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ABSTRACT 

The land-atmosphere energy and turbulence exchange is key to understanding land surface processes on the Tibetan 
Plateau (TP). Using observed data for Aug. 4 to Dec. 3, 2012 from the Bujiao observation point (BJ) of the Nagqu Plateau 
Climate and Environment Station (NPCE-BJ), different characteristics of the energy flux during the Asian summer 
monsoon (ASM) season and post-monsoon period were analyzed. This study outlines the impact of the ASM on energy 
fluxes in the central TP. It also demonstrates that the surface energy closure rate during the ASM season is higher than that 
of the post-monsoon period. Footprint modeling shows the distribution of data quality assessments (QA) and quality 
controls (QC) surrounding the observation point. The measured turbulent flux data at the NPCE-BJ site were highly rep-
resentative of the target land-use type. The target surface contributed more to the fluxes under unstable conditions than 
under stable conditions. The main wind directions (180° and 210°) with the highest data density showed flux contributions 
reaching 100%, even under stable conditions. The lowest flux contributions were found in sectors with low data density, 
e.g., 90.4% in the 360° sector under stable conditions during the ASM season. Lastly, a surface energy water balance 
(SEWAB) model was used to gap-fill any absent or corrected turbulence data. The potential simulation error was also 
explored in this study. The Nash-Sutcliffe model efficiency coefficients (NSEs) of the observed fluxes with the SEWAB 
model runs were 0.78 for sensible heat flux and 0.63 for latent heat flux during the ASM season, but unrealistic values of 
−0.9 for latent heat flux during the post-monsoon period. 
Keywords: turbulent energy flux; Asian summer monsoon; gap-filling; surface energy water balance model; central 
Tibetan Plateau 

 
1  Introduction 
 

The exchange of energy, momentum, and mass 
between land and atmosphere is key to understanding 
land surface processes, which in turn affect atmos-
pheric circulation and climate. The Tibetan Plateau 
(TP) is the world's highest and largest alpine region, 

with altitudes of >4,000 m a.s.l. spanning 25° of lon-
gitude. Owing to its high altitude and its consequent 
enormous effect on the regional and global energy and 
water cycles, the TP has been the focus of climate 
study since the mid-1970s (Flohn, 1957; Yeh et al., 
1957). A series of atmospheric science expeditions 
have been carried out on the TP, including the First 
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Tibetan Plateau Meteorological Science Experiment 
(1979), Tibetan Plateau Surface Heat Resource Ob-
servations (Ji et al., 1986), the Second Tibetan Plateau 
Meteorological Science Experiment (TIPEX) (Xu et 
al., 2002), and the Coordinated and Enhanced Obser-
vation Period (CEOP) of the Asian-Australian Mon-
soon Project in Tibet (CAMP-Tibet) (Koike et al., 
1999; Wang et al., 1999; Ma et al., 2005; Ma et al., 
2006). Recently‚ work by the Japan International Co-
operation Agency (JICA) supported observations 
made on the TP and its surrounding areas. We have 
studied the effect of dynamic and heat transport from 
the TP on the climates of China, East Asia, and indeed 
the whole world using all these datasets. Our results 
indicated that sensible heat flux transfers prevail dur-
ing the pre-monsoon periods, but during the ASM 
(Asian summer monsoon) seasons, latent heat flux 
predominates (excluding the western TP) (Chen et al., 
1985). There were clear energy imbalances during the 
ASM seasons (Bian et al., 2002; Yang et al., 2004).  

Previous studies have shown that, pre-ASM, the 
plateau surface is the major energy source providing 
sensible heat flux to the atmosphere (Li and Yanai, 
1996). During the rainy season, the latent heat released 
to the atmosphere is the dominant heat source over the 
eastern TP, but sensible heat flux values are compara-
ble to latent heat flux values over the western TP (Chen 
et al., 1985). Over the past 50 years, scientists have 
focused closely on research into energy and turbulent 
fluxes over the TP. The First Tibetan Plateau Meteor-
ological Science Experiment (1979) obtained some 
important results: during dry periods, the sensible heat 
flux is the major energy source delivering heat to the 
atmosphere, whereas latent heat flux values are greater 
than sensible heat flux values in wet periods (Zhang et 
al., 1988).  

Many observations of the TP ground surface (Ji et 
al., 1986) have improved our understanding of 
land-atmosphere interaction. In summer, the plateau 
surface is a heat source, and in dry periods the sensible 
heat flux is the major heat source; during the rainy 
season, the latent heat flux becomes as important as the 
sensible heat flux (Qian et al., 1997). Research shows 
that the ASM begins in June, is strongest in July, and 
retreats in October on the TP (Xu and Gao, 1962). The 
Bowen ratio (Bo) changes clearly with seasons on the 
TP; it is constant during the daytime before Sept. 27 
(ASM season), then changes with time. We therefore 
studied the monsoonal effect on energy fluxes for the 
ASM season and post-monsoon period separately, 
following Wang et al. (2005). Although many energy 
unbalance studies have been performed, none of them 
definitively determined the reasons for energy unbal-
ance. Li et al. (2015) produced a meta-analysis of flux 
measurements with a more climatological focus, 
which revealed a significant dependence of the energy 

balance components on the altitude and on the 
land-use types in the TP. Different stages of vegeta-
tion development and land cover density of grasslands 
can also lead to temporal variation of surface charac-
teristics at a single site. The turbulent fluxes at an in-
dividual location are also influenced by these differ-
ences. Therefore, the first objective of this study was 
investigation of the flux and energy balance 
non-closure difference with changing time using ob-
servation data from the Nagqu Plateau Climate and 
Environment Station (NPCE-BJ) located in the center 
of the TP. 

Footprint climatology analysis was applied to de-
termine the contribution of target land use to total flux 
(Göckede et al., 2004, 2006; Rebmann et al., 2005). 
High mountains, lakes, ice, and grasslands are distrib-
uted over the whole TP. Accordingly, the second ob-
jective of the present study was to investigate the 
presentation of the data processing and quality control 
of the flux data. 

During the long monitoring period, data gaps oc-
curred due to various reasons. Therefore, this study 
needed a gap-filling method to address the missing 
data, so we used a 1-D soil-vegetation-atmosphere 
transfer scheme (surface energy water balance, or 
SEWAB) developed by Mengelkamp et al. (1999, 
2001) to simulate the surface energy balance at the 
NPCE-BJ area, followed by statistical analysis to as-
sociate the biases and correlations between model 
outputs and observations.  

 
2  Site description and experimental set-up 
 

The Bujiao observation point (BJ) of the Nagqu 
Plateau Climate and Environment Station (NPCE-BJ) 
is located in the Nagqu area of the central TP. Its sur-
face is essentially flat and open. Prior to the ASM pe-
riod, the surface is very dry and covered by dry grass; 
with the onset of the ASM, the surface becomes wet-
ter and the grass starts to grow rapidly. The NPCE-BJ 
station consists of an eddy covariance (EC) tower, an 
automatic weather station (AWS) for measuring radia-
tion and wind speed, and a planet boundary layer 
(PBL) tower with a soil measurement system to ena-
ble the detection of all surface energy balance com-
ponents. A land-use map of a 4km×4km area, with the 
location of the EC tower indicated as a black circle in 
the middle of the map, is given in Figure 1. The posi-
tions of the AWS and PBL tower near the EC tower 
are marked with a red cross. 

A turbulent flux measurement sonic anemometer 
(CSAT3, Campbell Scientific, Inc.) was set up 3 m 
above the ground at the NPCE-BJ site (31.37°N, 
91.9°E; 4,509 m a.s.1.). The precision of the measured 
horizontal wind speed was better than 0.04 m/s, while 
that of the vertical wind speed was better than 0.02 
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m/s. The density of water vapor (H2O) and the con-
centration of carbon dioxide (CO2) were obtained us-
ing an LI-7500 open-path gas analyzer (Li-COR Bio-
sciences) for H2O and CO2 concentrations. This in-
strument responds quickly to the environment, and 
has been reliably used over long periods in the field. 
The data logging system used was the CR5000 control 
system (Campbell Scientific, Inc.). The measurement 
frequency of the EC system used was 10 Hz, and the 
flux data are output every 30 minutes. All EC data 
were processed and quality-controlled using the 
TK3.1 software package and produced turbulence 
datasets. Net radiation (Rnet) short-wave components 
were measured with a CM21 device (Kipp & Zonen, 
B.V.), and long-wave components with an Eppley 
precision infrared radiometer (PIR) (Eppley Labora-
tory, Inc.) at a height of 1.40 m above the surface. 
Subsurface soil heat flux was recorded at 0.05 m and 
0.10 m depths with an HFP01 heat flux plate 
(Hukseflux Thermal Sensors); the soil temperature at 
0.05, 0.10, 0.20, 0.40, 0.80 and 1.60 m depths was 
measured with a TR219-L probe (Tri-Tronics), and 
the soil moisture at 0.05, 0.10, 0.20, 0.40, 0.80 and 
1.60 m depths was measured using a CS616-L water 
content reflectometer (Campbell Scientific, Inc.). Pre-
cipitation was measured using a Geonor model 
T-200B precipitation weighing gauge (Geonor, Inc.), 
which allows the measurement of both liquid and sol-
id precipitation. 

 

 

Figure 1  Land-use map at the NPCE-BJ site 

3  Turbulent data processing 
 
3.1  TK3.1 processing 
 

This research used observation data from Aug. 4 
to Dec. 3, 2012 at the NPCE-BJ site. The EC flux 
values of the NPCE-BJ turbulence data were pro-
cessed and quality-controlled using the TK3.1 soft-
ware package, an update of TK3 (Mauder and Foken, 
2011). The processing steps and flux corrections listed 
below were applied to the EC raw data following 
Mauder et al. (2006). 
 Calculation of averages, variances, and 

covariances for using averaged 30-min intervals 
and taking into consideration the time delays 
between different sensors, and excluding 
physically invalid values and spikes (Vickers and 
Mahrt, 1997). 

 Cross-wind correction of the sonic temperature. 
 Planar fit coordinate rotation (Wilczak et al., 

2001). 
 Correction of spectral loss due to path-length 

averaging, spatial separation of the sensors, and 
the dynamic frequency effect of signals (Moore, 
1986). 

 Conversion of buoyancy into sensible heat flux 
(Schotanus et al., 1983; Liu et al., 2001). 

 Correction of density fluctuations (WPL 
correction) to determine fluxes in the scalar 
quantities of H2O and CO2 (Webb et al., 1980; 
Fuehrer and Friehe, 2002; Liebethal and Foken, 
2003, 2004).  

The impact of these processing and flux-correction 
steps on flux estimates and CEB (energy balance clo-
sure) has been discussed in Mauder et al. (2006). Pre-
vious quality tests implemented using TK3 consisted 
of a stationarity test and a test of the fulfilment of 
integral turbulence characteristics (ITC) for each tur-
bulent flux (Foken and Wichura, 1996; Foken et al., 
2004). According to Rebmann et al. (2005), the final 
quality flag (1–5) is assigned to a specific half-hourly 
turbulent flux value by combining the quality flags for 
stationarity and ITC. Classes 1–2 can be used for 
fundamental research and classes 3–4 for general use, 
such as continuously-running systems. Turbulent flux 
values marked with a class 5 quality flag should be 
rejected. This information is also provided in the 
NPCE-BJ turbulence database (Section 2) along with 
the footprint modeling results (Section 4.3 below). 

  
3.2  Data selection 
 

The following data selection criteria were applied 
to the results shown in Section 4 below. The data 
quality tests used is described in Section 3.1. Turbulent 
flux data within the following parameters were con-
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sidered in this analysis: 
 TK3.1 quality flags <3 (Section 3.1); and 
 Flux contributions from the target land-use 

type >90% (Section 3.4 below).  
 

3.3  Energy balance closure (CEB) 
 

A possible residuum of the surface energy balance 
(Qres) was evaluated at all the measuring sites in the 
turbulence network where additional radiation and soil 
measurements were carried out and turbulent fluxes of 
sensible heat (QH), and latent heat (QE) were meas-
ured. At the surface, the net radiation (QS), is trans-
formed into QH and QE and into the ground heat flux 
(QG), thus: 

−QS = QH + QE + QG + Qres           (1) 

The heat storage in the upper soil layer is included 
in the value of QG and was calculated according to the 
method of Yang and Wang (2008). Other storage terms 
(e.g., plants, air) and photosynthesis can be neglected 
as they are usually very small for low-level vegetation 
(Foken, 2008).  

Several studies have suggested a significant im-
balance (10%–40%) in the TP's energy budget (Kim 
et al., 2000; Bian et al., 2002). Sensible and latent 
heat fluxes were therefore corrected following Twine 
et al. (2000) as suggested by Foken (2008): The en-
ergy balance residuum (Qres) was distributed among 
the turbulent fluxes, while Bo was held steady; the 
energy balance correction method (EBC) was then 
employed to yield the corrected energy balance sensi-
ble (QH,EBC) and latent (QE,EBC) heat fluxes. In order to 
avoid unreasonably large corrections and artificial 
spikes, the correction was not applied when Bo was 
negative or if at least one of the turbulent fluxes failed 
to exceed the specified measurement of accuracy, 
which was assumed to be 10 W/m2 in absolute terms. 
Instead, such values were excluded from further anal-
ysis. After filtering and energy balance correction 
were complete, missing values accounted for up to 
42% of the QH,EBC and QE,EBC records. Most of these 

gaps, however, occurred during the night, when the 
fluxes were known to be low. Nonetheless, gap-filling 
was necessary to obtain unbiased mean diurnal or 
longer-period flux values. The influence of gap-filling 
on the overall results is discussed in Section 4.3 below. 

 
3.4  Footprint modeling 
 

In order to evaluate the spatial representation of the 
measured turbulent flux data in the context of under-
lying land-use distribution, a footprint model was 
applied to the NPCE-BJ EC flux site. Following the 
approach of Göckede et al. (2004, 2006), the flux 
data-quality flagging scheme of Rebmann et al. (2005) 
was combined with the Thomson (1987) 3-D Lagran-
gian stochastic trajectory Langevin-type model (Wil-
son and Sawford, 1996). The parameterization fol-
lowed the flow statistics and the effect of stability on 
the profiles used in Rannik et al. (2003). The approach 
of Göckede et al. (2004, 2006) allows the determina-
tion of footprint climatology in relation to land use 
(spatial representation) and the spatial distribution of 
quality flags (spatial quality structure), as well as the 
percentage calculation of particular target 
land-use-type flux contributions to the total flux 
measured for each 30-min turbulent flux period. Re-
cently, this flux data-quality evaluation approach was 
adapted for use in CarboEurope network sites by 
Rebmann et al. (2005) and Göckede et al. (2008).  

Table 1 shows the flux contribution from the target 
land-use type at the NPCE-BJ station for different wind 
direction sectors and atmospheric conditions. Flux 
contributions from the target surface clearly increased 
as conditions moved from stable to unstable. The main 
wind directions (180° and 210°) with the highest data 
density (not shown) show flux contributions reaching 
100%, even under stable conditions. The lowest flux 
contributions were found in sectors with low data den-
sity, e.g., 90.4% in the 360° sector under stable condi-
tions during the ASM season. Overall, the measured 
turbulent flux data at the NPCE-BJ site were highly 
representative of the target land-use type. 

 

Table 1  Flux contributions from the "grass" target land-use type at the NPCE-BJ station from different wind direction sectors, and 
stability classes during monsoon season (upper) and post-monsoon (lower) 

Season Stability 
Flux contribution from different wind direction sectors 

30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Monsoon 

Average flux contribution from target land-use type "grass" (%) 
Stable 94.4 99.0 99.4 98.9 99.0 100 100 99.9 97.6 99.7 100 90.4 
Neutral 98.4 100 100 100 100 100 100 100 99.9 100 100 92.4 
Unstable 99.0 100 100 100 100 100 100 100 100 100 99.8 95.0 

Post-monsoon 

Average flux contribution from target land-use type "grass" (%) 
Stable 93.3 98.7 98.7 98.4 98.7 100 100 99.9 98.6 99.8 100 90.8 
Neutral 96.4 99.9 99.9 100 100 100 100 100 100 100 99.9 93.2 
Unstable 98.7 100 100 100 100 100 100 100 100 100 99.8 96.3 
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3.5  SEWAB model set-up 
 

Surface energy balance for the NPCE-BJ area was 
simulated using a 1-D soil-vegetation-atmosphere 
transfer scheme (surface energy water balance, or 
SEWAB) developed by Mengelkamp et al. (1999, 
2001). This model was chosen due to its use of the CEB 
technique, which was well-rated in a comparative 
study by Kracher et al. (2009). The model solves 
temperature and soil moisture distribution using a 
diffusion equation and the Richards equation, respec-
tively. Soil moisture characteristics follow the relation 
given by Clapp and Hornberger (1978). Bulk ap-
proaches determine the turbulence exchange with the 
atmosphere, and account for atmospheric stability 
including aerodynamic and thermal roughness length 
as given by Louis (1979). The bulk latent heat flux 
(depending on the fraction of the surface covered by 
vegetation) is composed of evaporation from bare soil 
and wet foliage, and transpiration from dry leaves. The 
latter is governed by stomata resistance, parameterized 
in a Jarvis-type formulation according to Noilhan and 
Planton (1989). The energy balance equation is solved 
by iterating the surface temperature, and thus influ-
encing individual balanced components, using Brent's 

method. 
Land surface modeling on the TP faces specific 

problems caused by a marked variations in surface 
temperatures (Yang et al., 2009; Hong et al., 2010), 
likely triggering a diurnal cycle in the thermal rough-
ness length (Ma et al., 2002; Yang et al., 2003), as well 
as large bare-soil evaporation typical of semi-arid 
areas (Agam et al., 2004; Balsamo et al., 2011). Ad-
aptations include: (i) a variable thermal roughness 
length (Yang et al., 2008); (ii) calculation of soil 
thermal conductivity (Yang et al., 2005); and (iii) the 
parameterization of bare-soil evaporation (Mihailović 
et al., 1993). These changes have been incorporated 
into the model and tested at the alpine steppe site at 
Nam Co area in the central TP (Biermann et al., 2014). 

Furthermore, all relevant model parameters have 
been inferred from field and laboratory measurements, 
an overview of which is given in Table 2. The optional 
hydrological modules of ponding, variable infiltration 
capacity (VIC), subsurface runoff, and base flow in-
cluded in SEWAB were disabled. Half-hourly datasets 
from the NPCE-BJ site (Section 2), consisting of pre-
cipitation, air temperature, wind velocity, air pressure, 
relative humidity, and downwelling short-wave and 
long-wave radiation values, were applied to the model.  

 

Table 2  Most important parameters for the model runs 

Parameter Value Source 
α 0.20 a

ε 0.97 Yang et al. (2009) 
z0 (m) 0.005 a

hc (m) 0.05 a

fveg 0.50 a

zr (m) 0.10 a

LAI 1.0 Hu et al. (2009) 
Rs,min (s/m) 60 Alapaty et al. (1997) 
RGL (W/m2) 100.0 Mengelkamp et al. (2001) 
Ksat (m/s) 1.604×10−5 b

Ψsat (m) −0.30 b

ηsat (m
3/m3) 0.372 b

ηFC (m
3/m3) 0.18 c, pF of 2.5 assumed 

ηWP (m
3/m3) 0.04 c, pF of 4.5 assumed 

b 3.25 b

Parameters for the BJ site are: albedo α, emissivity ε, roughness length z0, canopy height hc, fraction of vegetated area fveg, 
rooting depth zr, leaf area index LAI, minimum stomatal resistance Rs,min, radiation limit value for stomatal resistance RGL, sat-
urated hydraulic conductivity Ksat, matrix potential at saturation Ψsat, porosity ηsat, volumetric water content at field capacity ηFC, 
volumetric water content at wilting point ηWP, and exponent b for relationships (after Clapp and Hornberger, 1978). a meas-
ured/estimated in the field; b mean values from soil profile (laboratory) measurements (Chen et al., 2012); c inferred from Ψsat, 
porosity ηsat,  and b according to Clapp and Hornberger (1978).   

 
4  Results and discussion 
 
4.1  Distribution of the surface energy fluxes and 

the energy balance closure in the central TP 
 

Figure 2 shows the mean daily variations in surface 
energy fluxes during the ASM season (Figure 2a) and 

post-monsoon period (Figure 2b). When the ASM 
arrives, H2O and evaporation values increase; QE is 
clearly dominant and exhibits values >200 W/m2, 
higher than QH. Meanwhile, QG increases and reaches 
200 W/m2 at noon. A bell-shaped Rnet curve is visible; 
Rnet values at the NPCE-BJ site decrease within 
12:00–14:00 as a result of the presence of convective 
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clouds. Conversely, QH is higher than QE during the 
post-monsoon period (Figure 2b). The residuum 
(Equation (1)) is smaller during the ASM season than 
during the post-monsoon period. It seems to depend 
on the ground heat flux, which is higher in the wet 
season, and is related both to a greater radiation input 
and to a thermal decoupling of dry soils during the 
post-monsoon period.  

Several studies of turbulence structure have been 
conducted on the TP (Qi et al., 1996; Ma et al., 2002). 
Yeh and Gao (1979) obtained a vertically-integrated 
mean heat source of 138 W/m2 over the western TP in 
June, but this was estimated to be 37 W/m2 by Chen et 
al. in 1985. This large discrepancy was caused by the 
different drag coefficients used in the bulk method, 

resulting in sensible heat flux values differing by a 
factor of 3 to 4. Li et al. (2001) reported a wide range 
of drag coefficients (2.5×10−3 to 12×10−3) over the TP 
despite the use of the same data.  

Surface energy latent heat flux can be estimated as 
a budget residue. However, this approach is prone to 
error because a significant imbalance in the TP's en-
ergy budget (10%–40%) has been reported (Kim et 
al., 2000; Bian et al., 2002). Figure 3 shows that over 
the TP, CEB is 88% during the ASM season (Figure 3a) 
and 72% during the post-monsoon period (Figure 3b). 
This is higher than the values reported by Kim et al. 
(2000) and Bian et al. (2002) (residuum: 10%–40%). 
However, there was a residuum of 10%–30% at the 
NPCE-BJ station.  

 

 

Figure 2  Surface averaged net radiation Rnet and turbulent heat fluxes: averaged sensible heat flux (QH) ,                             
averaged latent heat flux (QE), and averaged ground heat flux (QG) during monsoon season (a)                                   

and post-monsoon period (b) at the NPCE-BJ site. −Rres is the residuum of the energy flux 
 

     
Figure 3  The energy balance closure during monsoon season (a) and post-monsoon season (b) at the NPCE-BJ station.         

The fitted equation is for the red line 
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4.2  Footprint modeling and quality checks 
 

First, roughness lengths and land use were deter-
mined for a 10-m grid size for an area of approximately 
4km×4km. Land-use classification was derived from 
visual inspection and Landsat TM imagery. The obser-
vation tower was located at the center of the investiga-
tion area. 

To produce a cumulative flux data quality category 
for the NPCE-BJ site, the results of footprint calculations 
were combined with the quality-assessed turbulent flux 
data to give 2-D matrices. These matrices showed the 
dominant data quality class for each of the grid cells of 
the matrix surrounding the tower, and could be com-
bined to give their contribution to the total flux. 

Figure 4 shows that the cumulative flux contribu-
tion (isolines) over the observation period for the 
NPCE-BJ site consisted of 2,687 (ASM season) and 
4,559 (post-monsoon) half-hourly datasets alongside 
the different land-use classes. Stable, neutral, and un-
stable atmospheric conditions were taken into ac-
count, but only 27% (ASM season) and 33% 
(post-monsoon period) of the cases were stable (when 
ζ >0.0625, ζ is obtained from 

ζ = (zm−d)/L              (2) 

where zm is observation height, d is zero plane dis-
placement, and L is the Monin-Obukhov length). The 
features investigated within the source area vis-à-vis 
data quality were momentum flux, sensible heat flux, 
latent heat flux, CO2 flux, and the contribution of 
land-use type to the total flux measured. 

In Figure 4, the accumulation of the source weight 
functions for individual measurements taken over an 
ASM season and post-monsoon period at the NPCE-BJ 
site is illustrated for mixed, unstable, neutral, and stable 
atmospheric conditions, respectively. The background 
shows the land-use distribution that was applied to de-
termine the contributions of different land-use classes to 
the total measured flux. The black lines on both figures 
are isolines, which reproduce the 3-D structure of the 
accumulated source weight function. The figures reveal 
that the small region close to the mast was of principal 
importance for the measurement site, while the fur-
thest-removed region exerted only a minor influence 
during the ASM season or the post-monsoon period. 
The land-use classes were low-grass, wetland, riverbed, 
water, building, and hill (Figure 4). 

In Figure 5, the colored flags show the dominant 
data quality flag for momentum flux during the ASM 
season (left) and the post-monsoon period (right), 
while the black isolines specify the relative flux con-
tributions for the NPCE-BJ site. Blue flags indicate the 
highest flux data quality, while red flags indicate poor 
data quality. Sixty-two percent of the data are of high 
quality vis-à-vis momentum flux during the ASM 
season; this figure is 59% for the post-monsoon period 
(see Table 3). The overall data quality for momentum 
flux was highest under unstable atmospheric condi-
tions during both periods. Under stable conditions, the 
overall quality of momentum flux was intermediate in 
the regions northwest of the tower. The worst-quality 
data in windy sectors and under stable conditions was 
found in hill and wetland areas. 

 

 
Figure 4  Spatial distribution of the land-use classifications combined with their relative flux contribution in the Nagqu area under 

all stratification conditions, unstable stratification, neutral stratification, and stable stratification during the monsoon season (left) 
and post-monsoon (right). Black isolines indicate the rate of the flux contribution, with 50%, 80%, and 95% from inside                 

to outside, respectively. '+' is the location of the BJ station 
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Figure 5  Spatial distribution of the data quality for the momentum at the NPCE-BJ site under different atmospheric stratifications 
during the monsoon season (left) and post-monsoon (right). Black isolines indicate the flux contribution for the sink area,                  

with 50%, 80%, and 95% from inside to outside, respectively. '+' is the location of the BJ station 

 

Table 3  Quality test for the fluxes of momentum τ (including integral turbulence characteristics), sensible heat QH, latent heat 
QE, and carbon dioxide flux FCO2 (only for stationarity and the ITC test for σw) during monsoon (upper) and post-monsoon     

(lower). Numbers are relative to the total number of investigated cases for the NPCE-BJ site, in % 

Monsoon season 

 τ flag 1-2 QH flag 1-2 QE flag 1-2 FCO2 flag 1-2 

Unstable 27 30 35 32 
Neutral 23 9 20 14 
Stable 12 3 13 9 
All 62 42 68 55 

Post-monsoon  

 τ flag 1-2 QH flag 1-2 QE flag 1-2 F CO2 flag 1-2 

Unstable 23 21 22 26 
Neutral 22 15 13 17 
Stable 14 2 9 9 
All 59 38 44 52 

 
The quality flags for sensible heat flux were de-

rived from a combination of stationarity of the covar-
iance and the integral turbulence characteristics of the 
vertical wind w and temperature T. As mentioned 
above, the integral turbulence characteristics of T do 
not yet have a valid parameterization for neutral and 
stable atmospheric conditions (Figure 6). The meas-
ured values agreed with the parameterization only 
under unstable conditions. Moreover, grids west and 
south of the tower had class 1 to 2 quality flags, 
whereas other areas had class 3 to 5 flags. The sta-
tionarity of the covariance often showed high data 
quality, but non-stationarity usually applied to the 
sensible heat flux of heterogeneous surfaces. The area 
east of the tower was influenced by a non-stationarity 
of sensible heat flux, and was also probably influ-
enced by a distant wetland area (Figure 4). The 

roughness lengths of these latter areas were very dif-
ferent from the low grassland areas, and therefore had 
different heat exchange properties, explaining the 
non-stationarities of the covariance. Conversely, un-
der neutral or stable atmospheric conditions, parame-
terization of the integral turbulence characteristics of 
T was probably not comparable to the literature (Li et 
al., 2006). 

The quality flags for latent flux were derived from 
a combination of the stationarity of the covariance and 
the integral turbulence characteristics of the vertical 
wind component w. The focus here is only on station-
arity, as the integral turbulence characteristics of w are 
seldom negatively influenced and have already been 
investigated with momentum flux. Most cases were in 
the highest quality (blue-flag) class and occurred un-
der unstable atmospheric conditions. As with sensible 
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heat flux, the latent heat flux in the area east of the 
tower was influenced by non-stationarity. The 
non-stationarities of the covariance in this area were 
probably influenced by a distant wetland area (Figure 
7), which had a different roughness length and heat 
exchange properties. 

Concerning the carbon dioxide (CO2) flux, we fo-
cused only on stationarity. Fifty-five percent of the 
data during the ASM season were of high quality, 
falling to 52% during the post-monsoon period. These 
data mostly referred to stable atmospheric conditions 
during the post-monsoon period. Overall, most 
high-quality data were obtained under unstable at-

mospheric conditions. During the ASM season, some 
lower-quality data were collected far from the tower, 
which had originated east of the tower during the 
post-monsoon period. Under stable atmospheric con-
ditions, only 9% of all the data were high quality dur-
ing both periods. Under neutral atmospheric condi-
tions, the data quality was higher during the 
post-monsoon period than in the ASM season. Low-
er-quality measurements came from east of the tower, 
as was the case with unstable atmospheric conditions. 
These results can be explained by the influence of a 
complicated topography on the area east of the flux 
tower (Figure 8). 

 

 

Figure 6  Spatial distribution of the data quality for the sensible heat flux at the NPCE-BJ site under different atmospheric    
stratifications during the monsoon season (left) and post-monsoon (right). Black isolines indicate the flux contribution for                

the sink area with 50%, 80%, and 95% from inside to outside, respectively. '+' is the location of the BJ station 
 

 

Figure 7  Spatial distribution of the data quality for the latent heat flux at the NPCE-BJ site under different atmospheric             
stratifications during the monsoon season (left) and post-monsoon (right). Black isolines indicate the flux contribution                   

for the sink area, with 50%, 80%, and 95% from inside to outside, respectively. '+' is the location of the BJ station 
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Figure 8  Spatial distribution of the data quality for the carbon dioxide (CO2) flux at the NPCE-BJ site under different atmospheric          
stratifications during monsoon season (left) and post-monsoon (right). Black isolines indicate the flux contribution for the sink,        

with 50%, 80%, and 95% from inside to outside, respectively. '+' is the location of BJ station 
 

4.3  Simulation results 
 

We evaluated model performance using the 
Nash-Sutcliffe coefficient (NS; Nash and Sutcliffe, 
1970), as follows: 
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where O is the observation, P the model prediction, 
and O  the observational mean.  

Figure 9 shows the observed fluxes versus the 
SEWAB model runs. The NS coefficient (Equation 
(3)), shows reasonable fits for the NPCE-BJ site, with 
values of 0.78 for sensible heat flux and 0.63 for la-
tent heat flux during the ASM season, but unrealistic 
values of −0.9 for latent heat flux during the 
post-monsoon period. To ensure a consistent averag-
ing for long-term fluxes, all observed fluxes were 
gap-filled with the running model results. While this 
practice is necessary for providing average values, 
some bias is likely to be introduced during the evalua-
tion and will become evident when comparing model 
runs with observed data, including the gap-filled val-
ues derived from the SEWAB model runs. The chal-
lenge remains to gap-fill the post-monsoon period's 
latent heat flux. 

 
5  Summary and conclusions 
 

In this study, the impact of the ASM on turbu-
lence, footprint climatology, and simulation models at 
the NPCE-BJ site was analyzed. The results were as 
follows: 

1) During the ASM season, latent heat flux was 
higher than sensible heat flux, and the energy closure 
rate was higher than that during the post-monsoon 
period. The lower CEB values resulted from a low ex-
change of H2O caused by negative air temperatures 
and low ground heat flux values due to frozen soil 
during the post-monsoon period. 

2) Footprint models helped to identify the flux 
tower's footprint sectors. These models may have 
lower measuring certainties under certain atmospheric 
conditions. The measured turbulent flux data at the 
NPCE-BJ site were highly representative of the target 
land-use type. The target surface contributed more to 
the fluxes under unstable conditions than under stable 
conditions. The main wind directions (180° and 210°) 
with the highest data density showed flux contributions 
reaching 100%, even under stable conditions. The 
lowest flux contributions were found in sectors with low 
data density, e.g., 90.4% in the 360° sector under stable 
conditions during the ASM season. Flux sites were 
often established in non-ideal terrain because of the 
limitations of nonhomogeneous underlying surfaces. 
Minor low-quality flux data were rejected and replaced 
by gap-filling procedures, as is usually done for fluxes 
under low-turbulence conditions. In the distribution 
patterns of all the fluxes, most high-quality data were 
attained under unstable conditions. During the ASM 
season, some lower-quality data were observed at a 
considerable distance from the tower, but just east of 
the tower during the post-monsoon period. Under sta-
ble conditions, both periods produced high-quality da-
tasets for about 9% of all of the data. Under neutral 
conditions, the data quality during the post-monsoon 
period was higher than during the ASM season. Low-
er-quality measurements were found east of the tower, 
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as under unstable conditions. These resulted from the 
complex topography east of the flux tower.  

3) Using the modeled results to gap-fill missing 
data, more realistic values were obtained for sensible 
heat flux than for latent heat flux. This method is fea-
sible for the ASM season, but needs to be used with 
caution when gap-filling the latent heat flux data for 
the post-monsoon period. Modeling uncertainty re-
sults from the thermal and hydrological exchange pa-

rameterization included in SEWAB. This study pro-
vides a method for reducing such uncertainty. 

There are many reasons for an imbalance in ener-
gy flux in heterogeneous underlying surfaces. For 
example, frozen soil processes were not considered in 
the SEWAB model for the post-monsoon period, a 
fact which would certainly influence final soil heat 
flux and energy imbalance. The calculation of soil 
heat flux now needs to be improved.  
 

 
Figure 9  Energy balance corrected fluxes vs. optimized model runs, subjected to gap-filling for the NPCE-BJ station; the sensible 

heat flux and the latent heat flux from left to right during the monsoon season (upper) and post-monsoon (lower);                    
n is the number of available observations and NS is the Nash-Sutcliffe coefficient 
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