Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Agricuttural
and
Forest Meteorology

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Agricultural and Forest Meteorology 151 (2011) 1856-1861

= = m A #  Agricultural
Contents lists available at ScienceDirect = d

an
Forest Meteoralogy

Agricultural and Forest Meteorology

journal homepage: www.elsevier.com/locate/agrformet

Short communication

Adjustment of annual NEE and ET for the open-path IRGA self-heating correction:
Magnitude and approximation over a range of climate

B.R. Reverter®P, A. Carrara¢, A. Fernandez¢, C. Gimeno¢, M.]. Sanz¢, P. Serrano-Ortiz9,
E.P. Sinchez-Cafieted, A. Were€, F. Domingo9, V. Rescof, G.G. Burba$, A.S. Kowalski?:P-*

a Departamento de Fisica Aplicada, Facultad de Ciencias, Universidad de Granada, Fuentenueva s/n, 18071 Granada, Spain

b Grupo de Fisica de la Atmésfera, Centro Andaluz de Medio Ambiente (CEAMA), 18006 Granada, Spain

¢ Fundaciéon Centro de Estudios Ambientales del Mediterrdneo — CEAM, Charles R. Darwin 14, 46980 Paterna, Valencia, Spain

d Departamento de Desertificacién y Geo-ecologia, Estacién Experimental de Zonas Aridas — CSIC, Ctra. Sacramento s/n, 04120 La cafiada de San Urbano, Almeria, Spain
¢ Department of Hydrology and Geo-environmental Sciences, Vrije Universiteit Amsterdam, De Boelelaan 1085, 1081HV, Amsterdam, The Netherlands

f Centro de Investigacién del Fuego, Toledo, 45071, Spain

& LI-COR Biosciences, 4421 Superior Street, Lincoln, NE 68540, USA

ARTICLE INFO ABSTRACT

Article history:

Received 16 November 2010
Received in revised form 1 June 2011
Accepted 3 June 2011

The self-heating correction is known to modify open-path eddy covariance estimates of net ecosystem
CO; exchange, typically towards reduced uptake or enhanced emissions, but with a magnitude hereto-
fore not generally documented. We assess the magnitude of this correction to be of order 1 umolm=2s~"
(daytime) for half-hourly fluxes and consistently over 100 g C m~2 for annual integrations, across a tower
network (CARBORED-ES) spanning climate zones from Mediterranean temperate to cool alpine. We fur-

IEZ)(; words: thermore examine the sensitivity of the correction to its determining factors. Due to significant diurnal
Ope)rq -C;?;Itatf lance variation, the means of discriminating day versus night can lead to differences of up to several tens of

gCm~2year~!. Since its principal determinants - temperature and wind speed - do not include gas flux
data, the annual correction can be estimated using only meteorological data so as to avoid uncertainties
introduced when filling gaps in flux data. For fast retro-correction of annual integrations published prior
to the recognition of this instrument surface heating effect, the annual impact can be roughly approxi-
mated to within 12 gCm~2 year~! by a linear function of mean annual temperature. These determinations
highlight the need for the flux community to reach a consensus regarding the need for and the specific
form of this correction.

Infrared Gas Analyzer
Self-heating correction
Annual carbon budget
Annual water vapor budget
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1. Introduction

In the last two decades infrared gas analyzers (IRGA) of open-
and closed-path design have become fundamental for tracking
greenhouse gases, providing datasets with worldwide coverage
that are very useful for global change assessments. Initial com-
parisons of the two instrument types found similar results when
appropriate corrections were applied (Haslwanter et al., 2009;
Yasuda and Watanabe, 2001). However, further comparisons have
revealed substantial differences between them, especially in cold
environments (Clement et al., 2009; Hirata et al., 2005; Hirata et al.,
2007), causing concern in the flux research community.

Specifically, carbon dioxide and water vapor density measure-
ments from an open-path IRGA may be biased when the instrument
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significantly heats the air that it measures, particularly in cold
environments (Burba et al., 2008). Burba et al. (2008) proposed cor-
rections requiring no complementary closed-path measurements
(Method 4), introducing new sensible heat flux terms estimated
theoretically and verified experimentally (Burba et al., 2008; Grelle
and Burba, 2007).

While use of this self-heating correction is increasing (Alberti
et al., 2010; Delpierre et al., 2009; Domec et al., 2010; Noormets
et al., 2010; Reverter et al., 2010; Sun et al., 2010) it is not yet
applied systematically (Pingintha et al., 2010; Zeeman et al., 2010;
Zona et al., 2010), perhaps because recent direct comparisons of
flux measurements between open- and closed-path analyzers have
lead to its rejection in some (Bowling et al., 2010; Haslwanter et al.,
2009; Wohlfahrt et al., 2008), but not all cases (Clement et al., 2009;
Jarvi et al., 2009).

At present the correction is generally used only at cold sites,
where it has been deemed essential (Amiro, 2010); however, no
objective criteria have been established to identify just when
and where it must be applied, and its magnitude for temperate
sites remains unreported. Determining whether the self-heating
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Table 1
Experimental sites from CARBORED-ES Spanish NEE monitoring network.
Altitude (m) Mean annual temperature (°C) Biome Reference
Balsablanca (BAL) 200 17 Mediterranean shrubland Rey et al., 2011
Llano de los Juanes, Gador (GAD) 1600 12 Mediterranean shrubland Serrano-Ortiz et al., 2007
Laguna Seca (LAS) 2300 6 Mediterranean alpine shrubland Reverter et al., 2010
Las Majadas del Tiétar (MA]) 258 17 Savanna Casals et al., 2009
El Saler (SAL) 5 18 Coniferous evergreen forest Sanz et al., 2004
Sueca (SUE) 10 18 Rice paddy -
Vall d’Alinya (VDA) 1770 6 Grassland Gilmanov et al., 2007

correction improves estimation of the carbon balance is a topic of
growing concern, as it may change conclusions regarding annual
carbon balances, in some cases changing from sink to source
(Amiro, 2010; Reverter et al., 2010; Wohlfahrt et al., 2008).

In this study we explore the magnitude of the self-heating cor-
rection and its sensitivity to drivers that determine revisions of
carbon and water vapor fluxes. We assess the magnitudes of the
correction over a broad range of climate, and propose a simple
approximation to estimate its magnitude. We also caution that cal-
culating the magnitude of the self-heating correction via gap-filled
fluxes instead of meteorological data leads to increased uncer-
tainty, and that the means of discriminating day and night are
important for reducing discrepancies in calculating the correction
worldwide.

2. Methods
2.1. Experimental sites

This study comprises data from seven eddy covariance stations
over a 2300 m altitudinal gradient in Spain, within the national car-
bon flux monitoring network CARBORED-ES (Table 1). Every site
operates with an open-path infrared gas analyzer LI-7500 (LI-COR
Inc., Lincoln, NE, USA) IRGA, inclined ca. 15° from the vertical in
accordance with the instrument manual.

2.2. Mathematical definition of the self-heating correction

The calculation of CO, and H, O fluxes using open-path analyzers
follows (Webb et al., 1980):

Pc Pc Pv
F=Fy+pn—Ep+ (1 + 7) H 1
o+l Eo peoTs s (1)
Pv Pv
E= (] + 7) Eo + H 2
Ay < 0+ e T > (2)

where Fy is the covariance between the vertical velocity and the
CO, density and Eg the covariance between the vertical velocity
and water vapor density, i the air to water vapor molecular mass
ratio, ¢, the specific heat at constant pressure, H and E the sensible
heat and water vapor fluxes, T, the air temperature and p, pq, Oc
and py the densities of air, dry air, CO, and water vapor.

Burbaetal.(2008) proposed substituting the traditional sensible
heat flux H with the ‘measured’ sensible heat flux (S) within the
IRGA measurement path:

Pc

Pc Pv
Fp=Fy+unu—Ep+ (1+ —)S (3)
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where S is the sum of the traditional sensible heat flux H plus the
estimated new terms resulting from heating by the instrument
bottom, top and spar (Burba et al., 2008):

S = H + Spot + Stop + 0.15Sspar (4)

These new heating terms are defined by:

Tior — T.
Sbot = kair( b(:; 2) (5a)
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Stop = kair(rmp + itop;(Ttop —Ta) (5b)
topOtop
Tspar — T.
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where 8pot, Stop and Sspar are the average thickness of the boundary
layer above the bottom and top window and spar given by:

Sbot = 0.0044 / lt’v‘“ +0.004 (6a)

lop  0.00025
Btop = 0.0028 ¥ + ==

/1
Sspar = 0.0058 SL";“ (6¢)

and kg, is the thermal conductivity of air in Wm~=1 K1, reop, T'spar,
Ibot» ltop and Ispar are experimental coefficients addressed in Burba
et al., 2008 (Table 2) and U is the wind speed. Surface tempera-
tures (Tpot, Ttop and Tspar) are assessed by experimental regressions
(Table 2; Burba et al., 2008) which are different for day and night.
Thus, by subtracting F from Fg to the self-heating correction for CO,
fluxes is

+0.0045 (6b)

_ b oy
C,c = oCoTa (1 +u pd) (Stop + Spot + 0']555par) (7)
and likewise for water fluxes

_ Py Py i
Co = ot (14122 ) St -+ St + 0.15S5par) (8)

and simplifying Eqgs. (7) and (8)
Gy = &CB,C (9)
Pc

From Egs. (8) and (9) it is clear that the self-heating correction
magnitude for carbon and water vapor can be estimated using only
meteorological data (from the right-hand sides of Egs. (7) and (8)),
requiring no eddy covariance data. One of the main advantages of
this for determining the annual magnitude of the correction is that

Table 2

Surface temperatures estimated from air temperature (T,) regressions and exper-
imental coefficients at the bottom, spar and top of the LI-7500 open-path IRGA
addressed by Burba et al. (2008).

Daytime Nighttime Radius, r Diameter,
surface surface (m) [(m)
temperatures T temperatures T
Q) Q)
Bottom 0.944T, +2.57 0.883T,+2.17 - 0.065
spar 1.01T, +0.36 1.01T, - 0.17 0.0025 0.005
top 1.005T, +0.24 1.008T, — 0.41 0.0225 0.0045
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meteorological data usually present a much lower gap percentage
if compared to gas flux data.

2.3. Applied method

The annual magnitude of the self-heating correction for CO, and
water fluxes may be estimated by two different methods that do
not always produce identical results. In the first method ((Cg1)), Eqs.
(7)and (8) (or (9)) are used to calculate individual, half-hourly con-
tributions to the annual sum using only gap-filled meteorological
data. In the second method ({Cg,)), Egs. (1) and (3) are used to cal-
culate half-hourly contributions whose differences are integrated
to form an annual sum. In contrast to the first method however,
this approach requires gap-filled flux data, both with and without
the self-heating correction applied (Fg — F).

Various studies have estimated (Cgyc) (Amiro, 2010; Reverter
et al., 2010; Wohlfahrt et al., 2008), using this second methodol-
ogy that introduced additional gap-filling uncertainty which could
be avoided. Note that with the second approach errors (ACgyc)
increase because, since Cgyc is determined as the integrated dif-
ference between two gap-filled time series, its uncertainty (ACgac)
is defined as the sum of the uncertainties (AFg + AF). Since over-
all uncertainty of annual NEE is dominated by gap filling (Dragoni
et al., 2007), differences in the importance of the self-heating cor-
rection across studies may derive from uncertainties in gap-filling,
rather than on the self-heating correction per se.

The annual magnitude (Cg;) for the CARBORED-ES experi-
mental sites was calculated based on the air temperature, the
densities of air, CO, and water vapor, and the wind speed as
required by Eqgs. (7) and (9). For annual integrations, gaps in
CO,, water and air densities and wind speed were filled using
annual average values. Gaps in air temperature, the incident flux
of photosynthetically active radiation (PAR) and in carbon and
water vapor fluxes were filled following (Reichstein et al., 2005)
(http://gaia.agraria.unitus.it/database/eddyproc/index.html).

Sensitivity analyses were performed, applying an arbitrary
positive and negative percent variation individually for each mete-
orological input (T,, U, p, p4, pc, pv) affecting the half-hour
correction (Egs. (7) and (8)). Half-hours were then summed to
obtain the annual self-heating correction magnitude (Cgy).

3. Results and discussion

Fig. 1 shows, for El Saler in 2007 (Table 1), the sensitivity of
the estimated annual magnitude of the self-heating correction for
NEE to its means of calculation. The top frame shows cumula-
tive gap-filled NEE both with and without the correction applied;
in the bottom frame, the difference between these two signals
(Cgac) is seen to diverge from Cgqc calculated directly from Eq.
(7). We therefore emphasize that, while the data in Fig. 1a do per-
mit an examination of the effect of applying the correction for a
particular site/year of data, it includes unnecessary uncertainty
due to the influence of two gap-filling procedures. Furthermore,
it is important to note that the annual magnitude of the self-
heating correction, if applicable at this temperate Mediterranean
site, would be 140 g m—2. By contrast, for the annual evapotranspi-
ration estimate, at no site does the effect of applying this correction
reach 11 mm, and so it might be considered negligible (Table 3).

Sensitivity analysis of the magnitude of Cgic reveals that it
depends mostly on T,, and to some extent U (via the additional
sensible heat flux terms, Sy). Just a 1% variation in T; (ca. 3K) and
a 10% variation in U values would result in changes of 15 and
4gCm2year~! respectively. The influence of the remaining vari-
ablesin Eq.(7)is far less important. Changes in the ratio py/p4 in Eq.
(7) hardly affect the annual carbon budget, since this term is very
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Fig. 1. (a). Cumulative NEE with and without the Burba correction applied. b).
Cumulative Burba correction magnitude for carbon estimated both directly from
meteorological data (Cgic; Eq. (7)) and as the difference between gap-filled fluxes
(Cgac; Fg —F) at SAL2007. The two series diverge as a consequence of uncertainties
introduced by gap filling: the first month was relatively gap-free, but during the last
days of the year (after DOY 323) the flux gap percentage was 83%.

small compared to unity. For the terms outside the brackets in Eq.
(7), variations in gas densities dissociated from temperature, such
as altitudinal differences, are offsetting since variations in CO, den-
sity are proportional to those in air density. Thus, air density is not
a major determinant of the self-heating correction as was wrongly
stated by Reverter et al. (2010).

Discriminating between day and night also influences Cgic
strongly, as regressions of the temperature at the bottom (Tyq¢),
at the top (Ttop), and on the spars (Tspar) of the LI-7500 housing
obtained by Burba et al., 2008 produce different results during
day and night time (see Burba et al., 2008 for further details).
In fact, the calculated correction is very near zero during night-
time, jumping to ca. 1 umolm~2s~! at sunrise and exhibiting a
square wave behavior that might be avoided by smoothing dur-
ing the transitional hours to soften such a step-change. Differences
between day and night corrections are so great that discriminat-
ing between them is crucial when summing to obtain an annual
carbon budget. For instance, choosing R, >0W m~2 as a night-day
discriminator instead of an arbitrary PAR>10 wmolm~—2s~! may
result in up to 30gCm~2 year—! of additional emissions. Net radi-
ation might seem to be an appropriate discrimination variable, but
it can be affected by the state of the ground. We therefore think it
more appropriate to use those PAR values corresponding to R, =0
obtained from site-specific annual regressions of PAR versus Ry,
excluding snow cover and flooded soils.

However relevant, the calculated annual correction varies
among Spanish sites from 129gCm~2year-! at Mediterranean
sites to 190gCm~2 year~! at cold, alpine sites (Table 3). Even at
warmer sites like BAL and MAJ, with a mean annual temperature
near 17°C (Table 2), the correction is above 140gCm~2year!.
Generally, the importance of the self-heating correction has been
stressed at cold sites (Amiro, 2010), and it may be unnecessary
except for determining “wintertime fluxes” (Brown et al., 2010).
Overall, no universal, objective criterion has yet been established
to distinguish between “warm” and “cold” conditions or sites, but
is clearly needed in order to avoid the application of a large and
maybe inappropriate “corrections”.

Table 3 also shows a clear correlation of the self-heating correc-
tion with mean annual temperature ((T,) °C). In fact, a simple linear
model (Fig. 2) predicts the annual correction as:

(Cic) =202 -3.4(Ty) (10)
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Table 3

1859

Annual carbon and water vapor flux correction magnitudes ((Cg1c) and (Cgyy)) calculated by summing half-hour contributions (Cg;c and Cgyyv) assessed from meteorological
data ((T,): Mean Annual Air Temperature, (U): Mean Annual Wind Speed). The abbreviations for the sites are: BAL (Balsablanca, Mediterranean shrubland), GAD (Llano de
los Juanes, Sierra de Gador, Mediterranean shrubland), LAS (Laguna Seca, Mediterranean alpine shrubland), MA] (Las Majadas del Tiétar, broad evergreen forest), SAL (EI
Saler, coniferous evergreen forest), SUE (Sueca, rice paddy), VDA (Vall d’'alinya, grassland). Uncorrected annual sums of CO, (F) and water vapor fluxes (E) are included.
Percentages of gaps in the variables upon which the self-heating correction depends are also included in the last column. The instrument tilt was no more than 15 °C for

every experimental site/year.

(Ta) (°C) (Uy (ms=1) (Ceic) (Cprv) (F) (E) Gaps in PAR, p,
(gCm~2year ) (mmH,Oyear ') (gCm—2year ) (mmH;,0year ') Pd, Pe» Py, Ta or
U®)
BAL 2007 17.3 2.87 149 7.8 118 200 4.2
BAL 2008 171 3.09 150 7.9 131 172 19.4
GAD 2007 11.6 1.96 152 5.8 —11 201 33.8
GAD 2008 12.0 233 155 5.8 -9 339 225
LAS 2007 5.8 2.49 182 5.7 -135 346 16.1
LAS 2008 5.8 2.63 178 6.3 —100 380 28.2
MA] 2006 16.5 2.55 151 6.8 -105 554 31.7
MA] 2007 15.1 245 159 7.0 —159 650 28.8
SAL 2007 17.4 2.67 140 10.8 —598 749 46.1
SAL 2008 17.8 241 129 104 —544 564 61.7
SUE 2005 17.0 2.87 141 10.6 -710 886 6.2
SUE 2006 17.6 295 141 9.6 —548 822 15.6
VDA 2007 6.1 2.69 184 7.0 —188 501 74.3
VDA 2008 5.1 241 190 8.0 -102 370 51.2
Table 4

Examples of annual NEE values computed from open-path flux measurements, and published in Agricultural and Forest Meteorology since 2008, restricted to the CARBORED-
ES range of mean annual temperatures, and hypothetical effects of the heating correction when applied to these data. Errors of the published annual NEE were not taken into

account.
Reference Ecosystem type Annual T, (°C) Year Published annual Revised annual
NEE NEE (gCm~2)
(gCm~2)
Kochendorfer et al., 2011 Riparian forest 15.8 2004 -310 -162
Rodrigues et al., 2011 Eucalypt plantation 153 2002 —866 -716
Rodrigues et al., 2011 Eucalypt plantation 16.1 2003 -791 —644
Peichl et al., 2010 18-year old Pinus Strobus forest 7.8 2007 c.a. —800 ca. —625
Zeeman et al., 2010 Grassland at 1000 m 7.2 2006 —222 —44
Zeeman et al., 2010 Grassland at 400 m 9.5 2006 -59 111
Zeeman et al., 2010 Grassland at 1000 m 7.7 2007 —417 -241
Zeeman et al., 2010 Grassland at 400 m 10.0 2007 —69 929
Béziat et al., 2009 Cropland (maize) 12.9 2006 -186 -28
Béziat et al., 2009 Cropland (sunflower) 13.3 2007 28 185
Béziat et al., 2009 Cropland (rapeseed) 12.8 2005 -286 -128
Béziat et al., 2009 Cropland (triticale) 125 2005 -335 -176
Béziat et al., 2009 Cropland (winter weat) 13.0 2006 -324 -166
Béziat et al., 2009 Cropland (winter weat) 131 2007 -369 -212
Dusek et al., 2009 Temperate herbaceous wetland 79 2006 -199 —24
Dusek et al., 2009 Temperate herbaceous wetland 9.1 2007 -220 -49
Holst et al., 2008 Pine forest 10.3 (period 1978-2001) 2005 —-600 —433
Holst et al., 2008 Pine forest 10.3 (period 1978-2001) 2006 —380 -213
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Fig. 2. Linear relationship (R?=0.9, N=14) between the annual magnitude of the
Burba correction for carbon estimated directly from meteorological data ((Cgic); Eq.
(7)) and annual air temperature ((T,)) for two years of every site of CARBORED-ES.

with a maximum residual of 12gCm~—2year~! (R2=0.9; N=14)
over all sites. Such a relationship might be very useful for correct-
ing previous flux estimates with little error. An analogous equation
was not found for the water vapor magnitude because the water
vapor density (Eq. (8)) does not follow a linear relationship with
altitude/air density.

Many published annual carbon balances estimated from mea-
surements using the LI-7500 open-path systems without applying
the self-heating correction may be biased. Table 4 displays annual
carbon budgets from 2008 to 2011 as published in Agricultural and
Forest Meteorology, together with corrected values obtained using
Eq. (10). As expected, applying the self-heating correction would
push estimates towards carbon loss everywhere, with greater mag-
nitude at colder sites. Some of these sites could change from sink
to source if application of this rough correction were necessary.

In the face of impending global climate change related to CO,
and other greenhouse gases, eddy covariance data are being used
in conjunction with models to quantify local, regional and global
carbon exchange (Beer et al.,, 2010; Luyssaert et al., 2008) as well as
their environmental drivers (Mercado et al., 2009). In this study, we
have examined the magnitude and determinants of the correction
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to eddy covariance fluxes as proposed by Burba et al. (2008), the
application of which is nonetheless far from resolved as definitive.
There is an urgent need to revise the Burba et al., 2008 correction,
both to establish when and where it must be applied (warm versus
cold) and also to account for the inclination of the LI-7500, since
the original formulation assumes a vertical +15° mounting of the
LI-7500, whereas much steeper mounting angles are sometimes
used (Sottocornola and Kiely, 2010). Wind direction may play an
important role in determining the degree of heating within the
measurement path when the LI-7500 is inclined beyond about 15°.
Additional studies in wind tunnels (similar to Burba et al., 2008 and
Grelle and Burba, 2007) would provide insight into the most appro-
priate means of correcting for instrument heating of measured air.
In any case, additional comparisons of open-path versus closed-
path instruments should be conducted at contrasting sites in order
to compare eddy fluxes with and without the correction.
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