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1. INTRODUCTION

To understandegional sourcesand sinks of carbon
dioxide, nocturnalCO;, transportis oneof the majoris-
sueghatneedgo beaddresse{Sunetal. 1998). Theim-
portanceof the horizontaltransportof CO, hasbeenin-
vesticatedin theliteraturerecently(Aubinetetal. 2003;
Kominamiet al. 2003; Staeblerand Fitzjarrald 2004).
Characteristicof the nocturnaland morning transition
wind, turbulence,andtemperatureelds in a valley was
studiedextensiely during several seriesof Atmosperic
Studiesin Complex Terrains (ASCOT) during 1980%s
(e.g. Clementset al. 1989). CO;, transportover com-
plex terrainis particularlyimportantin regional carbon
sequestrationgspeciallyover the westernU.S. Schimel
etal. (2002)found that 70% of the westernU.S. car
bonsink occursat elevationsabove 750 m, an elevation
rangein which 50-85%of landis dominatedby hilly or
mountainougopograply. During Septembef002, we
conducteda pilot experimentat the Niwot Ridge Amer-
iFlux site to focus on nocturnaltransportof CO, over
comple terrain. In this study we reportsomeof results
ontheissue.

2. OBSERVATIONS

The Niwot Ridge AmeriFlux tower site hasbeenop-
erationalsince 1998 (Monsonet al. 2002; Turnipseed
etal. 2002; Scott-Dentoret al. 2003; Turnipseecet al.
2003; Andersonet al. 2004). The siteis on the eastof
the continentaldivide with a west-easslopeof 5-7 %
at the elevation of 3050m. It is surroundedvith a sub-
alpineforestthat consistsof subalpiner (Abies lasio-
carpa),Engelmanrspruce(Piceaengelmaniilodgepole
pine (Pinuscontorta).Thetypical treeheightis 11.4m.

The Niwot Ridge AmeriFlux tower site consistsof 6
towers (Fig.1). University of Colorado(CU) operates
two towers: a 27-m scafolding tower and a 6-m trian-
gle tower, which aredm apart.Thereare6 levelsof CO,
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concentratiormeasurement®.5m, 1 m, 2 m, 5m, 10
m, and21 m, LiCor-6251); 3 levels of temperatureand
relative humidity measurement& m, 8 m, and 21 m,

Vaisala); 7 levels of wind measurementél m, CSAT;

2.5m CSAT; 6 m 2-D Handar;9 m 2-D Handar;16 m

RM YoungVane; 21.5m CSAT; and25 m RM Young
Vane); 1 level of pressureaneasurementl3 m), incom-
ing andoutgoinglongwave andshortwave radiationmea-
surementst 25 m, netradiationat 25 m (Kipp andZo-

nen),PAR at25m, precipitationat 10.5m, andleafwet-
nessat 10 m. Turbulenceis measuredising the eddy
correlationmethodat 2.5 m and21.5m, which includes
sensibleandlatent(Krypton at 21 m andLiCor-7500at
2.5m) heat ux es,momentumux, andCO, ux. The
COy ux is measureavith CSAT sonicanemometeand
LiCor-6262at 21 m, and CSAT sonicanemometeand
LiCor-7500at2.5m.

Theotherfour towerswereoperatedy USGS:a33-m
tower, a 8-mtower, andtwo 6-mtowers(northandsouth
towers). The 33-mand8-m towersareabout4 m apart.
Betweerthe33-mandthe8-mtowers,thereare2 level of
CO, ux measuremenidicor-6262at33m,andNOAA
IRGA at 2 m), 2 levels of moisture ux measurements
(Krypton at 33 m and NOAA IRGA at 2 m), 5 levels
of CO, concentratiormeasurementél m, 2 m, 3 m, 6
m, 10 m, and33 m), 5 levels of wind measurement&-
D Handarat1 m, 2 m, 3 m, 6 m, and 10 m; cup and
vaneand CSAT-3 at 33 m), 3 levels of temperatureand
humidity measurement® m, 10 m, and33 m), andnet
radiationand incoming shortwave at 33 m. Two levels
of CO, concentratiormeasurementél m and6 m) are
atboththe northandsouthtowers. In addition,thereare
2 levels of wind measurementat the southtower (2-D
Handarat 1 m and6 m). Similarto CU tower, the CO,
concentratioris measuretby aLiCor-7000,andthe CO,
ux is measuredy the CSAT-3 sonicanemometeand
LiCor-6262.

During the Niwot Ridge pilot experimentconducted
in September2002, four additional 10-m towers were
deployed at the Niwot Ridge AmeriFlux tower site by
NCAR/ATD (Fig.1). Tower s2 wasa scafolding tower,
andthe restof the towerswerethe triangletowers. On



the threetowers(s1, s2, ands3), therewere4 levels of
CO, concentratiomeasuremenid m, 3m, 6 m,and10
m), 3 levelsof wind measurementslands3:1m, 3 m,
and6 m; s2: 1 m, 6 m, 10 m) with 3-D sonicanemome-
ters (CSAT andATl), 2 to 3 levels of fastwatervapor
measurementsith Krypton (slands3: 1 mand6 m, s2:
1m,6m,and10m),and2to 4 levelsof Vaisalatempera-
ture/relatve humidity measurementslands3: 1 mand
6 m;s2:1m,3m,6m,and10m). Onthecentraltower,
therewere 3 levels of CO, concentratiormeasurements
(2 m, 3 m, and6 m). To comparethe CO, concentra-
tion measuremerfrom CU, USGS,andNCAR, we co-
locatedCO, measurementat the USGSnorth tower (1
m), andthe CU 27-m (1 m).

The CO, concentratiorat the four additionaltowers
was measureddy using a systemcalled HYDRA, de-
signedand assembledy Tony Delary at NCAR/ATD
(Burnsetal. 2004). It has18 CO, inletsto two Licor-
7000C0O,/H,0 analyzers.Threecalibrationgaseswere
usedfor CO, measuremerdccurag.

To monitortemporalvariationsbetweerthe HYDRA,
the CU CO, system,andthe USGSCO, system,each
HYDRA Licor-7000hada co-locatedCOs inlet at 1 m
on tower s2; a HYDRA inlet was also co-locatedwith
the CU CO, systemat 1 m on the CU tower, anda HY-
DRA inlet wasalsoco-locatedwvith the USGSCO; sys-
temat 1 m on the USGSnorthtower. We assumehat
the CO, readingsfrom different systemsshouldbe the
samefrom the co-locatednlets, andthe differenceshe-
tweenthe HYDRA andthe CU systemandbetweerthe
HYDRA andthe USGSsystemareusedto calibratethe
USGSandCU systemdor all theirmeasurements.

3. NOCTURNAL CO2 TRANSFPORT
DRAINAGE FLOW

BY

By compositingthe CO, concentratiorat 1 m ateach
tower duringthe entirepilot experimentwe investigated
the spatialvariation of the CO, concentratiorat 1 min
the area. We found that on average,the CO, concen-
tration was high along the Como creek, not along the
main east-wesbrientatedslope. The CO, concentration
did increasedownsthemainslopein the morningbefore
the corvective boundarylayer startedform andin the
eveningasthe stableboundarylayer startedto develop
(Fig.2). However, this patternchangedat 6 m, where
the CO, concentrationincreaseddown the main slope
(Fig.3). The comparisorof Figs.2and 3 indicatesthat
thedrainage o w alongthe Comocreekwaslessthan6
m deep.

Sincethedrainageo w depend®n stability of theair,
turbulencegeneratedy wind sheamixesthe air in the
vertical, which bringswarm air dowvn andrich CO; air
up. OnJulianday267 (24 September)awind gustprop-
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Figure 1: The areasatellitemapwith topographiccon-
toursandthetowersat the Niwot Ridge AmeriFlux site.
Thegreenandyellow symbolsrepresenthe pilot exper

iment and the AmeriFlux tower facilities, respectiely.

The tower heightsare listed on the map. The Como
creekis thethin blueline runningfrom westto eastabout
40.035dgg latitude.
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Figure 2: Compositespatialdistributions of CO, con-
centrationat 1 m during the pilot experimentat selected
hours.
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Figure 3: Compositespatialdistributions of CO, con-
centrationat 6 m during the pilot experimentat selected
hours.

agateddownward and eastvard as shavn from the ver
tical velocity measuredht towerssl, s2,ands3 (Fig.4).
The spatialpatternof the high CO, concentratioralong
the Como creekat 1 m was destrged right after the
passageof the wind gust, the CO, concentrationwas
reduced,and the relative high CO, concentrationvas
shiftedto increasedown themainslope.

The wind-dependencef the CO, concentratiorcan
be alsoseenfrom Fig.5 for two differentnights, during
which the wind speedand wind direction changedye-
spectvely (Fig.5). As thewind speedncrease@taround
5 UTC (Julianday251.2),the CO, concentratiorat 1 m
droppedat all the towers. As the wind direction oscil-
latedfrom eastto weston Julianday 252,the CO, con-
centrationat 1 m oscillatedat all thetowers.

4. SUMMARY

Thedrainageo w is importantin the CO, transporiat
nightespeciallywhenwind is weakandthecanoyy layer
is stable. Under very stableconditions,the high CO,

o ws to local low-ground,suchasthe Comocreekdue
to thelocal drainage o w, which is lessthan6 m deep.
At the 6 m above the ground,theregionaldrainageo w
dominateghe CO;, transportandCO; is transportedo
theregionallow ground.Thelocaldrainageo w is sensi-
tive to turbulentmixing associatevith localwind shear
Wind gustscanmix up thehigh CO, within thelocallow
ground,while theregionaldrainageo w maysurvive.
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Figure4: Thewind gustshavn aslarge vertical velocity
oscillationsat the variousheightsat towerssl, s2, and
s3, andthe CO, concentratiormap at 1 m beforeand
after the wind gust. To betterview the wind gustprop-
agation,thevertical velocity measurementsereplotted
with constanshiftsateachlevel.
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Figure 5: The time seriesof wind speed(top panels),
wind direction (middle panels)and CO, concentration
(bottompanelsyat 1matall thetowersfor Julianday251

(left panelslandJulianday 252 (right panels).
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