992 5760 143 98 241 601 870 1471 3024 1024 4048 80.25 51.41 70.28

FCO2 3768 1992 5760 143 98 241 544 868 1412 3081 1026 4107 81.77 51.51 71.30

FH2O 3768 1992 5760 143 98 241 534 854 1388 3091 1040 4131 82.03 52.21 71.72

†Misfits are measurements affected by severe instrument drift or fluctuation, whereas outliers are unusual peaks in

the time series of the calculated fluxes identified from the Iglewicz–Hoaglin modified Z-score statistic.
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Figure 4.7: Boxplots of the fluxes of COS, CO, CO2, and H2O from (a) a blank chamber test for the

apparent fluxes caused by chamber materials (see Sect. 4.2.2 in the main text), and from (b) an

incubation of the moss layer in the field. Flux rates are normalized with respect to the chamber

footprint area. For each flux term, the thin white barmarks themedian value, the box represents

the interquartile range, and the whiskers delimit the inlier range. Note that the units of fluxes

differ by gas species, as shown on they-axes.
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Figure 4.8: COS and CO fluxes versus their respective concentrations. COS uptake do not show a

correlation with COS concentration (r = 0.005, p = 0.738), whereas CO uptake is weakly corre-

lated with CO concentration (r = −0.468, p < 1 × 10−16).
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Figure 4.9: Soil fluxes of COS, CO, and CO2 versus temperature and moisture in soil humus layer.
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Figure 4.10: Soil fluxes of COS, CO, and CO2 versus temperature and moisture in soil A horizon.
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Figure 4.11: A 2D histogram for sample counts in temperature and moisture bins. Note that the

scale is logarithmic for better visualization.
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Figure 4.12: Daytime CO flux correlates weakly with below-canopy photosynthetically available

radiation (PAR), as indicated by the Spearman’s rank correlations shown on the figure legend.
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Figure 4.13: Apparent CO deposition velocity (−FCO/[CO]0.5 m) as a function of soil humus layer

moisture (x-axis) and temperature (colors).
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Figure 4.14: Histograms of the daily r 2 values of the correlation between CO2 flux and humus layer

temperature (left column) or A horizon temperature (right column) for the two soil chambers

(top row: SC1; bottom row: SC2). Most days showed insignificant or weak correlations between

CO2 flux and soil temperature variables.
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CHAPTER 5

Conclusion

5.1 The determinants of soil COS flux

Soil COS flux is governed by two types of processes: physical transport and (bio)chemical reac-

tions. Physical transport processes do not create or destroy COS, but shift COS distribution in the

soil column. The main environmental factor controlling the physical transport is soil moisture

because the effective diffusivity is related to soil texture, porosity, and moisture. At the Hyytiälä

forest site where soil moisture is not limiting microbial activity, soil COS uptake decreases with

increasing soil moisture (decreasing diffusivity), showing a diffusion limited regime (Chap. 4).

Reactions that consume or produce COS may have complicated responses to environmental pa-

rameters. Enzymatic uptake of COS is expected to be related to themicrobial activity. At the Stunt

Ranch site in the dry season, the most important determinant of soil (with litter) COS exchange

is moisture content, as it is a limiting factor of the microbial activity (Chap. 3). The responses

of soil COS flux to moisture are different between a dry climate and a moist climate. However,

a common feature between the two climates is the correlation between soil COS flux to soil res-

piration. Naturally, soil respiration is an indicator of microbial activity. The flux relationships

between COS and CO2 may be a more generalized feature for soils. In summary, soil moisture

and respiration strength are two important environmental determinants of soil COS flux and the

responses are likely universal to various soil types.
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5.2 Implication for ecosystem COS exchange

The ability to predict soil COS flux from soil variables, which are routinely measured as part of

biometeorological data at flux tower sites, shall lend support to the practical goal of inferring

gross primary productivity from COS flux measurements. The soil COS flux model (Chap. 2) may

be integrated as part of an ecosystem model driven by meteorological and ecological parame-

ters to simulate COS and CO2 flux components. It is hoped that a modeling framework can be

built to assimilate field data of COS and CO2 soil and canopy fluxes for carbon flux partitioning

into photosynthesis and respiration and for the improvement ofmodel representation of coupled

stomatal conductance and photosynthesis processes.

5.3 Future research

One and half centuries have passed since the first reported separation of COS by C. Than in 1867

[Berthelot, 1868]. COS is now recognized as an interesting species in the atmosphere for its influ-

ences on the climate as a precursor to stratospheric sulfate aerosols, its participation in the bio-

geochemical cycle, and its applications as a carbon cycle tracer. For COS, the realm of knowledge

continues to expand, as well as the terra incognita. The understanding of soil COS exchange has

been advanced in the past few years, but with these discoveries, more questions have surfaced.

Strong emissions of COS from soils have been observed and the mechanisms of COS production

are not well understood [Maseyk et al., 2014; Whelan and Rhew, 2015; Whelan et al., 2016; Kitz et al.,

2017]. Most field observations of soil COS exchange have been done in the temperate zones in

the northern hemisphere, while soils in tropical ecosystems such as rainforests and savannas are

very underrepresented in COS studies. Current global estimate of soil COS budget needs to be

revisited with a process-based soil COS flux model.

Here I list a few important open questions on soil–atmosphere COS exchange. For researchers
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studying on this topic, I suggest that the following questions may be prioritized in future re-

search.

On soil COS production mechanisms

• What are the main agents responsible for soil COS emissions? Abiotic production, plant

roots, or soil microbes?

• What is the mechanism of photochemical production of COS in soils? What are the precur-

sors of COS?

• Howdo soilmicrobes produceCOS?Do themechanismsdiffer betweenwetland soils (anoxic)

and upland soils (oxic)?

On relationships between flux and environmental variables

• How does soil COS uptake activity respond to soil variables that are less often observed:

organic carbon content, O2 concentration, redox potential, pH, etc.?

• How does abiotic production respond to temperature, moisture, and solar radiation?

• What are the environmental determinants of microbial COS production?

On ecosystem applications

• Withmore field observations of soil COS flux, canwe identify a set of ecosystem-dependent

parameters for predicting soil COS flux in representative ecosystems?

• What are the global soil source strength and sink strength of COS?

In summary, future research should continue advancing the understanding of soil COS processes

and the use of COS as a tracer for terrestrial carbon cycle processes.
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