
Ameriux Working DoumentBoundary Layer GroupCollege of Oeani and Atmospheri SienesOregon State UniversityCorvallis, OR 97331 USADeember 22 2004

1



1 IntrodutionThe goal is onstrut a quantitative and representative annual estimate fornet eosystem exhange of arbon (NEE) and to partition NEE into GEP(photosynthesis) and respiration omponents. However, there are numer-ous potential problems. Long periods of missing data that oinide with apartiular stage of biologial ativity ould ontribute to bias in the annualestimate. The ux instruments have quality problems in wet weather, whihinludes most of the winter season in the study area. The open-path LICORis subjet to alibration drift as the ondition of the surfae of the windowshanges. The ux measurement height may be in the roughness sublayer,espeially in onvetive onditions, and there is no information on the hori-zontal or vertial variation of the ux. The single storage measurement siteould be unrepresentative of the are due to preferred loations of noturnalarbon dioxide aumulation. There ould be a signi�ant mismath betweenthe ux footprint and the storage footprint, espeially in stable onditions.The feth hanges with wind diretion and stability, and the wind diretionand stability vary systematially with season and time of day. Advetionmay be signi�ant, but is not known.This doument desribes the methods used to arrive at annual NEE, GEPand respiration estimates.2 Data olletionFast response wind and temperature data from a soni anemometer (Camp-bell CSAT3) and fast response number density data from a oloated open-path CO2/H2O analyser (LICOR-7500) are logged and saved at 20 hz forsubsequent analysis. The mean CO2 onentration pro�le is measured atmultiple levels using a single losed-path gas analyser with multiple swith-ing ports. Anillary data an inlude mean temperature and wind pro�les,radiation terms and soil properties. 2



3 Quality ontrolA omplete desription of this program is athttp://blg.oe.orst.edu/Software/QC_v3/guide/guide.html.The q program is applied to raw time series of fast response variables used ineddy orrelation ux alulations. This variable set inludes (u; v; w; Tv; q; o2).The program performs the following steps:� Fast response spei� humidity (gg�1) and o2 onentration (ppm)are omputed from fast response number density (milli � molm�3)measurements and fast response ambient air density (temperature andpressure utuations). This is sometimes alled a point-by-point WPL\orretion".� Small segments of missing data in time series are replaed using linearinterpolation. Small is de�ned as small enough suh that the ux isnot signi�antly e�eted, based on previous experiene with other datasets.� The times series are despiked. The spike threshold is 3.25 times theloal standard deviation. Continious spikes for periods longer than 5seonds are onsidered real events and not spikes. Spikes are replaedusing linear interpolation. Some data that is agged by the q test-ing is subjeted to a \heavy-despiking" algorithm that removes longersequenes of spikes.� A series of tests are imposed that hek the variable set for an un-physial range of values, unusally small or large variane, skewness andkurtosis, and for disontinuites in the mean. When suspet data isfound it is masked out (set to missing data value).� A fast response \lean" data set is written for subsequent analysis.3



The LICOR-7500 has data quality problems when moisture (rain,snow,dew)gets on the windows. The CSAT generally has less problems than the LICOR-7500.The quality ontrol proess is not 100% reliable. It is sometimes diÆultto distinguish between instrument problems and rare but plausible physialbehaviour.4 Seond generationA omplete desription of this program is athttp://blg.oe.orst.edu/Software/2nd_and_3rdgen/.This program omputes means, varianes, uxes and spetra. Fluxes areomputed for 3 di�erent loal averaging time sales; 100 seonds, 300 seondsand 600 seonds. For Ameriux we use the 600-seond uxes. There isno detrending and uxes are alulated using unweighted, non-overlapping,box-ar averages. Flutuations (e.g. w0) for all points in the �rst 600-seondwindow are omputed by subtrating the 600-seond mean. The same isdone for o2. The produt (e.g. w0o20) is then omputed for all points inthe window and then averaged over the window. This is repeated for thenext 600-seond window, et.No orretions are made for potential high frequeny ux loss due to path-length averaging by the soni or the LICOR, or for potential high frequenyux loss due to physial seperation between the soni and the LICOR.Multiresolution ospetra and spetra are omputed and saved for anal-ysis of the sale-dependene of the uxes.We note that use of a 600-seond loal averaging time sale for omputinguxes in strongly strati�ed onditions may inlude poorly sampled mesosalemotions. As a result, the ux is haraterized by large random samplingerror. The ontribution to the alulated ux at these large time sales (lowfrequenies) may be larger than the ontribution from turbulent sales invery weak turbulene. 4



4.1 Tilt orretionA tilt orretion is applied to the wind omponents prior to omputing uxes.The tilt orretion an be time-dependent to aomodate hanges in the soniorientation due to any realignments that take plae during the year. In thisase, the entire proedure (see below) is repeated seperately for eah period.Individual hours with weak horizontal winds (less than 2 ms�1) are exludedfrom the tilt orretion development proedures sine the tilt angle an beerrati in weak winds.A pratie onstant o�set is removed from the vertial motion making wzero for the entire period. The removal of the o�set does not diretly a�etthe omputed ux, sine only a onstant is removed for eah reord. However,we note that applying a subsequent tilt rotation to the data with no priorremoval of the o�set, onverts the vertial motion o�set into horizontal ow.After removing the pratie o�set, a pratie tilt angle is omputed foreah 1-hour reord whih eliminates the reord mean vertial motion. Thesetilt angles are averaged over the entire period for a sequene of wind diretionategories, giving wind diretion-dependent average tilt angles. When thepratie tilt angles appear to be onsistant with a tilted anemometer, theatual tilt orretion is applied. For eah 1-hour data reord, a lookup tableis used to determine the o�set and tilt angle to use depending on the timeand the wind diretion, and the rotation is done on the fast response windomponents. The proess inludes a horizontal rotation to along-wind (u)and ross-wind (v) omponents suh that u > 0 and v = 0 to distinguishbetween along- and ross-wind omponents of the wind stress. This methoddoes not fore the reord-mean vertial motion to zero. The orretion isapplied to all reords regardless of wind speed.5 Third generationA omplete desription of this program is athttp://blg.oe.orst.edu/Software/2nd_and_3rdgen/.5



This program alulates quantities related to evaluating Monin Obukov sim-ilarity theory. Several estimates for di�erent types of ux sampling errorsare omputed inluding random sampling error, systemati error, a ux in-termitteny parameter and ux non-stationarity.Half-hour mean quantities are omputed from the 2nd generation 600-seond data. Three 10-minute average values are averaged to make one 30-minute average. A heat ux is alulated from the soni heat ux (whih islose to the virtual temperature ux) and the moisture ux.6 Ameriux proessing6.1 Flow distortionThe uxes for half-hourly periods where the ow is potentially disturbed dueto soni support strutures, other instruments or the tower itself are maskedout (set to missing data value). The width of the wind setor deemed to havepotential ow distortion is spei� to eah site and depends on the type oftower and the boom length.6.2 OutliersFlux outliers are removed to avoid their inuene on gap-�lling. Values ofthe eddy orrelation (EC) ux outside a user spei�ed range are masked out.The range is seleted after onsulting a time series plot of all the uxes,and should inlude only a very small fration of the data. It is likely thatsome of these outliers are assoiated with instrument problems that were notdeteted by the quality ontrol testing.6.3 Gap-�llingThe steps in the gap-�lling proedure are outlined below.� 1. Temporal �ll wide gaps using linear interpolation. A wide gap isa sequene of onseutive days with a very high perentage of missing6



data (90% or more). Typially, the perent of missing data in theseases is 100%. When equivalent width data segments just prior to andsubsequent to the wide gap segment have a lower perent missing data(60% or less), then linear interpolation is used to �ll aross the wide gap.Means are omputed for the prior and subsequent segments for eahof 48 half-hour periods. The half-hourly values are then interpolatedaross the wide gap. This proedure is implemented using a sequeneof blok windows of width 35,30,..10,5 days.� 2. Vertial �ll 1-pt and 2-pt gaps using linear interpolation for o2(z)and T (z). A 1-pt gap is one vertial level with missing data with gooddata both above and below, for the same time period.� 3. Temporal �ll 1-pt and 2-pt gaps using linear interpolation for allvariables. A 1-pt gap here is one half-hour with missing data withgood data for the prior and subsequent half-hour periods.� 4. The mean diurnal averages are alulated for all variables usingall non-missing data within a 15 day window width. The mean diurnalaverage onsists of the averages over the window for eah of 48 half-hourperiods during the day. Missing data within the window is replaedwith the orrepsonding average over the window if at least 50% of thedata for that period were inluded in the average. For example, if apartiular half-hour period is missing for 8 or more of the 15 days in thewindow, the missing data for that half-hour period will not be replaedby the average.This entire proess is then repeated partitioning the data into 8 three-hour periods instead of 48 half-hour periods. The probability of �ndingenough data to meet the 50% riteria is greatly inreased beause thetime-of-day riteria is relaxed from a half-hour to three-hours. In gen-eral, this will depend on the harater of the missing data and ouldbe site-spei�. When replaing missing data with the average, the sixhalf-hour averages in the three-hour period are all assigned the same7



value.� 5. Repeat step 4 for inreasing window sizes of 30, 45, et. days untilall data is gap-�lled for all variables.6.4 Storage termThe storage of o2 and heat between the ground and the ux measurementheight is omputed by vertially integrating the loal time tendany. Thetime hange is omputed using entered (2 Æt) di�erenes and half-hourmeans. The vertial integration is done assuming a pieewise linear �t tothe o2(z) and T (z) pro�le data. The pro�les are extrapolated from the �rstmeasurement level down to the surfae using the slope between the �rst andseond levels.6.5 u�-�lteringNoturnal measurements of the o2 EC ux plus storage sometimes inreasewith inreasing frition veloity (u�). Sine respiration is not thought to befuntion of u�, this indiates that other proesses may be ating. One inter-pretation is that horizontal or vertial advetion of o2 must be important.Another interpretation is that the storage measurement is unrepresentative,possibly due to horizontal heterogentiy of the storage. Another is that theux footprint region ould be quite di�erent than the footprint of the storagemeasurement in stable ows.One approah to this problem is to apply u� �ltering. A model of respi-ration is developed using the noturnal F + S measurements in only highu� onditions, where high is de�ned as larger than a ritial value. In thesehigh mixing onditions, advetion and horizontal heterogentiy are thoughtto be less important.The frition veloity is alulated as the square root of the magnitude ofthe 30-minute averaged wind stress omponents8



u� = (w0u02 + w0v02)1=4: (1)The ritial u� value is estimated in o�-line mode by exmaining the u�-dependene of F + S in high u� noturnal onditions. The year an bebroken up into a sequene of 60-day periods with a seperate ritial u� foreah period, if neessary.Plots of noturnal F + S bin-averaged by u� ategory are examined tosee if and where a levelling o� ours with inreasing u�. Ideally, F + Sshould not be sensitive to u� for u� larger than the ritial value. We de�ne\noturnal" as the half-hour periods where the solar zenith angle exeedsninety degrees.Sensitivity tests indiate that the F + S vs (u�) relationship is heavilyinuened by outliers. A more robust relationship is found after disardingpoints in the upper 2% and lower 2% of the frequeny distribution of bothF+S and u�. Negative noturnal values of F+S are disarded sine suhvalues are suspet probably due to large random ux sampling errors.One the ritial u� is determined, noturnal F+S for high u� onditionsis related to preditors of respiration, suh as subanopy air temperature,soil temperature and soil moisture. A model of respiration is developed. Thepreise form of the model depends on the speial harateristis of the site andthe availablity of measurements. When available, soil hamber measurementsof respiration are onsulted in the model development.6.6 Respiration, GEP and NEERespiration is estimated by applying the site spei� model disussed aboveto all daytime and noturnal periods regardless of mixing strength. Reallthat the model oeÆients were derived using the F + S measurements foronly the high u� noturnal periods, and an be spei�ed seperately for eah60-day period.GEP is alulated as F + S minus the modelled respiration during theday, and is set to zero at night. NEE is then given by GEP + respiration.9



Respiration, GEP and NEE are de�ned as negative for arbon uptake by theeosystem and positive for release of arbon to the atmosphere.6.7 Annual NEEAnnual NEE (gCm�2) is omputed asNEE = Nd 86400 10�3 (12=44) A (2)where A is the annual average NEE (mg o2 m�2s�1) and Nd is the numberof days per year. The same approah is used for omputing annual sums ofrespiration and GEP.7 Appliation to IP03The �rst appliation of the OSU-BLG proessing was for the 2003 data fromthe intermediate pine site near Sisters, OR, USA. The above anopy ux mea-surements were made 31 m above ground using a CSAT3 soni anemometerand open-path LICOR-7500. The average height of the anopy was 17 m, sothe ux instruments were approximately 14m above anopy, or at 1.8 anopyheights. Signi�ant solar radiation reahes the forest oor underneath theanopy in summer indiating a fairly sparse anopy. During summer nights,the subanopy layer remains signi�antly strati�ed even with the highestabove anopy u� onditions.Mean o2(z) (losed path LICOR-6262) was measured at 1, 4 and 30 m.Mean temperature (HOBOs) was measured at 3, 6, 10, 20 and 30 m. Meanhorizontal winds (Handars) were measured at 3, 6, 10, 20 and 30 m. Thesoil heat ux was measured at 5 loations and averaged. Soil temperaturewas measured at 6 depths between 2 and 64 m at one loation. Soil mois-ture ontent was measured at one loation. Automated daily mean hambermeasurements of soil respiration were made during April through Spetember.
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7.1 Data overageA total of 6790 hours of data were logged (78% annual overage). Approx-imately 10% of these hours ontained enough missing data that they ouldnot be saved and were disarded. Approximately 10% of the surviving hourswere disarded by quality ontrol tests. Problems with either the o2 or h2omeasurement (usually both) from the LICOR-7500 were 25 times more likelyto our than problems with the CSAT.Subsequent to quality ontrol, a problem with the 31-m uxes was dis-overed for the period 11-Sep to 29-Sep (DOY 255-272), and these data weredisarded. An additional problem with the 31-m uxes was disovered dur-ing the tilt orretion phase of the proessing for the period from 4-Nov tothe end of the year, and these data were disarded. Apparently, the mountholding the soni anemometer to the boom ame loose.Time series plots indiated that the gap-�lling approahes did not workvery well for heat uxes during November and Deember where there wasalmost no good quality ux data. A speial path was applied for this periodwhere H and LE were replaed by a linear model based on the net radiation.The model oeÆients were developed from the data during the remainingpart of the year (Jan-Ot). The large amount of missing data severly testedthe gap-�lling proedures.Table 1. Perent of available EC o2 ux (F) and storage (S) data.Month J F M A M J J A S O N DF 38 68 40 46 21 74 91 81 31 76 5 0S 88 100 98 99 90 33 72 0 83 56 54 42
11



7.2 Respiration modellingNoturnal F + S inreases with inreasing u� at this site during some pe-riods of the year (Figure 1). Based on these data, we selet a ritial u�value of 0.5 ms�1 for the purpose of applying the u�-�ltering, and apply thisonstant value for the entire year. The respiration from noturnal EC uxplus storeage measurements during high u� periods agrees reasonably wellwith the automated hamber measurements (horizontal lines in Figure 1).The eddy orrelation estimates of respiration are slightly higher than thehamber values presumably due to respiration from the foilage, whih wouldnot be aptured by the hamber measurements.The subanopy air temperature, 2-m soil temperature and 4-m soil tem-perature were all reasonably good preditors of respiration (measured no-turnal F + S in high u� onditions). We hoose the 4-m soil temperature.The temperature-dependene was �t to the formRes = � T � (3)using least squares regression. The respiration was �rst bin-averaged bytemperature ategory (irles in Figure 2) and then the regression was doneon the bin-averaged data to obtain the oeÆients, � = 0.037 and � = 0.560and the model (solid line Figure 2). The model oeÆients hange to 0.033and 0.595, respetively, using a ritial u� of 0.7 ms�1 instead of 0.5.
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7.3 Annual estimatesThe estimate of annual NEE at this site is perhaps high ompared to ex-petations for a semi-arid ponderosa pine site (Table 2). As a sensitivitytest, inreasing the u� threshold from 0.5 to 0.7 ms�1 slightly dereases therespiration, and thus inreases the annual arbon uptake, ontrary to expe-tations. The fat that inreasing the ritial u� from 0.5 to 0.7 does notinrease the measured o2 ux is not onlusive sine: 1) the amount of datais small and 2) the footprint inreases with wind speed.As another sensitivity test, disarding the u�-�lter approah and usingthe automated hamber measurements for respiration, dereases the annualrespiration and inreases the annual arbon uptake (Table 3). In this alu-lation, the respiration model with ritial u� = 0.5 ms�1 is used when thehamber data is missing. The hamber measurements are not extrapolatedinto the winter season.The July mean diurnal yle of the terms in Table 2 (top row) is shownin Figure 3, while the annual yle of weekly-averages is in Figure 4. These�elds are based on the standard alulation with u�-�ltering and a thresholdvalue of 0.5 ms�1.Table 2. Annual estimates (gCm�2) for two ritial u� (ms�1) values.Critial u� F S GEP Res NEE0.5 -578 0 -1299 936 -3630.7 -578 0 -1285 905 -380Table 3. Annual estimates (gCm�2) based on the automated hambermeasurements of respiration.F S GEP Res NEE-578 0 -1218 826 -392 13



7.4 DisussionAn under-estimate of respiration would ontribute to the large negative NEEindiating relatively large arbon uptake ompared to expetations for thissite. Comparisons with the automated hamber measurements are inonlu-sive (Figure 5). In June and July with the warmest soil temperatures, thehamber measurements of respiration exeed our modelled estimate, how-ever, the hamber estimates are signi�antly lower than the model estimatesin the early and late summer. It is not lear why the hamber measurementsdrop o� so sharply in late July and early August, while the soil temperatureand soil moisture are not hanging rapidly.A possible reason for the relatively large NEE estimate is that even withstrong mixing above the anopy (high u� onditions), the mixing underneaththe anopy is still suppressed due to a suprisingly strong temperature strat-i�ation. The strati�ation dereases with inreasing u� above the anopyas expeted, but does not go to zero. In summer, the strati�ed layer resultsfrom strong radiative ooling at the surfae due to lear skies, dry soil and asparse anopy. Beause of the suppressed mixing in the subanopy layer, thenoturnal ux measurements made above the anopy may under-estimatethe respiration even under the strongest mixing onditions observed.Another potential ompliation is that when the wind is from the southor southwest, it is oming from a region of smaller LAI. The IP03 site isin an area of loal maximum LAI. At night, the surfae footprint is larger(enormous with subanopy strati�ation) and is expeted to be smaller withdaytime heating. Therefore, the daytime arbon uptake is dominated by thehigh LAI area in the viinity of the tower, while the nighttime respiration ismore strongly inuened by lower LAI regions more removed from the towersite.
14



7.5 List of variables# Doy frational day of year# Hour frational hour of day# F e o2 flux (mg CO2/m^2/s) CSAT3/LI-7500# F.flag F flag: 0=gap-filled e o2 flux, 1=measured# S o2 storeage (mg CO2/m^2/s) LI-6262# S.flag S flag: 0=gap-filled o2 storeage, 1=measured# NEE net eosystem exhange (mg CO2/m^2/s)# Res total respiration (mg CO2/m^2/s)# GEP gross eosystem prodution (mg CO2/m^2/s)# CO2 mean o2 onentration (mg CO2/m^3) from LICOR-6262# LE latent heat flux (W/m^2)# H sensible heat flux (W/m^2)# Sh heat storeage term (W/m^2)# Ustar frition veloity (m/s)# Rn net radiation (W/m^2)# PAR photosyn ative rad (miro-mol/m^2/s)# Rg shortwave global rad (W/m^2)# G soil heat flux (W/m^2)# T air temperature (C) from T/RH Vaisla# RH relative humidity from T/RH Vaisla# WS wind speed (m/s) from CSAT3# WD wind diretion (degs) from CSAT3# PREC preipitation (mm)# PRESS barometri pressure (mb)# Ts.2m soil temperature (C)# Ts.4m soil temperature (C)# Ts.8m soil temperature (C)# Ts.16m soil temperature (C)# Ts.32m soil temperature (C)15



# Ts.64m soil temperature (C)# SWC soil water ontent (m^3/m^3)# Zenith solar zenith angle (degs)# VPD vapor pressure defiit (mb)
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Figure 1: Seasonal pattern of bin-averaged noturnal F + S (mgm�2s�1)versus frition veloity (ms�1) for IP03. Solid horizontal lines are estimatesof daily mean soil o2 e�ux (respiration) from automated hamber mea-surements, orreted using a relationship between manual and automatedhamber data.
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Figure 2: Temperature-dependent respiration model.

18



Figure 3: Average July diurnal yle of seleted quantities for IP03.

19



Figure 4: Annual yle of weekly-averaged seleted quantities for IP03.
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Figure 5: Temperature-dependent respiration model ompared to the auto-mated hamber measurements of respiration (red squares).
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