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Abstract

A quality analysisincluding footprint modelli ng has revealed spatial and temporal structuresin

the quality of Eddy Covariance measurements for two highland sites located on the Tibetan plateau. Fetch

analysis has shown

that up to 1/3 of the measurements do not fulfill assumptions necessary for a physi-

cally correct data processing. Despite this fact measurements of latent heat- COZ-and momentum fluxin

general fulfill the quality test criteriato an extend that the results can be regarded as suitable for funda-

mental research whereby usually certain wind sectors have been found violating basic assumptions.

Measurements of the sensible heat flux allow for the usage in continuously running measurement while

stil | few indications of the quality assessment can not be explained due to local topography but indicate

organized structures and lead to the hypothes's of mesoscale flow patternsin the boundary layer.
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1 Introduction

Land surface-atmosphere interaction processes
play an importantrole in the energy and matter cycles
such as that of CO, and water over a wide magnitude
of scales. Considerabl e deficit exists concerning the a-
bility to properly describe these processes especially
in high elevation environments which among others
leads to systematically biased assessment of climate a-
nomalies by Gobal Cimate Midels GCM_ .

The Eddy Covariance EC method is the best
measurement technique currently avail able for the de-
termination of matter and energy fluxes between the at-
mosphere and the underlying surface. Therefore EC

method has become a widely accepted tool for the de-
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termination of matter and energy fluxes applied by
several flux networks such as Ameriflux BUROFLUX
and AsiaFlux FLUX-
NET ! .

based on the assumption that certain statistical and me-

overall coordinated within

However the adoption of the EC method is

teorological requirements are fulfilled and the equip-
ment is working reliably. The development of an auto-
mated quality control and site characterization proce-
dure 23 has shown that non-ideal conditions are com-
mon for a wide range of sites. The procedure consists
of quality tests*® in combination with a forward La-
grangian footprint model ¢ using detailed terrain data
gathered by remote sensing methods. Quality tests cov-
er e g. steady state and developed turbulence assump-

tions and lead to an overall flagging of the flux data



12 S. Mizger et al Qudity Assessment of Tibetan Plateau Eddy Covariance Measurements Uilizing Fod print Modeli ng

1261

quality. Footprint modeling defines the spatial context
of these fluxes thereby the quality flags can be alloca-
ted to different wind directions under varying meteoro-
logical conditions. Thus this procedure enables the
collection of high-quality datasets for the assignment of
these fluxes to different land use types on landscape
scale which leads to representative training areas for
the amendment of remote sense based GQOVs.

EC method is rarely used at alpine research sta-
tions most of them dominated by forests e.g. Renon
Italy 8 ° and Nlwot Rdge USA ¢ at elevations up to
3 050 m. This study aims to evaluate to what extent
the EC method can be applied tothe conditions of shal-
low and often very stable planetary boundary layer low
pressure and extreme daily and seasonal cycles of tem-
perature and stratification of the atmosphere over the
Tibetan plateau. Therefore results of the qudity control
procedure for two Tibetan plateau grassiand stes at ele-

vations up to4 745 m are presented.

2 Muterials and methods

The analysis wascarried outfor two sites in Tibet
China with NaMuQuo site lying on the SE banks of
Lake NaMuCuo
Everest site located in reach of the 1 mount Everest

located 150 km N of Lhasa and the

base camp. Exact locations and measurement periods
are listed in Table 1.
Land use data of the Chinese Academy of Sciences
CAS with aresolution of 50 m was used. Land use
classes had been distinguished due to unsupervised
classification of Landsat TM/ETM images verified
during on-the-spot investigations in 2000. For refine-
ment and evaluation the direct surrounding of the flux
tower was remapped in 2006 with a resolution of 20 m
due to on-the-spot investigations covering areas of 0.3
and 1. 6 km*> NaMuCuo
Spati al Reference was obtained using the Garmin eMp

km? Everest respectively.
GPS. Measurements were carried out receiving 5-9 sat-
ellites causing a spatial precision of 5 7 m. In total

6 land use classes were distinguished whereas thereof
the target land use type grassland was divided in two
classes with vegetation covering degrees exceeding or
Madow

undercutting 50 later referred to as:

50 and¢ Meadow 50 Covering degrees | ess t han

5 are included in class¢ Gravel Elevation data
with a resd ution of 90 m from Shuttle Radar topogra-
phy measurement SRTM  provided by the Gobal
Land Cover Facility GLCF has been utilized.

The NaMuCuo site is located between the Lake
NaMiCuo in 1 km distance NW and a NEE-SWW ori-
ented mountain range peaking5 700 m above sea level

asl in 15 km distance SSE
The measurement itself is located on a level plane
50. Anot her

see Fig. 1a Plate

dominating land use class i s Meadow
small lake i slocated 150 m NW of the tower stretching
NE-SW for 2 km Fig. 3a Plate . 80 m W of the
measurement the station building 40 m and 80 m NE
a 30 m profile tower and a contai ner for trace gas meas-
urements are established.

The Everest measurement i s located in a strung-
out valley inclining from SW to NE see Fig.1b Plate
with asteep slope ascending no further than 300 m
Fig. 3b Plate
land use type is Meadow 50

N of the tower The dominating
small patches of har-
vested grain fields are located 70 m N and SE  whereas
an unpaved road passesin E-W drection 60 m Sof the
measurement. Beyond the road a smadl village stretc-
hing E i s attached to the SE grain field.

Both sites are equipped with a CSAT3 sonic ane-
mometer for three wind-speed components and ar tem-
perature measurement and a LI-COR 7 500 gas anay-
zer for H,O and CO, concentrations. The measurement
height is 3 m both devices working with a sampling
frequency of 10 Hz. For exact locations utilized meas-
urement periods and sensor alignment see Table 1.

The first step of data processing the quality
check is based on the analysis of high-frequency raw
data. Therefore the signals of the vertical and longitu-
dinal wind components sonic temperature and H,O
and COz-concentralions were used. This task can be
divided in three parts preliminary tests raw data cor-
rections and test on fulfillment of EC assumptions. All
three parts plus the calculation of the fluxes ater cor-
rection were carried out using the Software Package
TK2 developed by the department of Mcrometeorology

University of Bayreuth 9 .



1262

21

Tablel Site Characteristics coordinates for ellipsoid W GS84
Topic Feature Ste NaMiCuo Site Everest
Measurement Lati tude © 30.77281 28.31027
Longitude ° 90. 96302 86.89597
Elevaion above sea level m 4745 4475

Feriod YYYY /MM /DD-MM /DD

Instrument alignment Angle CSAT3/north o

Angle LI-CCR/north o

Horizontal disparity Csat-Licor
Madow plant coverage 50

Assigned roughness
length m Madow plant coverage 5
Lake

Buil ding

Cultivaed land harvested

Sireet

2005/09/11-11/02
1

2005/10/28-11/27
1

50

165 192
m 0.35 0.15
0.01 0.03
0.01 0.01
0.002
0.5 0.5
0.002
0.002

Preliminary tests include a check for consistency
limits the raw datais checked for physically not possi-
ble values ® and a spike test 1 . Values failing those
tests were omitted no gap filling took place.

Raw data corrections were applied in the following
order Cross correlation to maxi mize covariances of gas
concentration and vertical wind signals and Correction
of spectral loss Coss wind correction of the sonic
temperature 2 Conversion of the buoyancy flux into
sensible heat flux ®*  Correction for density fluctua-
tions 4 17 |

The quality tests consist of a staionarity test 5
and a test on fulfillment of the i ntegral turbulence c har-
acteristics ITC 45 for each flux. For the stationarity
tests the 30-minute covariances of two raw data signals
were compared with the mean out of six 5-minute co-
variances from the same interval. Quality flags for sta-
tionarity were then assigned to each half-hourly flux ac-
cording to the range of deviations found between both
values Table2a . ITC are basic similarity character-
istics of atmospheric turbulence and indicate whether or
not the turbul ent flow field i s fully developed. The de-
velopment of turbulence was investigated by comparing
the normalized standard deviations of the measured
wind components and temperature with theoretical val-

18 20

ues Snce no formulations at all exist for CO,

and H,0O and the temperature under neutral conditions

the investigations of ITC are restricted to vertical and
horizontal wind components and the temperature under
stable and unstable stratifi cation. Quality flags for each
half-hourly flux were assigned according to the same
deviation range between measured and modeled values
The final

half-hourly quality flag for a specific flux was assigned

astaken for the stationarity test Table 2a .

by taking into account both quality flagsfor stationari-
ty and ITC Table 2b

For the calcul ation of the fluxes with EC the mean
vertical wind component must be zero. However in re-
ality duetoa variety of factors such as flow distortion
or local topography the half hour values never fufill
this presumption. In order to approach the mean verti-
cal wind field towards this criteria Planar Fit Rotati on
procedure 2! is applied. This procedure often succeeds
in realigning the wind field in such a manner that the
mean vertical wind is close to zero providing that the
unrotated mean verti cal wind speed is below the thresh-
old of 35 cm/s 35 . Therefore in addtion to the
quality flags of the individual fluxes this threshold is
used to determine the influence of thelocal flowfield to
the measurements.

Inthe second step of data processing the spatial
context of the quality flags and the unrotated and rota-
ted vertical wind field is determined applying a foot-

print model to the quality results above.
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Table2 Qassification scheme for stationarity and steady state test * a
overall flag scheme ® b
Cass Range integral turbulence Find
steady state
1 0-15 characteristic flag
2 16 -30 llag flag
3 31 -50 1-2 1-2 1
4 51 -75 1-2 3-4 2
5 76 -100 3-4 3-4 3
6 101 -250 3-4 5-6 4
7 251 -500 1 5.9 7.9 5
8 501 -1000
E o 1000

A footprint function relates individual flux and

concentration measurements of a quantity to its

sources 2 . In this study a Lagrangian stochastic

LS forward flux footprint model ®% is used to define
the footprints of individual measurements. The model
resolves individual paths of 5 x10* air parcels using a
3D LS traectory model # to describe the parcel dis-
persion in the turbulent flow field. For simulations the
air parcels are released from the height equal to the
roughness length and their dispersal in the surfacelayer
is folowed until the upwind distance accounts for at
least 90 ofthe total footprint. Dimensions of an i ndi-
vidual footprint depend on measurement height stabili-
ty of stratification and aerodynamic roughness of the
fetch. Because of relatively long computing times of
stochastic footprint models the source areas are pre-
calculated separately for set of 21 stability classes 20
roughness lengths and 28 observation heights? . Be-
sides the forenamed three parameters wind direction is
the only input parameter left for a spatial allocation of
the quality flags and the vertical wind field later re-
ferred to as« quality features . Al meteorological in-

put parameters stability class wind direction and

friction velocity are withdrawn from the first step of
the data processing. Theroughness length of surround-
ing terrainis provided as arectangular matrix with reg-
de-

rived dueto assigning a fixed roughness length value to

ular grid spacing of 20 x 20 m covering 16 km?

each of the land use classes Table 1

To determine the so called« footprint climatolo-

gy ® i. e the chaacteristic source of long term

measurements it is necessary to overlay the footprints

of individual measurements. This is done by assigning
a contribution factor for each half hour measurement to
each cell of the matrix. For every cell the contribution
factor is greater than 0 addtionally the flag of the
corresponding qudity features for each half hour meas-
urement are stored. Due to accumulating all contri bu-
tion factors of one specific cell for a certain measure-
ment period the overall contribution of this cell tothe
measurement can be determined. By calculating the
median of all flags of one quality feature assigned to

one cell during this period the dominating quality of

this cell can be calculated. Additionally the outputis

accessi ble for the three stability classes unstable z/L
0.0625 neutral 0. 0625 z/L

0.0625 and stable z/L 0. 0625 separately

where z is the measurement height and L the Cbukhov
length. This option enables for a quality assessment
due tostratification. Interpolatingthe matrices of accu-
mulated contribution factors on an arbitrary level up to
100
are later shown on the maps as white contour lines
Fig. 3a b Fig.4a b Plate The extend of the

effect level ring is regarded as the maximum ex-

originates the so called effect level rings which

5
tend significantly influenci ng the measurement quality
later referred to as¢ central footprint . Only quality
ratings lying within this extend are taken into account
the actual

for statements on measurement quality.

Quality ratings beyond this limit later referred to as
extended footprint  might still reveal disturbances of
the local flowfield but have to be evaluated carefully

since the numbers of measurements for calcuaing sta-

tistics is decreasing with distance.
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3 Results

The wind direction shows clear diurnal cycles for
both of the sites. In case of NaMiCuo Fig. 2a Plate

general dominating wind direction is SE with a
shift to SW during noontime. Further two subsets can
be detached a period from 09/25 to 10/01 which de-
spite the diurnal cycle merely shows SE directions and
another period from 10/13 to 10/18 displaying domina-
ting S directions.

For the Everest site  dominating wind direction is
SW with atransition to NE during noontime Fig.2b
Plate

At the NaMuCuo site 4. 1 of all half hour
means of the unrotated vertical wind speed exceed the
threshold of 35 cm/s .

ues exceeding the median of

A huge sector of upwind val-
islocated in
Fig. 3a Pate

15 cm/s
the W and SW of the measurement

Further two opposite narrow sectors in the NNE
and SSE indicate downwind / upwind values exceedng
the median threshold. Best sector regarding the elimi-
nation of the vertical wind speed for half hours meansis
SE. Dueto coordinate rotation E and SW areas do not
surpass the median of 15 cm/s anymore the down-
wind sector in the NNE remains.

Measurements at the Everest site exceed the
threshold of 35 cm/s for 29.9 of the unrotated
vertical wind speed half hour mean values Fig. 2c
Plate Dominating upwind direction is NE during
noonti me with two additional narrow sectors N and E

Fig. 3b Pate

stricted to the SW sector and an additional narrow sec-

Downward air movement is re-

tor in the SE occurrences exceeding the threshold of
35 cm/s are almost restricted to afternoon and evening
time Fig.2c Pate . For the Everest site coordi-
nate rotation leads to areversal of the absolute values
of vertical wind speed and a better leveling for unrotat-
ed upwind values Fig.2d Plate . Noontime meas-
urements rarely exceed the threshold of 5 cm/s
whereas for the rest of the daytime values do no more
exceed the threshold of 35 cm/s .

For further quality assessment results figures are
only presented where denominated other cases are dis-

cussed without a figure related.

In accordance with the distribution of the wind di-
rection the central footprint at NaMiCuo site i s omni-
directional with its centre shifted 40 m from the tower
in SE direction resulting especially from neutral and
stable measurements Fig.4a b Plate . The over-
all quality flag for the momentum flux is2 whereas
especially during stable conditions the central foot-
print touches alarge sector of bad quality flags rating 4
Fig. 4b Plate

flux during unstable stratification israted with 2 dur-

SE of the tower . The sensible heat
ing stable stratification 3isthe dominating flag but a
large sector in the Sisrated 4 and 5. Owverall rating for
CO2 flux Fig. 4a Plate and latent heat flux is
quite similar and a nearly perfect 1. Especially for sta-
ble stratification both fluxes show the same sector rated
3 like the sensible heat flux emphasized for the CO2
measurement but no worse sectors in SE and S. The
extended footprint shows SE-NW and SW-N transects
Fig.4a b Plate

which are in dfferent degrees indicated for all

of worse than average quality flags

fluxes and al | stratifications. Detailed investigation of a
data subset for the SE wind sector period from 09/25 to
10/01 later referred to as SE wind sector period has
shown that for CO, measurement 8  of all half hour
means in the SE sector areflagged 5 compared to 2
of all half hour means in all other directions. Thereby
93 of the values in the SE sector faled due to da-
tionarity criteria theremaining 7 due tothe ITC.
For the Everest site due to the two dominating
wind directions the central footprint is aligned in a
SW-NE corridor with its centre at the tower and ex-
Fig.3b Plate
Fig. 2b Plate

the SW sector is slightly dominating. The momentum

ceeds 50 m only for the SW sector
Due to the temporal distribution

flux measurement shows an overall quality rating of 2
with only few occasions of quality flag 4 in the Ssector
during stable stratification. The sensible heat flux
shows quality flags rating as good as 2 only for the NE
sector during unstable stratification whereas the quali-
ty flags for the SE sector are flagged 4 or mostly 5 dur-
ing stable and unstabl e stratification due tothe ITC cri-
teria. The latent heat flux shows a flawless rating of 1

as for CO2 flux the quality rating is dominated by flags
1 for the NE and 3 for the SE sectors. For all fluxes
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worse than average flags are assigned for the extended
footprint in a NW-SE transect due to the stationarity

criteria.

4 Discussions

In case of NaMiCuo winds from the mountain
range aligned NEE to SWW in the S of the measure-
ment Fig.la Plate lead to SW to SE wind direc-
tion. Part of t he diurnal cycle might be described by an
interaction of catabatic and land-lake wind effect.

At the Everest site the wind direction is clearly
Fig. 1b Plate Catabatic

wind leads to SW directions for the time of low or no

related to topography

solar radiation whilst anabatic wind during noontime
causes NE directions.

Regarding influence of local topography on the
measurements thesituation at NaMiCuosite with on-
ly4.1 ofall half hour means of the unrotated vertical
wind speed exceed ng the threshold of 35 cm/s can
be described as comparativel y good. The upwind sector
Fig. 4a Plate

can be explained by the station buildi ng located 80

inthe W and SW of the measurement

m W of the measurement and the two solar panels in-
stalled inthe SW. Moreover the narrow upwind sector
in the SSE can be explained by flow distortion due to
the LI-COR gas analyzer located in this sector. The
narrow downwind area in the NNW exceeding the medi-
an threshold of 15 cm/s can not be attributed to the
local topography which is contraindicating Fig. 3a

Plate . This sector even remains after coordinate
rotation which otherwise leaves no more sectors sur-
passing this threshold.

For the Everest site with 29.9  of all the half
hour values exceeding the threshold of 35 cm/s for
unrotated vertical wind speed the fluxes determined
from EC results most be treated carefully. Upwind ex-
35 cml/s
from N where a steep slope is located within the ex-
300 m

ceeding the threshold of is approaching

tended footprint During noontime the ana-
batic wind deriving from NE directions is deflected
here. As a consequence of the created pressure the
air is expanding not only horizontally but vertically as
well which |eadsto an upward tendency. This tenden-
cy isintensified by a small ridge of 30 cm height that

elevates the measurement against the surface in N.
Downward air movement in the SW sector can be at-
tributed to the catabatic wind moving down the gentler
slope on the SW of the tower on a large stretch. This
directly effects the measurement located on a slightly
towards NE declined plane. Local topography effects
can not account for the high vertical wind values on the
NW -SE stretch.

For the quality assessment at NaMuCuo site re-
duced quality sectors in the central footprint for all flu-
xes under all stratifications intersect with the SE-NW
and SW-N transects of reduced quality seen from the
extended footprints Fig.4a b Plate . Bad ratings
in the N and SW sector can explained by flow distor-
tion the mast holdingthe installationislocated N from
the sonic and the SW sector bears two 1 m high solar
panels installed 10 m from the measurement. In the
SE-NW sector of reduced quality no obstacles in the
fetch of the measurement can befound. Asfor the NW
sector theincreased values of the vertical wind speed
persisting the coordinate rotation might account for part
of the failure of the quality assessment criteria. This
leaves at least the SE sector with an almost perfect
level fetch and hence the best flow direction regarding
the vertical wind speed but nevertheless bad quality
ratings. Here detailed investigation of the SE wind
sector period has shown that for the discussed period
four times more values of the CO2 flux areflagged 5 for
the SE sector compared to all other directions nearly
all of them due toinstationarity. Recalling the fact that
the quality flag assigned to one cell i sthe med an of all
measuremenis with any contribution factor little higher
than 0  emphasizes the significance of this subset a-
nalysis with throughout higher coniributions. These
findi ngs give way to the hypothesis that the instation-
arity is not caused locally but due to mesoscale flow
patterns of the further environment including Lake
NaMiCuo and the mountain range in 15 km distance
SSE.

For the Everest site the few occasions of quality
flag 4 in the S sector during stable stratification for the
momentum flux can be ascribed to flow distortion lead-
ing from the roughness step between the grain field and
the village. The bad quality of the sensible heat flux
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measurements for the SE sector due to failing the ITC
criteria can be explained by heat emission from the vil-
lage Since the ITC are a test on the stochastic distri-
bution of turbulence elements the test must fal if or-
ganized structuresoccur. Inthe present case these or-
ganized structures might be thermal eddies induced by
heat emission from the village. As for CI)2 flux the
slightly decreased quality rating for the SE sector can
be assigned to disturbances due to the village as well.

Disturbances duetothe road might be wiped out by the
village since there is no line transect quality feature
visible in any of the fluxes and stratifications. Worse
than average flags assigned for the extended footprint in
a NW-SE transect are due to failure of the stationarity
Fig. 3b

Plate shows disturbances for only part of the dis-

criteria. Snce the vertical wind evaluation

cussed transect this pattern can not be solely accoun-
ted to local effects. Further no instruments were a-
ligned in these directions which arises the question
whether organized structures are superimposed rectan-

gular to the general flow field.

5 Conclusions

The procedure applied enables for a quality as
sessment that has proofed substantially necessary for
both of the sites investigated. Optimum and disturbed
fetch characteristics have been determined due to the
analysis of the unrotated vertical wind component as
well as basic assumptions underlying the EC method
have been checked for all fluxes investigated. An indi-
cation for possible reasons allows for the amendment of
the measurement layout as well asit indicates thelimits
of EC measurement technique.

Analysis of the unrotated vertical wind field for the
Everest site have shown that approximately 1/3 of the
measurements do not fulfill the assumptions necessary
for a physically correct processing of the data. Thissig-
nificantly decreases the overall representativity of the
calculated fluxes and demands special caution in utili-
zing the resu'ts. That said the measurements of latent
heat CO, and momentum flux at both sites fulfill the
testsfor ITC and stationarity to an extend that the re-
sults can be regarded as suitable for fundamental re-

search. At this point it must be recalled that nol|TC

criteria can be applied to the measurements of CX)2 and
H2 O which consequently leads to a comparatively
good estimation of the flux quality. Special care shall
be applied tothe uilization of the sensible heat flux re-
sults at both sites which was for stable and unstable
condtions rated 1 to 2 flags worse than the other flu-
xes. Further for all fluxes at both sites sectors under-
lying high flow-dstortion were found. Both sensible
heat flux for the entire measurement as well as all ot her
fluxes for measurement periods heavily affected by dis-
turbed sectors only allow for the usage in continuously
running measurement programs for obtaining month'y or
annual sums of fluxes. To refine the findngs of this
study and distinguish periods of disturbed and und s
turbed measurements the presented approach will be
applied to the entire available datasets of both sites.

Still  few indications for both sites are unsol ved.
Such arethe diurnal cycle of wind direction at NaMIC-
uo site as well as findings of transects with vertical
wind directions contradicting I ocal topography or bad
quality ratings due to instationarity despite a flawless
fetch. Regarding the complex terrain at both stes this
gives way to the hypothesis that mesoscale flow pat-
terns are superimposed to Everest or even dominate
NaMiCuo the boundary layer circulation. Conse-
quentially fluxes derived from pant measurements can
not be simply upscaled for these areas. The application
of a regional atmospheric model #  fed with training
areas supplying flux data corrected for violations of EC
assumptions can help to reveal possible mesoscale
flow patterns. Therewith aninstrument for proper are-
al upscaling of energy and matter fluxes can be crea-
ted.
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