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Near-surface soil CO2 gas-phase concentration (C) and concomitant incident rainfall (Pi) and through-fall
(Pt) depths were collected at different locations in a temperate pine forest every 30 min during the 2005
and 2006 growing seasons (and then averaged to the daily timescale). At the daily scale, C temporal vari-
ations were well described by a sequence of monotonically decreasing functions interrupted by large
positive jumps induced by rainfall events. A stochastic model was developed to link rainfall statistics
responsible for these jumps to near-surface C dynamics. The model accounted for the effect of daily rain-
fall variability, both in terms of timing and amount of water, and permitted an analytical derivation of the
C probability density function (pdf) using the parameters of the rainfall pdf. Given the observed positive
correlation between daily C and soil CO2 fluxes to the atmosphere (Fs), the effects of various rainfall
regimes on the statistics of Fs can be deduced from the behavior of C under different climatic conditions.
The predictions from this analytical model are consistent with flux measurements reported in manipu-
lative experiments that varied rainfall amount and frequency.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Soil CO2 fluxes (Fs) to the atmosphere are the result of complex
physical and biological processes that depend on soil properties,
vegetation and microbial characteristics, and climatic conditions
[12,29]. In particular, the effects of environmental fluctuations
on Fs, such as the rapid fluctuations in soil moisture and tempera-
ture or the slow increase in atmospheric CO2 concentration and
nitrogen deposition, remain the subject of active research
[10,13,21,22,32,46].

Soil respiration pulses following rainfall events have been ob-
served in several ecosystems [15,36,44,47]. The importance of
these pulses on annual respiration appears to vary across ecosys-
tems. Lee et al. [42] found that post-rainfall increases in Fs might
represent approximately 16–21% of the annual soil carbon flux in
a cool temperate deciduous forest in Japan, while the estimates
of Lee et al. [43] in a mixed forest in Connecticut (USA) were be-
tween 5% and 10%. Xu et al. [62] suggested that soil carbon losses
by rainfall pulses might be comparable to annual net ecosystem
carbon dioxide exchange in many terrestrial ecosystems, especially
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for arid and semiarid ones. A manipulative experiment in a grass-
land ecosystem, described in Knapp et al. [40] and Harper et al.
[30], concluded that Fs is not only dependent on precipitation
amounts but also on the frequency of rainfall occurrence. These
findings open new questions on how changes in rainfall patterns
modify soil respiratory components.

This study is guided by the strong relationship between CO2

fluxes and subsurface CO2 concentrations, C, which now can be
monitored at unprecedented time resolution using solid-state
infrared gas analyzers [60]. When taken together, how the dynam-
ics of C is impacted by pulsed rainfall, and the consequences of this
rainfall intermittency on the dynamics of CO2 fluxes from the soil
to the atmosphere can now be explored.

Numerous and complex interconnections between the physical
and biological processes occur in the soil during and after rainfall
events. During precipitation, water infiltration displaces an equiv-
alent volume of air thereby enhancing air-phase CO2 fluxes [29].
However, rainfall also reduces CO2 fluxes because of the reduction
in gas-phase soil CO2 diffusivity (D). In fact, the increase in soil
water content following rainfall events significantly reduces D thus
favoring the build-up of higher CO2 concentration levels [15,29,36]
even if the CO2 production remains unaltered. In addition to these
physical effects, increased soil moisture levels can enhance micro-
bial activity [5,35,45] by two mechanisms. The first is through the
mineralization of non-biomass soil organic carbon, which becomes
readily accessible to microbial attack following soil aggregate
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disruption caused by wetting events [2,18,57], and the second is
through the mineralization of microbial carbon itself [26,39].
Which of these mechanisms dominates the dynamics of CO2 pulses
appears to depend on the ecosystem type [35,61]. Moreover, both
amount and timing of precipitation have appreciable impact on
microbial response to re-wetting, and therefore on CO2 pulses. This
sensitivity may reflect the rate of adjustment of microbial biomass
to rehydration and the duration of water stress conditions [7–
9,16,25–27].

Despite the complexity of soil CO2 dynamics, subsurface CO2

concentration is typically modeled in time and space in a simpli-
fied way using diffusive transport and production terms, described
by empirically-based functions for both auto- and hetero-trophic
respiration [17,23,24,31,53,56]. Diffusive-type equations have also
been adopted to estimate CO2 fluxes and below-ground production
through ’inverse modeling’ schemes that use air-phase CO2 con-
centration measurements in depth and time as well as concomi-
tant soil water and temperature conditions [15,36,59,60]. More
detailed models to simulate the impact of climate, soil water,
and vegetation on bio-geochemical cycles have been developed
and improved in the past three decades [3,6,11,34,48–50,52]. How-
ever, most of these last types of models do not explicitly deal with
air-phase subsurface CO2 concentrations, and usually only describe
long-term dynamics at regional or larger spatial scales.

Here, a simplified stochastic model that predicts how rainfall
statistics modulate daily near-surface soil CO2 concentration is
proposed. The goal of the proposed stochastic model is to describe
the pdf (valid at the growing-season timescale) of daily averages of
C as a function of a limited number of parameters characterizing
the rainfall regime, soil, and vegetation properties. Given the posi-
tive correlation between shallow depth [CO2] and Fs, the statistics
of C can be further used to infer those of Fs, thereby permitting a
qualitative analysis of the potential effects of shifts in rainfall
regimes on soil respiration.
Fig. 1. Example of daily variations in measured near-surface soil CO2 concentration
(C) and daily through-fall (Pt). The three panels refer to the growing season 2005
(top) and 2006 (middle and bottom), and they correspond to the panels (e) (top), (c)
(middle), and (f) (bottom) of Figs. 3, 5, and 6.
2. Experiment

The experiment was conducted at the Blackwood division of the
Duke Forest, in Orange County, near Durham, North Carolina
(35�580 N, 79�080 W), USA, within the free air CO2 enrichment
(FACE) facility. The site characteristics and experimental setup
are described elsewhere [4,20,46] and only a brief overview is pro-
vided here for completeness.

The study site is a loblolly pine (Pinus taeda L.) plantation lo-
cated on low fertility soils of the Enon Series. The long-term mean
annual rainfall and air temperature are 1145 mm and 15.5 �C,
respectively [58]. The experiment consists of eight plots, four of
which are in atmospheric CO2 enriched conditions (�580 ppmv),
while the remaining four are in ambient conditions (�380 ppmv).
Each plot was divided in two parts by a 70 cm impermeable bar-
rier. Ammonium-nitrate was manually added at a rate of
11.2 gN m�2 y�1 in one of the two halves of each plot, while the
other half was maintain at ambient conditions (ambient nitrogen
deposition is equal to 0.8 gN m�2 y�1).

Beginning May of 2005, C in the air phase was continuously
measured at 16 locations (eight plots with two replicas per plot)
near the soil surface (�10 cm) with solid-state infrared gas analyz-
ers (GMT 221 model, Vaisala, Finland). The measuring range of
these sensors is between 0 and 50,000 ppmv (1 ppmv = 10�4%
CO2 = 10�3 mmol mol�1) with reported precision ±200 ppmv + 2%
of the reading. The sensors were tested with reference gases at 0
and 10,000 ppmv. The sensor output was corrected to account for
the different working conditions with respect to the reference tem-
perature (see [20] for details) using the empirical relation (per-
sonal communication, Vaisala Inc.)
C ¼ Cm � CT; ð1Þ

where the corrected CO2 concentration, C (in ppmv), is evaluated
from the measured concentration, Cm (in % CO2), by subtracting
the term

CT ¼ 14000ðK � K2Þ25� Ts

25
ð2Þ

with K ¼ A3C3
m þ A2C2

m þ A1Cm þ A0, A3 = 7.9 � 10 � 6, A2 = �10�3,
A1 = 6.7 � 10�2, and A0 = 98.4 � 10�3. The correction term CT is of
the same order of magnitude as the instrument error during most
of the measurement period, becoming only relevant during winter.
Hence, the correction does not significantly affect the main period
of our analyses that refer to the growing season, for which soil tem-
perature next to the surface is higher than 15 �C.

Concomitant incident rainfall (Pi), measured with a tipping buck-
et gage (TR-525USW, Texas Electronics, TX, USA) above the canopy,
and through-fall (Pt), measured with a network of tipping bucket
gages, were available from 2004, and eight additional through-fall
measurements (TE525, Campbell Scientific Inc.) commenced in
May of 2005 (one additional gage per plot). All the variables were
sampled every 30 s and 30 min averages (for C) or sums (for Pi and
Pt) were recorded. Starting July of 2005, Fs time series were also
measured in the proximity of some of the previous plots using the
automated carbon efflux system (ACES) described elsewhere [13].

In this paper, six C and through-fall time series that refer to
either the 2005 or 2006 growing season were considered. These
six series were chosen because of the availability of almost un-
interrupted sampling and because they refer to sensors installed
close to the surface (<10 cm), for which the effect of the seasonal
cycle of soil temperature on air-phase CO2 concentration appears
negligible. At these shallow depths, C is mainly driven by soil water
pulses due to rainfall events. Because the interest here is in the
relation between rainfall and C, we will not differentiate between
data from plots with different atmospheric CO2 and soil N concen-
trations. The impact of these treatments on CO2 and Fs is the sub-
ject of another study [20].

3. Stochastic modeling

During the growing season, C near the surface does not experi-
ence significant seasonal oscillations and remains approximately
stationary, as observed in other field studies [33,36,53] and as evi-
denced by Fig. 1. This figure shows time series of C in three differ-
ent plots during the growing season of 2005 and/or 2006.
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Fig. 3. The relationship between the decay rate of C (�dC/dt) immediately after a
rainfall event and actual C at the daily timescale. Time derivatives �dC/dt were
evaluated over three points (i.e., central differentiating) and only periods between
rainfall events longer than five days were considered. Slopes and minimum value of
C, C0, are reported in Table 1. Panels (e), (c), and (f) correspond to the panels at the
top, in the middle, and at the bottom of Fig. 1, respectively.

Table 1
List of parameters used to characterize through-fall regime (frequency, kt, and
average water depth per event, at), C pulses as a function of through-fall (kt), and
inter-pulse C decreases (kc and C0) in Figs. 3, 5, and 6 at the six plots indicated as
(a)–(f)

kt

(d�1)
at

(mm)
kt

(mmol mol�1 mm�1)
kc (d�1) C0

(mmol mol�1)

(a) 0.21 6.7 0.26 (0.09, 0.27) 0.20 (0.18, 0.24) 1.3 (0.8, 1.8)
(b) 0.21 6.7 0.15 (0.11, 0.20) 0.09 (0.07, 0.12) 2.4 (1.0, 3.2)
(c) 0.24 8.2 0.19 (0.08, 0.19) 0.19 (0.18, 0.23) 1.8 (1.0, 2.0)
(d) 0.27 9.0 0.18 (0.11, 0.20) 0.15 (0.09, 0.15) 0.3 (�0.7, 3.2)
(e) 0.20 6.9 0.09 (0.04, 0.10) 0.12 (0.10, 0.16) 1.2 (0.8, 1.7)
(f) 0.26 9.5 0.13 (0.06, 0.14) 0.11 (0.11, 0.15) 0.6 (�0.3, 0.9)

The values in parentheses correspond to the confidence intervals (confidence level
of 95%) of the parameters obtained using linear regression on the data in Figs. 3 (for
kt) and 5 (for kc and C0).
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The lack of a seasonality pattern related to temperature may
seem counterintuitive since higher temperatures lead to higher
production rates due to root and microbial respiration. However,
during periods of high production, CO2 fluxes from the soil surface
are also higher. Since production and fluxes are in phase, increased
production is largely compensated by higher surface fluxes during
the growing season. The result of this balance is a fairly stationary
CO2 concentration next to the surface. Moving to deeper soil layers,
where the fluxes are lower because of the higher soil moisture, this
is no longer valid and the CO2 concentrations have a seasonal pat-
tern mirroring that of temperature [20,33,36,53].

Fig. 1 also suggests that the dynamics of C can be schematically
represented by a sequence of monotonically decreasing functions
between positive pulses induced by rainfall events. The C decrease
between rainfall events is mainly due to the balance between the
CO2 fluxes from the soil surface and the CO2 production by micro-
bial and root respiration in the soil. As schematically shown in
Fig. 2, C is driven by the balance between [CO2] losses, given by
the forest floor respiration, Fs, and two inputs, represented by
microbial and root respiration (S) and CO2 fluxes from lower soil
layers (Fi). During a dry-down period between two rain events,
the CO2 diffusivity at shallow depths increases rapidly, thereby
enhancing the CO2 flux and causing further reduction in C. S near
the surface generally decreases in time because of lower water
availability, while Fi tends to increase for the same reasons as Fs,
though not at the same rate.

The result of this balance is an overall reduction in C at a rate
that diminishes with time. In the following, the rate of decrease
of C at the daily timescale is related to the actual value of C. With
this assumption, the C dynamics may be approximated by the sto-
chastic equation

dC
dt
¼ �f ðCÞ þ IðtÞ; ð3Þ

where f(C) is an empirical function defining the decrease of [CO2]
between rainfall events, and I(t) is a stochastic process that
describes CO2 pulses (jumps) immediately following rainfall
events. Examples of relationships between �dC/dt and C during
dry-downs are shown in Fig. 3. As a first approximation, this rela-
tion can be treated as a linear one. The function f(C) can then be
written as f(C) = kc(C � C0), where kc and C0 are constants (Table
1). These constants depend on the combination of local soil prop-
erties, such as porosity and texture, and microbial and plant bio-
mass densities, and are highly variable across the plots (see [20]
for more details).

Possible nonlinearities can be included in the formulation of f(C)
as shown in the appendix, while uncertainties due to temperature
or soil moisture may be introduced by adding a continuous source
of noise as described elsewhere [19].
Fig. 2. Schematic representation of the C balance next to the soil surface. The dynamics o
layers (Fi), and biological C production (S). Atmospheric CO2 (Ca) concentration variation
(Pt) are also indicated.
The form of f(C) is the results of all the complex physical and
biological processes occurring in the soil. By using a function di-
rectly dependent on C, we can avoid to go into the details of the
description of the effects of soil moisture and temperature on
CO2 production and fluxes.

However, the function f(C) can be related to the diffusive nature
of the transfer process. In fact, if diffusion is assumed to be the
f C(t) are due to an imbalance between soil respiration (Fs), C fluxes from lower soil
s are neglected with respect to variations in C. Incident rainfall (Pi) and through-fall
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main transfer mechanism for [CO2] [17,56] and dissolved CO2 in
soil water is neglected [59], the one-dimensional CO2 continuity
equation at a generic depth z becomes

o

ot
ðnaCÞ ¼ � o

oz
F þ S; ð4Þ

where t is time, na is the air-filled porosity given by n � h with n
being the total soil porosity, considered constant, and h the volu-
metric soil moisture content, F is CO2 flux, and S is the net source
(or sink) of gas-phase CO2, which mainly accounts for root and
microbial respiration. F is estimated using Fick’s law [37]

F ¼ �D
oC
oz
; ð5Þ

where D is the soil CO2 air-phase diffusivity that varies with soil
temperature and soil moisture. According to the scheme in Fig. 2,
combining Eqs. (4) and (5) near the soil surface yields

dC
dt
’ F i � Fs

naDz
þ S

na
� C

na

dna

dt
’ F i

naDz
�D

C � Ca

naðDzÞ2
þ S

na
� C

na

dna

dt

¼ � D

naðDzÞ2
þ 1

na

dna

dt

 !
C þ F iDDz

naDðDzÞ2
þ SDðDzÞ2

naDðDzÞ2
þD

Ca

naðDzÞ2

¼ � D

naðDzÞ2
1þ dna

dt
ðDzÞ2

D

 !

� C � 1þ dna

dt
ðDzÞ2

D

 !�1
ðF i þ SDzÞDz

D
þ Ca

� �2
4

3
5: ð6Þ

Here, Ca is the atmospheric CO2 concentration at z = 0 and may be
considered constant, since its fluctuations are much lower than
those of C (they are at least one order of magnitude smaller). The
value of Ca is assumed to be either 380 ppmv (i.e., ambient) or
580 ppmv (i.e., enriched) depending on the plot under analysis.
The air-filled porosity, na, decreases linearly with soil water content
h. If daily values of diffusivity, D, are, as a first approximation, con-
sidered to decrease linearly with daily soil water content, h, then D/
na approaches a near-constant value. Moreover, if daily h is assumed
Fig. 4. Measured relationship between incident rainfall, Pi, and through-fall, Pt, during w
types). The inset shows the threshold below which incident rainfall is entirely intercept
to decrease exponentially [51] with increasing time from a rainfall
event, (dna/dt)/na � (dna/dt)/D becomes a constant at the daily
timescale. Accordingly, Eq. (6) can be expressed as f(C) = kc(C � C0)
when Fi + SDz increases at the same rate as D during the dry-down
period. This last condition implies that fluxes from the lower soil
layers (Fi) must compensate for the reduction in C and production
(S) between rainfall events. Fig. 3 supports the above consider-
ations, at least at the daily timescale and especially for relatively
low concentrations (i.e., C 6 10000 ppmv). We notice that daily
fluctuations of soil temperature appears to be less significant than
soil moisture next to the surface (see Fig. 1), because we only con-
sider the growing season, during which temperatures are higher
than 15 �C, and thus CO2 production is not dramatically hampered
by low temperatures. Moreover CO2 diffusivity is mainly dependent
on soil moisture and the variations of soil water content during and
after rainfall events are larger than the variations of temperature.

To use Eq. (3), I(t) must be specified and its derivation requires
the relationship between rainfall and [CO2] pulses. Given the
unpredictable nature of rainfall timing and amount, which are only
known through the statistics of precipitation, I(t) must be suitably
described in probabilistic terms. The form of I(t) in relation to rain-
fall events are derived for our experiment and the characteristics of
the steady-state pdf of C are then discussed.

3.1. From stochastic rainfall events to C pulses

At the daily timescale, rainfall events may be modeled as a se-
quence of random pulses with inter-arrival times extracted from
an exponential distribution with mean 1/k (k being the mean fre-
quency of rainfall occurrence) [54,55]. The pulse intensities, that
is the water depths carried by each daily rainfall event, are ex-
tracted from an exponential distribution with mean a (mean rain-
fall depth per event).

Depending on the leaf area index (LAI) and the storm charac-
teristics, a large fraction of a given rainfall event may be lost by
canopy interception. Fig. 4 shows the relation between the
above-canopy rainfall, Pi, and the through-fall below the canopy,
inter (+) and growing seasons (� and M corresponding to two different measurement
ed by the foliage.
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Pt, at one plot. We note that seasonal variations in LAI do not
have a strong effect on interception (Fig. 4). Fig. 4 makes apparent
that small rainfall events with depth lower than a threshold D are
completely intercepted by the canopy. Above that threshold,
through-fall can be linearly related to the amount of incident pre-
cipitation. This linear relationship holds particularly well for the
growing season. From these findings, it is reasonable to assume
that Pt = kiPi (ki < 1), where ki is a parameter that depends on
the local LAI. Similar relationships between Pi and Pt were re-
ported in previous studies at the same site [38] and elsewhere
[14].

To model Pt as a function of Pi, it is necessary to distinguish be-
tween the effect of the threshold (i.e., Pi 6 D) and the linear reduc-
tion in rainfall when Pi > D. The net effect of the threshold D below
which Pi is completely intercepted can be represented by a reduc-
tion of the number of rainfall events reaching the soil. As discussed
in [54,55], this effect can be embedded in the stochastic model of
rainfall by simply reducing the frequency of event occurrences
from k to kt = kexp(�D/a), while maintaining the same exponential
distribution for rainfall intensities. On the other hand, canopy
interception of events with intensities exceeding D only affects
the distribution of the rainfall amount per event. Because of the
linear reduction noted in Fig. 4, this distribution remains exponen-
tial but with a smaller average (i.e., at = kia).

Finally, a model for the magnitude of C pulses can be derived
from that of the Pt statistics described above. As evident in Fig. 1,
the average frequency of CO2 jumps can be assumed to coincide
with that of through-fall events (i.e., kt), at least on daily time-
scales. Fig. 5 shows the linear relationship between the amount
of through-fall and the magnitudes of the C pulses, DC [20], when
rainfall events lasting more than one day have been considered as a
single event concentrated in one day. Again, because of this linear
relationship, DC becomes exponentially distributed with average
ac = ktat, where kt is the constant of proportionality between rain-
fall inputs, Pt, and soil carbon concentration jumps, DC, as evalu-
ated from Fig. 5 and listed in Table 1.

In summary, the stochastic forcing I(t) in Eq. (3) can be assumed
to be a compound Poisson process with events occurring at a mean
rate kt and intensities exponentially distributed with average ac,
where the value of kt and ac are directly estimated from the mea-
sured time series of through-fall (or its derived properties from
incident rainfall) and C.
a b c

d e f

Fig. 5. Linear relationship between daily through-fall, Pt, and the magnitude of the
C pulses, DC. Slopes, kt, are listed in Table 1. Panels (e), (c), and (f) correspond to the
panels at the top, in the middle, and at the bottom of Fig. 1, respectively.
3.2. Near-surface soil CO2 probability distribution

For the model above, the stationary pdf of C can be analytically
derived (see details in the appendix) resulting in

pðCÞ ¼ ckt=kc ðC � C0Þkt=kc�1e�cðC�C0Þ

Cðkt=kcÞ
; ð7Þ

where c = 1/ac and C(�) is the Gamma function [1]. The pdf p(C) is a
Gamma distribution shifted by C0. Since the probability distribution
in Eq. (7) is the stationary solution, it is only valid when the C series
is stationary. As previously mentioned, the assumption of stationa-
rity may be reasonable for shallow depths during the growing sea-
son (Fig. 1), when most of the fluctuations are due to rainfall inputs
and not to seasonal soil temperature fluctuations [20].

The moments of C can be analytically derived from Eq. (7), and,
in particular, mean and variance are given by

hCit ¼ C0 þ
ktac

kc
; r2

t ¼
kta2

c

kc
: ð8Þ

Fig. 6 compares the theoretical pdf’s obtained from Eq. (7) using the
parameters in Table 1 with those estimated from the measured C
time series using histogram analysis. The parameters used in the
model are chosen among the values within the 95% confidence
interval obtained through linear regression analysis. In spite of all
the simplifications adopted here, the model correctly captures all
the key attributes (e.g., mode, spread, asymmetry) of the measured
pdf’s with minor differences between measured and modeled
means and variances (listed in Table 2).
Fig. 6. Comparison between measured and modeled pdf of C for the six series. The
model is based on Eq. (7). The means and variances for the model and the data are
compared in Table 2. Note the difference in the scales of the axes. Panels (e), (c), and
(f) correspond to the panels at the top, in the middle, and at the bottom of Fig. 1,
respectively.

Table 2
Means (h�i) and standard deviations (r) of C directly evaluated from the data (indexed
d) and from the model (indexed t)

hCid
(mmol mol�1)

hCit
(mmol mol�1)

rd

(mmol mol�1)
rt

(mmol mol�1)

(a) 3.1 3.1 1.7 1.7
(b) 4.9 4.8 1.5 1.5
(c) 3.8 3.8 1.9 1.8
(d) 3.6 3.3 2.1 2.2
(e) 2.5 2.2 0.8 0.8
(f) 3.6 3.5 2.0 1.9

The letters from (a)–(f) correspond to the plots in Figs. 3, 5, and 6.
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As previously mentioned, nonlinearities in the function f(C) can
be included in the model, though the data here did not warrant this
additional complication.

4. Soil respiration

The model previously developed can also be used to derive
approximate relationships between climatic parameters and Fs.
As described in Section 3 (see Eq. (6)), Fs can be estimated from C
measurements using a one-dimensional version of Fick’s law

Fs ¼ �D
oC
oz
’ D

C � Ca

Dz
; ð9Þ

where Ca is the atmospheric CO2 concentration at z = 0, and Dz is the
depth at which C is being measured (<10 cm). For the purpose of our
analysis, daily fluctuations in Ca are negligible when compared to
fluctuations in C, and the effects of daily fluctuations in soil temper-
ature on D may be assumed small when compared to their soil
moisture counterparts. Therefore, daily variations in Fs during the
growing season are primarily driven by variations in C and soil
moisture. Rainfall events can increase C because of enhanced micro-
bial production and reduced CO2 diffusivity. The product between
these two opposite mechanisms determines whether Fs increases
or decreases during and immediately after rainfall events. At the
daily level, Fs tends to increase because the large soil porosity at
shallow depths causes rapid drainage [36].

Examples of relationships between measured C and the corre-
spondent Fs (where available) are shown in Fig. 7. Measured Fs

monotonically increases with increasing C, with a degree of nonlin-
earity mainly introduced by local diffusivity variations. Given this
monotonic relationship, the pdf of Fs can be derived from that of C
and consequently shifts in the statistics of C due to changes in rain-
fall statistics can be linked to shifts in the statistics of Fs. Accord-
ingly, shifts of hCit to higher values are associated with increases
in averaged Fs, as well as increases in r2

t result in larger variances
in Fs. From Eq. (8), lower annual average rainfall rate (i.e., lower
ka) tends to reduce hCit and subsequently annual Fs. This is in
agreement with the findings in [40,30], who observed a reduction
in soil respiration in a grassland when total annual rainfall was re-
duced. In their experiment, Harper and co-workers also observed
lower respiration rates when the annual rainfall amount was main-
tained constant but distributed differently in time and amount (i.e.,
lower frequency, k, and higher amount of water per event, a).
According to Eq. (8), such a condition maintains the same rainfall
average, but increases the variance. Since the mode of the pdf’s
Fig. 7. Examples of relationships between soil CO2 concentration, C, and measured
CO2 fluxes (where available) from the soil to the atmosphere, Fs. The series in this
figure are different from those in Figs. 3, 5, and 6 and each panel refers to a growing
season in either 2005 or 2006.
of C is commonly lower than the average (see Fig. 6), sampling
the concentrations, or equivalently the fluxes, every two weeks
would likely lead to lower respiration rate estimates, as in the case
of [30]. This last possibility was already suggested by Xu et al. [62],
who detected an increase in Fs with a. The previous observations do
not account for possible variation of the parameters kc and kt with
different rainfall regimes. However, as shown by Daly et al. [20]
with regards to kt, such variations are expected to be less effective
than the changes in the values of k and a.

5. Conclusions

At the daily timescale, temporal variations in near-surface soil
CO2 concentrations are strongly related to soil moisture (Fig. 1).
The CO2 pulses induced by rainfall events are followed by a decline
due to the imbalance between forest floor fluxes and below-ground
biomass respiration. Using high resolution time series of CO2 con-
centration and rainfall, a site-dependent linear relationship be-
tween the magnitude of [CO2] and water pulses was observed
along with a near-exponential decrease of [CO2] between subse-
quent rainfall events. Using these observed relationships, a sto-
chastic model for shallow soil CO2 concentrations dynamics
accounting for rainfall variability was developed and tested. The
model employs a stochastic framework for incident rainfall to de-
rive the statistical properties of through-fall and CO2 pulses. The
derivation of the through-fall statistical properties can be applied
to other ecosystems as long as a one-to-one relationship exists be-
tween incident rainfall and through-fall. The stochastic model pro-
posed here reproduced the measured pdf of near-surface CO2

concentration during the growing season using only four parame-
ters, two related to rainfall statistics and two related to soil-vege-
tation characteristics. The parameters for rainfall can be calculated
from rainfall (or throughfall) time series, while those related to soil
and vegetation characteristics requires measurements of CO2 con-
centration, more difficult to obtain.

Given the positive correlation between near-surface soil CO2

concentration and soil respiration, the model can be extended to
explore how soil CO2 fluxes respond to shifts in rainfall statistics.
Consistent with findings from manipulative experiments [40,30],
these modeled results suggest that less frequent rainfall events
and lower amount of annual precipitation tend to diminish soil
CO2 fluxes.
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Appendix. Derivation of the pdf of C

The pdf of CO2 concentration can be derived from Eq. (3), as
shown in [41,55]. The pdf of C, p(C, t), is described by the master
equation associated with Eq. (3)

o

ot
pðC; tÞ ¼ o

oC
½f ðCÞpðC; tÞ� � ktpðC; tÞ þ kt

Z C

C0

ce�cðC�zÞpðz; tÞdz: ð10Þ

The first term on the right-hand side (rhs) accounts for the effect of
the drift f(C) on the pdf, the second term is due to the probability of
a trajectory to change its actual concentration because of a pulse,
and the integral term accounts for the probability to reach a partic-
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ular value of concentration after a pulse. For stationary conditions
(otp(C, t) = 0), Eq. (10) can be solved as shown in [54]. Accordingly,
multiplying Eq. (10) by ecC and differentiating with respect to C,
one obtains [54,55]

d2

dC2 ½f ðCÞpðCÞ� þ
d

dC
½ðcf ðCÞ � ktÞpðCÞ� ¼ 0; ð11Þ

which leads to

d
dC
½f ðCÞpðCÞ� þ ðcf ðCÞ � ktÞpðCÞ ¼ const:; ð12Þ

where the constant on the rhs is zero because the process is
bounded at C = C0 and therefore in stationary conditions the flux
of probability is zero [19,28].

With these conditions, Eq. (12) can be solved as

pðCÞ ¼ A
f ðCÞ exp �cC þ kt

Z
C

du
f ðuÞ

� �
; ð13Þ

where the constant A is obtained by imposing the conditionRþ1
C0

pðCÞdC ¼ 1.
Eq. (7) is derived by substituting f(C) = kc(C � C0) in Eq. (13).
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