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S1. Determination of soil sample's moisture from mesurements of water vapour in the
headspace of the laboratory dynamic chamber - a madalance approach

Considering the KO vapour mass flux, i.e. the derivative M0 with respect to time
(OMp20/0t = P in kg $Y), the individual flux components of the laboratodynamic

chamber system are defined as

Q Q
@, = mass flux of HO into chamber: Q-Gy20,in Cout _«—Cin
@out = mass flux of HO out of chamberQ-Go,out Cehamb) V
D501 = mass flux of HO due to evaporatio T ET
from soil: A-E Misoil
A

where Ch20.in, CH20,0us @Nd Crzo chamare HO vapor concentrations (in kg ini.e. absolute
humidity) at the inlet, the outlet and within thgndmic chamberQ is the purging rate (s
Y, Ais the cross section @nandV is the volume (f) of the dynamic chambek is the flux
density of HO vapour due to evaporation from the soil samptert¢ s*), andms; is the
(total) mass of the soil sample in Ksgi = Msoildry + Msoiwater). Furthermore, there are two
well accepted prerequisites (c.f., Pape et al.920@) CH20,cham= CH20,0ut (dU€ to the effective

mixing of the headspace’s air by the fan and tigh purging rat& (i.e., short exchange time
r of the chamber’s headspace volume), and (b) tf@ tBpour mass flux from the soil

sample A/E) is equal to the temporal change of the total maiss d ms;(t) /dt).

The dynamic chamber’s mass balance of tp@ #apour mass flux is then given by:

dc chami! d oil (1
v Sl 6 0= Q g ) + 4T (s

For the sake of convenience, data gOHapor are considered only in terms of the measure
signals (in arbitrary units), where the relation betwessmd the HO vapour concentration is

given byc(t) =g /3(t). Then, Eq. (S1) reads as follows:

d SH 20,cham(t) =

i 0 QS0 () = §Q S0 apan®) + TV (SL.1)

dt
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For each experiment, the total soil mass is deteth{weighing) at the begih £ ty) and the

end (=ts), as well assy20,in(to), SH20,in(ts), SH20,chantto), and su2ochanklts). Furthermore, we
assume, that within a sufficiently short time intdr namely betweety andt.;, the temporal

change 06420 chankt) @andsyzoin(t) is linear, i.e.,

ti—l + ti — SH 20,in (ti —1) + S-I 20,in (ti)
SH 20,in ( 2 ) - 2
i-1 + ti — SH 20,cham(ti —1) + SH 20,cham(ti)
SH 20,cham( 2 ) - 2

Re-arranging of Eq. (S1) gives :

d rnsoil (t)
dt

d SH 20,cham(t)

= gQs, 20,cham(t) =0 QShxin t+Vag dt

Integration of both sides of Eq.(S1.2) with resgeds andts:

t t

2 dm,, (t 2 0S50 cham(t

j—”‘g’t"()dt: 9Q | Swzoamanft) dt —ngsto.n(t)de Qj—'“o“ g
to

to
This is equivalent to:
My (ts) —M; (to) =V gl.SH ZO,cham(ts)_SH 20,cham(t0)] +

tg tg
+0Q [ S20,cran(D)dt = 9Q [ S50, (D)t

to to

(S2.1)

(S2.2)

(S1.2)

(S3)

(S3.1)

Considering individual time sub-intervals ;(ti.1), then both integrals of Eq. (S3.1) can be

written as:
i=S i

J- Sn20cham(®) At =D J- St 20,chanft) dt
=g

to

ISHZOm(t) dt _z J‘S-mo.n(t) dt

_1t

(S4.1)

(S4.2)

Making use of the “mean value theorem of integralcalus”, and assuming that (a)

SH20.chankt) @nd sq20.in(t) are betweert; and ti.; sufficiently well approximated by linear

representation, () —ti, is sufficiently small, then:
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.[ S H2 Qcham(t) dt = (t| _ti—l) > = QCham(ti ) +23 = QCham(ti—l) (85 . 1)

tig

[Suon@®dt = (4-t,) S=al) Smalla) (5.2
Combining Egs. (S4.1), (S4.2), (S5.1), (S5.2) with (58.1) leads to:
Mg (ts) =M (t) = 9 (V [Su 20 cham(ls) =Stz ()] + S) (S3.2)

where

S,=0Q (I:ZS (ti _ti—l) S 20,cham(ti ) +25H 20,cham(ti—1) _ Ii_sl (ti _ti—l) SH20in (t) +254 20iin (ti_l)j (S3.3)

which is equivalent to

i=S+1

S = Q( > (T +T ) [S120 ) ~Suom (ti_l)]j: T =

i=1

G-t
2

' T,=T,,,=0 (S3.4)

Re-arranging Eq. (S3.2) provides the formula to rdetee the proportionality factog of
c(t) ands(t).

My, (ts) - My (to) (86)

g =
\Y |_SH 20,cham(tS) — Sy 20,cham(t0)J + So

which includes the “calibration” of the integrateabitrary HO vapour signal by the amount
of evaporated soil water which has been simply rdeteed by weighing the soil sample

before and after the experiment.

With the knowledge of), a recursion formula for the calculation of théuat soil mass (and
hence the actual soil moisture) is developed from(&8.2). Considering individual time sub-

intervals ; ti.1) instead oftp; tg), Eq. (S3.1) can be formulated as:
My (ti)_rr%on (ti—l) = Vgl_SH ZO,cham(ti)_SH ZO,cham(ti—l)J +
& t
+9Q [ S0 crar(®) At = 9Q [S120,0 (1) it (S7)
tig tig

Considering Egs. (S5.1) and (S5.2), and resolvigg(§7) forms(ti) provides the desired re-
cursion formula for calculation @i (t;):
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rnsoil (tl) = rnsoil (ti—l) + Vgl_SH 20,cham(ti)_SH 20,cham(ti—1)J + S (372)

where

S ( |+T| l)[ HZO cham(tl l) SH20|n (tl 1)] T TS+1 O (873)

S2. Standard deviation of the proportionality facta g, actual total soil massmgy;(t;)), and
actual gravimetric soil moisture y(t;)

To calculategy, Eq. (S6) and Eq. (S3.4) are recalled:

= rnsoil (ts) _ rnsoil (to) sS6
) \% |.SH ZO,cham(tS) — Sy ZO,cham(tO)J + Sb ( )
S) = Q(I:Zr ( i +T| 1)[ H20 cham(tl 1) SH20 in (tl 1)]} t _2t T TS+1 O (834)

Consequently, the derivatives a@f with respect toms(to), Msoil(ts), V, SH20.charkto),
SHz0.chanfts), Q, and &, as well as their standard deviatiomgiitoy Omsoilts) v, Tscham(toy
Oscham(ts) 0o, and osg have to be considered. Application of general $Sa&n error

propagation leads to:

1

2 2
A D
Oy = i( mj[( j (o-fnsoil(ts) + O (to))"'(_ASJ )? +V2( O shamts) +Uiham(t0))+aéo (S8)

D? )\ Am
where
D =VAs+S (S8.1)
Am = m;(ts) — My (t,) (S8.2)
AS = S50 chamts) = Shizo cham(to) (S8.3)

i=S+1 t -t
T8 ( _j +Q° Z( +Ti—1)2 [UihaMti—1)+Uszin(ti—l)]; T =- 2|_1; T,=Ts, =0 (S8.4)

Here- for the sake of simplicity the most simple formulation of Eq. (S8.4) is giveutnich

is only valid for schamtiy = Oscham(i-1) = Osin(ti) = Osini-1) = Os = const. (as shown by experi-

5
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mental evidence). Ib—scham(ti) * Oscham(ti-1) * Osin (t) = Osin (ii-1) # O0s # const.,059 can still be
formulated in full, but becomes more complex. Siog@nddy are usually negligible (1% of
V and Q, respectively), Omsoito) Omsoilts) Oscham(iy @Nd Oschamgs) are known  from

corresponding measurements, Eqgs. (S8) and (S&d yazfollows:

2 2
Am D
ag =z 2 (afnsoil(ts) + O-r?soil (tO))+V2( s:ham(tS) + azs:ham(to))-'-aéo (Sg)
D Am
2 2 ~2 By 2 G-t
0% = 205Q° 3 (T4TL) T =32 =T5, =0 (89.1)
—

To calculate the standard deviatioRsoil ¢y Of the actual total soil masssi(ti), Egs. (S7.2)

and (S7.3) are recalled:

My (&) = Mgy (G2) + VO[St 20 cham(t) =S 20, chamG )] + S (S7.2)
S ( i +T| l)[ HZO cham(tl l) SH20|n (tl 1)] _2t T TS+1 O (873)

The most simple formulation fa¥soii iS derived for negligiblex, andog and forgschami)

= Oscham(ti-1) = Osin(t) = Osin(i-1) = Os = CONst. (see above), namely

mson(tl) |_ mson (ti 1) |_U V Scham(t )(1+QT) cham(tl 1)(1 QT)

QT (s, )+ s, b + 2020 +7)* + 0T 10

As already mentioned above fog, if oy # 0, gg # 0 andos # const., the formulation fagp,

soil iy can still be written in full, but becomes more qoex.

The dimensionless gravimetric soil moisture is medi by & = (Msoil,wer—Msoil,dry)/ Mol dry-
During the entire period of drying-out a soil sampt the laboratory dynamic chamber, the
actual gravimetric soil moisturg(t;) is then given by

09 (ti ) — My (trrlls)_(rtnsjm (ts) (S11)

wherem(ts) is the mass of the soil sample at the @rxltf) of each laboratory drying-out
experiment (determined by weighing). Application@dussian error propagation calculus to

Eq. (11) delivers fotgyi,



I

© 00 N O O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

1

o 2 (t ) 2|2
a,gg(ti) -+ {( msml(tl)j +(_Mamsoil(ts)J } (812)

M (ts) M ts)

S3. Control and automatic adjustment of incubationconditions
S3.1 Control of incubation conditions

A scheme of the control of the improved laboraidypamic chamber system is shown Figure
S1. The control routine starts at the lower ofgbkected soil temperatures; then humidificati-
on and the lower of the selected NO mixing ratibthe flushing air stream are adjusted for
the “Meas low” and the “Flush flow” (Fig. S2). Nexhe control scheme checks whether the
system’s temperature, the relative humidity, anel RO mixing ratio of the flushing air
stream fulfil pre-scribed stability criteria, namet0.2 K, £3 %, and <1 ppb (low NO mixing
ratio; <2 % in case of higher NO mixing ratio),spectively. Then the gas stream is
sequentially cycled through all chambers, wherectywe serving box0 to box6 is called the
“box cycle”, and the cycle, which switches betwéamn and high NO mixing ratio, is called
the “NO cycle”. Having completed a “box cycle” ait NO mixing ratio, the control scheme
adjusts for the higher NO mixing ratio (usually J&i). During the adjustment period, two
gas streams are simultaneously probed. That geanstrwhere NO mixing ratio is actually
increasing is directed through the reference chanfbe-called “incoming air’) and be
measured by the NO-analyzer after the stabilitiedon (= 2% of prescribed mixing ratio) is
reached. During this stabilization period, soil rieers are switched into the static mode to
enable determination of the net £€@lease through the measurement of the tempanaase

of the CQ mixing ratio (see Fig. S3). It has to be noted tha CQ measurement starts after
NO mixing ratio is already constarttdis 3 minutes for equilibration chambers’ headspace
NO mixing ratio within < £ 1 ppb). Control of theljastment of NO mixing ratio and feed-
back observation of the stability criterion leadsthat level of NO mixing ratio’s temporal
stability which is essential for the high precisid® measurements requested in this study.
This is particularly important for the switch baitkthe lower of the two selected NO mixing
ratios (usually “zero”-air). For practical reasdimmporal constraint for the entire drying-out
experiment), it was decided to probe only thre¢ deambers in the static mode (4 minutes

each) during one individual period of NO mixingioaadjustment. The remainder of six soil
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chambers is immediately probed after the “box cyidecompleted, and the next NO mixing
ratio will be adjusted as part of the “NO cycle’oW the system’s temperature is switched to
the next higher/lower level accompanied by corredpry adjustment of the relative
humidity of the flushing air stream. It needs 2&uates {s3) to adjust the system’s tempera-
ture (hence, soil temperature) and 2 minutieg for relative humidity. Another 10-15
minutes are allowed for satisfying correspondirap#ity criteria (i.e., +0.2 K and +3 %, re-
spectively). Now, the “box cycle” at the lower NOixing ratio level starts: three soil
chambers (in static mode) are probed for,@@xing ratio during the adjustment period of
“incoming air” NO mixing ratio, and after its stéibation all six chambers (switched back to
dynamic mode) are sequentially probed for each bleaistheadspace NO mixing ratio. Then,
as part of the “NO cycle”, the control scheme shet to higher NO mixing ratio, chambers
are switched to the static mode, the remainderafanbers are probed for €@ixing ratio
during the adjustment period of the higher “incognmir’ NO mixing ratio, chambers are
switched to the dynamic mode, another “box cyclell e completed before the control
scheme switches the system’s temperature to thelower/higher level. Finally, switching

and cycling procedures are repeated until theisatbmpletely dried out.

For the sake of completeness, it should be notad(ihthe total time for drying-out can be
extended by humidifying the air of the “Meas floas well as the “Flush flow”, (ii) response
time (s3) of the CQ/H,O-analyzer is < 10 s, and (iif33 of the NO-analyzer is 90 s. These
response times are very small compared to those gieniods which are necessary to switch
and stabilize the incibation condition of the imyed laboratory dynamic chamber system (s.
above). Nevertheless, to eliminate any potentiamorg effects, which might be due the
sequential switching from one chamber to anothely the last 90 s of data from the entire

probing period (240 s) of each chamber are kepiuitiher evaluation.

S3.2 Details of system’s temperature (soil tempeeatcontrol

The soil sample enclosed in the soil chamber carhbeacterized as a system of considerable
thermal inertia, i.e., fast changes of system’sperature (which is the air temperature inside
the thermostat cabinet) will hardly impact the tengpure of the soil sample. This is very for-

tunate for the investigation release rates at emmséemperature, but once the soil temperature

should be changed to another (pre-scribed) lewvalillitake a large amount of (heating/cool-

8
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ing) energy and a long time until the system wdldtable again. Therefore, a time discrete PI
controller with an update rate of 5Hz was usedegulate the soil temperature in the im-
proved laboratory dynamic chamber system. In génarBl controller is comparing the dif-
ference of a constant set value and a changing.ifrpthe incubation system the PI controller
is a software based calculation of that differewbéch is divided into a proportional and inte-
gral part. The higher the proportional part, thetda reacts the controller but the higher the
chance to result oscillations. Therefore, the irdgkepgart is used to compensate for oscillations
by small changes in the output. In a first testegikpent the air temperature of the thermostat
cabinet was used as input temperature for the Rtrater. This result a delay of the system
of approximately 20 hours until the soil temperatwas in equilibrium with the 10 K
increased air temperature. The soil temperatuedf ksuld not be used as input temperature
since the inertia of the system leads to even lonigee constants. To accelerate fast
temperature switching, the discrete set value ®@Rhcontroller was replaced by continuously

changing soil temperature as
Setvalugl T = (RT |lse#soil _Tsoil)) + Se;'soil (813)

whereSeti IS the set soil temperature (in °C; usually €itb@C or 30°C),Ts.; the actual
soil temperature (in °C), andy a system dependent, dimensionless factor to thmseset
point (usually between 2 and 3). The adjustmenhefsoil temperature for an increase from
20 to 30°C is shown in Figure S4 to demonstrateueR; to raise the set point. When the
routine is started, the lower soil temperature, Hbeidification and the “incoming air” NO
mixing ratio are adjusted. The soil temperaturgnsaverage of the two chambers in the centre
of the thermostat cabinet. Similar to Gédde andr@di1i1999) different temperature switches
of 5 and 10°C were tested. The present versiohefrhproved laboratory dynamic chamber
system needs approx. 40-50 minutes to adjustesapératures for an increase or decrease of
10 K.

Since there were no significant differences betweé&hand 10 K switches, the 10 K switch
has been chosen (from 20°C to 30°C). Since thé tiate of drying-out is limited, it is not
recommended to switch more than two different NXing ratios and soil temperatures

within one drying-out experiment.

S3.3 Details of relative humidity control of theghing air stream
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As for soil temperature, the relative humidity dfet“Meas flow” and “Flush flow” is
controlled by a Pl-controller as well. Howeverh#s to be noted, that through humidification
of these air flows, drying-out of soil samples abulot be completely stopped, but slowed
down considerably. Since each soil of the enclesedple is characterized by different field
capacity and drying-out behaviour over time, selviests resulted in a time dependent look-
up function for the control of humidification. Thfsinction could be used for all kinds of
soils. Basically, for the total time of a dryingtoexperiment, a table consisting of 20 time
increments is programmed, where for the first Ifaments the humidification is constant at
95% relative humidity and the last 6 increments hbenidification is linearly decreasing to
0%. Once, the time for drying-out of a soil samiglé&known (usually about 1 day for desert
soil and up to 5 days for organic rich soils), sle¢ value for the humidification is the result of
the interpolation of the relative humidity betweilie time increments which depend on the
time of measurement and that for the total dryingexperiment. Input data for control of the
relative humidity are measured data obtained bygaatl humidity probe HTM B71 (HY-
LINE SENSOR-TEC, Germany) mounted in the headspdcthe reference (empty) soil
chamber. The relative humidity of the “Meas flowida“Flush flow” is then controlled by
mixing dry and wet air flows together (s. Figs. S3) The control scheme of the improved
laboratory dynamic chamber system is programmed,ghat flexible experimental perfor-
mance is possible (considering other incubatiorditmms then chosen here): before starting
the control scheme, incubation conditions (“incognair” NO mixing ratio switch, static
mode switch, soil temperature switch, humidificatiswitch) may be (independently from

each other) pre-scribed interactively.

10
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