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Abstract: Land surface heat fluxes consist of the net radiation flux, soil heat flux, sensible heat flux,
and latent heat flux. The estimation of these fluxes is essential to the study of energy transfer in
land–atmosphere systems. In this paper, Landsat 7 ETM+ SLC-on data were applied to estimate the
land surface heat fluxes on the northern Tibetan Plateau using the SEBS (surface energy balance system)
model, in combination with the calculation of field measurements at CAMP/Tibet (Coordinated
Enhanced Observing Period (CEOP) Asia–Australia Monsoon Project on the Tibetan Plateau) automatic
weather stations based on the combinatory method (CM) for comparison. The root mean square
errors between the satellite estimations and the CM calculations for the net radiation flux, soil heat
flux, sensible heat flux, and latent heat flux were 49.2 W/m2, 46.3 W/m2, 68.2 W/m2, and 54.9 W/m2,
respectively. The results reveal that land surface heat fluxes all present significant seasonal variability.
Apart from the sensible heat flux, the satellite-estimated net radiation flux, soil heat flux, and latent
heat flux exhibited a trend of summer > spring > autumn > winter. In summer, spring, autumn,
and winter, respectively, the median values of the net radiation flux (631.8 W/m2, 583.0 W/m2,
404.4 W/m2, 314.3 W/m2), soil heat flux (40.9 W/m2, 37.9 W/m2, 26.1 W/m2, 20.5 W/m2), sensible
heat flux (252.7 W/m2, 219.5 W/m2, 221.4 W/m2, 204.8 W/m2), and latent heat flux (320.1 W/m2,
298.3 W/m2, 142.3 W/m2, 75.5 W/m2) exhibited distinct seasonal diversity. From November to April,
the in situ sensible heat flux is higher than the latent heat flux; the opposite is true between June and
September, leaving May and October as transitional months. For water bodies, alpine meadows and
other main underlying surface types, sensible and latent heat flux generally present contrasting and
complementary spatial distributions. Due to the 15–60 m resolution of the Landsat 7 ETM+ data, the
distribution of land surface heat fluxes can be used as an indicator of complex underlying surface
types over the northern Tibetan Plateau.
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1. Introduction

Land surface heat fluxes include net radiation flux, soil heat flux, sensible heat flux, and latent
heat flux, which are components of land surface energy balance [1]. Net radiation flux reflects the total
energy budget over the land surface, and soil heat flux depicts the heat absorption beneath the ground.
Sensible heat flux and latent heat flux represent the heat transfer between the land surface and the
atmosphere due to temperature differences and water vapor phase transitions, respectively. Land
surface heat fluxes are essential to land–atmosphere interactions in the atmospheric boundary layer.
The variability of land surface heat fluxes may originate from land use land cover changes and natural
variations, which could serve as an indicator of land cover change over both the artificial and natural
underlying surface [2]. Land surface heat fluxes can directly influence the land surface temperature,
which is an important driver of local warming [3,4]. Furthermore, variations in land surface heat
fluxes will also have an impact on the atmospheric circulation and climate change, which are of great
significance to the study of energy exchange in land–atmosphere interactions [5–9].

The Tibetan Plateau, which is located in the southwest of China and covers an area of approximately
2.6 million square kilometers with an average elevation over 4000 m above mean sea level, is also
called the ‘Roof of the World’ and ‘The Third Pole’. The land surface processes over the Tibetan Plateau
play an important role in the Asian–Australian monsoon circulation and the global climate change.
Due to its unique location and harsh environment, the land surface heat fluxes over the Tibetan Plateau
have distinct characteristics.

Pioneering works have been done by some researchers on the observation and estimation of
land surface heat fluxes on the Tibetan Plateau by satellite remote sensing [10–18]. Ma et al. [10]
used NOAA-14 AVHRR data and field measurements to derive the spatial distributions of land
surface net radiation flux and soil heat flux in the GAME-Tibet (Global Energy and Water Cycle
Experiment (GEWEX) Asian Monsoon Experiment on the Tibetan Plateau) region of the Tibetan Plateau.
The estimation of land surface heat fluxes based on satellite data with 10–100 m spatial resolutions has
already been tested on the Mt. Everest region. Chen et al. [15] estimated the land surface energy fluxes
in the Mt. Everest region by using Landsat TM/ETM+ data. Han et al. [17] used ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer) data to estimate the regional land surface
heat fluxes in the Mt. Everest region.

In previous studies, the most commonly used satellite data for estimates of land surface heat fluxes
over the Tibetan Plateau were images with spatial resolutions of 1–10 km [10,12,14,16,18]. Estimations
of land surface heat fluxes based on satellite data with 10–100 m spatial resolutions have been applied
to the Mt. Everest region [15,17], but have rarely involved the northern Tibetan Plateau [11,13].
The spatial resolutions of MODIS (Moderate Resolution Imaging Spectroradiometer) data and AVHRR
(Advanced Very-High-Resolution Radiometer) data, for example, are only 250–1000 m and 1000–4000 m,
respectively, making it difficult to accurately obtain the land surface characteristic parameters and
the turbulent heat flux data for land–atmosphere energy exchange from the micro-scale to meso-scale.
In comparison, Landsat 7 ETM+ data have a spatial resolution of 15–60 m (Table 4), which would be
more suitable for remote sensing analysis over regions at 10–100 km scales. Additionally, corresponding
to the satellite estimation results, the characteristics of in situ land surface heat fluxes, which can be
derived from time series of multi-level ground-based observations, are rarely taken into consideration.

In this paper, Landsat 7 ETM+ SLC-on data, ITPCAS (Institute of Tibetan Plateau Research,
Chinese Academy of Sciences) forcing data [19,20] and CAMP/Tibet (Coordinated Enhanced Observing
Period (CEOP) Asia–Australia Monsoon Project on the Tibetan Plateau) [21] observation data were used.
Based on ground-based observations, the combinatory method (CM) [22–24] was used to calculate and
analyze the variations of in situ land surface heat fluxes at multiple temporal scales. By using satellite
remote sensing data as inputs, the SEBS (surface energy balance system) model [25] was applied to
estimate and analyze the seasonal variations and spatial distributions of land surface heat fluxes,
and the results were compared with those of the ground-based calculations. The rest of this paper is
organized as follows. Section 2 briefly introduces the study area and the datasets, and outlines the
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basic principles of the CM and the SEBS model. Section 3 presents the research results and analysis;
Section 4 discusses the advantages and limitations; and Section 5 presents the main conclusions.

2. Materials and Methods

2.1. Study Area and Data

2.1.1. Study Area

The elevation variation of the study area and the fractional vegetation cover distribution of one
scene (on June 13, 2001) in the Landsat 7 ETM+ data (Path 138/Row 038) are shown in Figure 1.
The fractional vegetation cover (fvc) was estimated using the normalized squared NDVI (Normalized
Difference Vegetation Index) relation from Equation (13). The study area is located in the northern
Tibetan Plateau, and the location of the CAMP/Tibet area is inside the red rectangular border seen in
Figure 1a. In the study area, the fractional vegetation cover was generally higher in the east and lower
in the west, reaching 1 or 0 over the land surface of dense vegetation or water bodies, respectively.
With the Nagqu region in the east, Mt. Tangula in the north, and Namco Lake in the south, the area
contains a distribution of lakes, alpine and subalpine meadows, alpine and subalpine plains, and other
complex underlying surface types over 4000 m.
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Figure 1. (a) Elevation variation (units: m) of the study area (the CAMP/Tibet (Coordinated Enhanced
Observing Period (CEOP) Asia–Australia Monsoon Project on the Tibetan Plateau) area is marked by
the red rectangular border) and (b) fractional vegetation cover distribution estimated from Landsat 7
ETM+ data on June 13, 2001 (Path 138/Row 038) over the northern Tibetan Plateau.

2.1.2. Ground-Based Data

The in situ measurements used in this paper were from automatic weather stations (AWS)
including ANNI, BJ, D105, and NPAM in CAMP/Tibet (Table 1). The time span of CAMP/Tibet
ground-based data used in this paper was from 2001 to 2003, which is in accordance with the Landsat
7 ETM+ SLC-on satellite data used in this paper. The CAMP/Tibet data can be obtained from
http://en.tpedatabase.cn/portal/MetaDataInfo.jsp?MetaDataId=217.

Due to the lack of in situ eddy correlation flux observation data from 2001 to 2003, the sensible
heat flux and latent heat flux cannot be derived via the eddy correlation method, thus the combinatory
method [22–24] was used as a substitute to calculate the surface heat fluxes. The combinatory method
is the algorithm for calculating land surface soil heat flux, sensible heat flux, and latent heat flux
based on ground-based multi-layer measurements. It was first proposed by Thom et al. [22], and then
developed by Hu et al. [23]. This method combines the energy balance method and the aerodynamic

http://en.tpedatabase.cn/portal/MetaDataInfo.jsp?MetaDataId=217
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method, so it was called the combinatory method (CM) [23]. In the CM, seven meteorological elements,
wind speed, air temperature, air pressure, relative humidity, radiation balance components (downward
shortwave radiation, upward shortwave radiation, downward longwave radiation, and upward
longwave radiation), soil temperature, and soil heat flux (z depth, Table 2) at different observation
levels are used as inputs to calculate the net radiation flux, soil heat flux, sensible heat flux, and latent
heat flux at the ground surface. Information on these seven meteorological elements measured at
automatic weather stations of CAMP/Tibet is shown in Table 2. Taking the measured data of the above
meteorological elements as inputs, the in situ land surface net radiation flux, soil heat flux (at z = 0),
sensible heat flux, and latent heat flux can be calculated by the CM.

Table 1. Ground Measurement Stations in the Study Area.

Station Longitude (◦E) Latitude (◦N) Altitude (m) Underlying Land Cover Type

ANNI 92.17244 31.25442 4480 Alpine and subalpine meadow
BJ 91.89871 31.36866 4509 Alpine and subalpine meadow

D105 91.94256 33.06429 5039 Alpine and subalpine plain grass
NPAM 91.71468 31.92623 4620 Alpine and subalpine meadow

Table 2. Information of several meteorological elements measured at automatic weather stations. (Note:
for wind speed, air temperature, relative humidity, soil temperature, and soil heat flux, the instruments
were placed at multiple levels. The heights (or depths for z < 0) of each level for each meteorological
element are listed in this table. Two sensors are placed at z = 0 cm to measure soil surface temperature).

Meteorological
Elements Levels Level Heights Temporal

Resolution Accuracy Instruments

Wind speed 3 z = 10 m, 5 m, 1 m 1 h 0.1 m/s WS-D32 (Komatsu)
Air

temperature 2 z = 8.2 m, 1 m 1 h 0.05 K TS-801/Pt100 (Okazaki)

Air pressure 1 z = 0.5 m 1 h 0.5 hPa PTB220C (Vaisala)
Relative

humidity 2 z = 8.2 m, 1 m 1 h 2% HMP-45D (Vaisala)

Radiation
budgets 1 z = 1.28 m 1 h 5%

CM21 (Kipp&Zonen) (for
shortwave), PIR (Kipp&Zonen)

(for longwave)
Soil

temperature 6 z = 0 cm, 0 cm, −4 cm,
−10 cm, −20 cm, −40 cm 1 h 0.2 K TS-301/Pt100 (Okazaki)

Soil heat flux 2 z = −10 cm, −20 cm 1 h 2% MF-81 (EKO)

2.1.3. Satellite Data

The time span of the Landsat 7 ETM+ SLC-on data used in this paper was from June 2001 to
April 2003. As CAMP/Tibet started in 2001 and the Scan Line Corrector (SLC) onboard Landsat
7 suddenly broke on May 31, 2003, the satellite data before 2001 and those after May 31, 2003
(i.e., Landsat 7 ETM+ SLC-off data) were not used in this paper. For quality control of the satellite
data, satellite images with mean cloudiness over 40% were excluded from this study. A total of
13 scenes of Landsat 7 ETM+ SLC-on data were used in this study (Table 3). The information of
Landsat 7 ETM+ bands is listed in Table 4. The Landsat 7 ETM+ SLC-on data can be acquired
from http://www.gscloud.cn/sources/list_dataset/242?cdataid=263&pdataid=10&datatype=L7slc-on
#dlv=Wzg4LFswLDEwLDEsMF0sW1siZGF0YWRhdGUiLDBdXSxbXSw5OV0%3D. The Landsat 7
ETM+ SLC-on data can also be acquired from https://glovis.usgs.gov/.

http://www.gscloud.cn/sources/list_dataset/242?cdataid=263&pdataid=10&datatype=L7slc-on#dlv=Wzg4LFswLDEwLDEsMF0sW1siZGF0YWRhdGUiLDBdXSxbXSw5OV0%3D
http://www.gscloud.cn/sources/list_dataset/242?cdataid=263&pdataid=10&datatype=L7slc-on#dlv=Wzg4LFswLDEwLDEsMF0sW1siZGF0YWRhdGUiLDBdXSxbXSw5OV0%3D
https://glovis.usgs.gov/
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Table 3. Information of Landsat 7 ETM+ Images Used in this Work.

Scene Path/Row Date (dd/mm/yyyy) Overpass Time

1 137/038 13/11/2001 04:11 UTC
2 137/038 16/11/2002 04:10 UTC
3 137/038 03/01/2003 04:11 UTC
4 137/038 04/02/2003 04:11 UTC
5 137/038 24/03/2003 04:11 UTC
6 138/037 13/06/2001 04:18 UTC
7 138/037 15/05/2002 04:17 UTC
8 138/038 13/06/2001 04:18 UTC
9 138/038 04/11/2001 04:17 UTC
10 138/038 06/12/2001 04:17 UTC
11 138/038 15/05/2002 04:17 UTC
12 138/038 22/10/2002 04:16 UTC
13 138/038 16/04/2003 04:17 UTC

Table 4. Band List of Landsat 7 ETM+.

Channel Band Wavelength Range (µm) Spatial Resolution (m)

1 Blue 0.45–0.52 30
2 Green 0.52–0.60 30
3 Red 0.63–0.69 30
4 Near infrared 0.76–0.90 30
5 Shortwave infrared 1.55–1.75 30
6 Thermal infrared 10.4–12.5 60
7 Shortwave infrared 2.08–2.35 30
8 Panchromatic 0.5–0.9 15

In order to use the SEBS model to estimate land surface heat fluxes, the meteorological variables
and land surface characteristic parameters in the study area should be obtained as model inputs.
Among them, the meteorological variables of wind speed, air temperature, air pressure, and specific
humidity for this study came from the ITPCAS forcing data. The ITPCAS forcing data, also called
the China Meteorological Forcing Data, is a gridded reanalysis data product based on measurements
of 740 operational stations of the China Meteorological Administration, TRMM (Tropical Rainfall
Measuring Mission) satellite precipitation analysis data (3B42), GEWEX-SRB (Global Energy and Water
Exchanges - Surface Radiation Budget) data, and GLDAS (Global Land Data Assimilation System)
data. The ITPCAS forcing data have a temporal resolution of three hours and a spatial resolution of
0.1◦ × 0.1◦, respectively. The ITPCAS forcing data can be accessed from http://en.tpedatabase.cn/portal
/MetaDataInfo.jsp?MetaDataId=202. In order to integrate with the Landsat image, a temporal linear
interpolation was executed to derive the variable values of ITPCAS forcing data at overpass times of
the Landsat 7 scenes, then a spatial bilinear interpolation was implemented for the ITPCAS forcing
data to convert the original grid point coordinates to the Landsat pixel. Subsequently, the Landsat
7 ETM+ SLC-on data and the converted ITPCAS forcing data were used as the inputs of the SEBS
model for estimation of the land surface heat fluxes. The satellite images took 27 seconds to scan at
approximately 04:15 UTC (12:15 Beijing Standard Time, BST). For validation of the satellite results, a
temporal linear interpolation was also applied to the in situ results to obtain values for 12:15 BST.

2.2. Method and Model

2.2.1. The Combinatory Method (CM)

The main methods used to calculate land surface sensible heat flux and latent heat flux by
using ground-based observation data include the eddy correlation method, the profile method, the
aerodynamic method, the energy balance method (the Bowen ratio method), the H (sensible heat

http://en.tpedatabase.cn/portal/MetaDataInfo.jsp?MetaDataId=202
http://en.tpedatabase.cn/portal/MetaDataInfo.jsp?MetaDataId=202
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flux) deduction method, the CM, and the optical method. The CM was named for its characteristic
combination of the aerodynamic method and the energy balance method [22,23]. Compared with the
aerodynamic method, in addition to wind speed, air temperature, air pressure, and relative humidity,
the simultaneous gradient observation data of soil temperature and soil heat flux (z depth) of the
meteorological elements are also needed for the CM. The CM can calculate land surface sensible heat
flux and latent heat flux without determination of the Monin–Obukhov universal function [26] in
advance (Equations (2) and (3)); compared with the energy balance method, the CM applies the surface
energy balance equation for stability correction of the calculated sensible heat flux and latent heat flux
(Equations (6)–(8)) to obtain relatively precise calculation values.

The specific steps for calculating land surface sensible heat flux and latent heat flux by the CM are
as follows.

First, the measured soil heat flux at z depth Gz and the gradient observational timeseries of the
soil temperature were used to integrate layer by layer from a depth of z to the land surface to calculate
the surface soil heat flux G0.

G0 = Gz +

∫ z

0
Cs
∂T
∂t

dz (1)

where Cs is the volumetric heat capacity of soil [J·K−1
·m−3], which can be seen as a constant in a 1–100

m scale region; and ∂T/∂t is the time change rate of soil temperature, which can be calculated according
to the time series of soil temperature at each layer.

Second, the surface sensible heat flux H0 and the surface latent heat flux LE0 were calculated;
these parameters require stability correction.

H0 = −ρ·cp·k2
·Z2

A·
∂u
∂z
·
∂θ
∂z

(2)

LE0 = −ρ·L·k2
·Z2

A·
∂u
∂z
·
∂q
∂z

(3)

where k is von Karman’s constant; % is the air density (derived from air pressure and air temperature);
cp is specific heat capacity at constant pressure [J·K−1

·kg−1]; L is the latent heat of water vaporization
[J·K−1

·kg−1]; ZA is the geometric mean of observation heights of two layers (Equation (4)); θ is the
potential temperature; and q is the specific humidity (Equation (5)).

ZA =
√

Zi·Zi+1 (4)

q =
0.622e

p− 0.378e
(5)

Then, the stability influence function F was calculated, which served as the stability correction
for H0 and LE0 for the derivation of land surface sensible heat flux H and latent heat flux LE
(Equations (6)–(8)).

F =
Rn −G0

H0 + LE0
(6)

H = F·H0 (7)

LE = F·LE0 (8)
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2.2.2. The SEBS (Surface Energy Balance System) Model

Based on the land surface energy balance equation and Monin–Obukhov similarity theory [26],
the SEBS model [25] applies a parameterization scheme for the estimation of surface parameters and
surface sensible heat flux and latent heat flux.

The specific steps for estimating land surface heat fluxes by the SEBS model are as follows.
The land surface energy balance equation is generally written as:

Rn = G0 + H + LE (9)

The net radiation flux Rn is calculated from [27–30]:

Rn = SWD− SWU + LWD− LWU (10)

Rn = (1− α)SWD + LWD− εs·σ·T4
s (11)

where α is surface albedo; εs is surface emissivity; and Ts is surface temperature.
The soil heat flux G0 can be estimated directly from the net radiation flux [31]:

G0 = Rn·[ fvc·rc + (1− fvc)·rs] (12)

where rc and rs are the ratio of soil heat flux and net radiation flux in the canopy area and bare soil
area, respectively; fvc is the fractional vegetation cover, which can be derived from NDVI; and NDVI is
calculated from the reflectance of Band 3 and Band 4 of Landsat 7 (Equation (14)). It should be noted
that for the water area, G0 is calculated as G0 = 0.5·Rn [15,32].

fvc =

(
NDVI −NDVImin

NDVImax −NDVImin

)2

(13)

NDVI =
ρ4 − ρ3

ρ4 + ρ3
(14)

To calculate the sensible heat flux H, three equations need to be solved simultaneously:

L = −
ρ·cp·θv·u3

∗

k·g·H
(15)

u∗ = k·u·
[
ln

(
z− d0

z0m

)
−Ψm

(
z− d0

L

)
+ Ψm

(z0m

L

)]−1

(16)

H = k·u∗·ρ·cp·(θ0 − θa)·

[
ln

(
z− d0

z0h

)
−Ψh

(
z− d0

L

)
+ Ψh

(z0h
L

)]−1

(17)

where L is the Obukhov length; cp is the specific heat capacity at constant pressure; θv is the virtual
potential temperature; u* is the friction velocity; k is von Karman’s constant; z is the near-surface
reference height; u is the horizontal wind speed at reference height; d0 is the zero plane displacement
height; z0m is the roughness height for momentum transfer; z0h is the roughness height for heat transfer;
θ0 is the surface potential temperature; θa is the air potential temperature at reference height; and
Ψm and Ψh are stability correction functions for momentum flux and heat flux, respectively [33–35].
The mathematical expressions of Ψm and Ψh used in the SEBS model are written as follows:
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Ψm(ζ) =


2· ln

(
1+X

2

)
+ ln

(
1+X2

2

)
− 2· arctan(X) + π

2 (ζ < 0)
−5·ζ (0 ≤ ζ < 0.5)

0.5
ζ2 −

4.25
ζ − 7· ln(ζ) − 0.852 (0.5 ≤ ζ < 10)

ln(ζ) − 0.76·ζ− 12.093 (ζ ≥ 10)

(18)

Ψh(ζ) =


2· ln

(
1+X2

2

)
(ζ < 0)

−5·ζ (0 ≤ ζ < 0.5)
0.5
ζ2 −

4.25
ζ − 7· ln(ζ) − 0.852 (0.5 ≤ ζ < 10)

ln(ζ) − 0.76·ζ− 12.093 (ζ ≥ 10)

(19)

X = (1− 16·ζ)0.25 (20)

There are three unknown variables, in the three equations above L, u*, and H (Equations (15)–(17)),
which constitute a closed equation set. Due to the implicit functional relationship of these three
unknown variables, the three equations are solved via iteration: First, assume ζ = 0 for the neutral
stability condition. We can find that Ψm(ζ) = 0 and Ψh(ζ) = 0 according to Equations (18)–(20).
Consequently, we obtain the initial guesses for u* and H (Equations (16) and (17)). Then, we can solve
the initial L from u* and H (Equation (15)). Afterward, the next u* is solved from L (Equation (16)), and
the next H is solved from L and u* (Equation (17)), and then the next L is solved from u* and H again.
Through the iteration procedure above (approximately 10–100 iterations), the values of L, u*, and H
will gradually approach their numerical solutions. After the sensible heat flux H is worked out, the
latent heat flux LE can be derived by the wet-limit estimation [25].

3. Results

3.1. Comparison of SEBS and CM Results

The CAMP/Tibet data is point-based and the Landsat 7 ETM+ SLC-on data is pixel-based. The scale
mismatch issue should be elaborated here. Actually, the underlying surface of each CAMP/Tibet AWS
(ANNI, BJ, D105, NPAM) can be thought of as relatively homogeneous. Furthermore, Landsat ETM+

has a much higher spatial resolution, which varies from 15 m to 60 m. The scale mismatch during
the validation process can be minimized. In the validation, two-dimensional coordinate (longitude,
latitude) of each CAMP/Tibet AWS would fall inside the area of four Landsat pixels that are the nearest.
In order to integrate the CAMP/Tibet field measurements and Landsat images, for each variable, we
made an average of four pixels around each CAMP/Tibet AWS location as the satellite estimation value.

The scatterplots of energy balance components for SEBS estimation from satellite data and CM
calculation from field measurements are shown in Figure 2. Four statistical indicators, RMSE (root mean
square error), MB (mean bias), MAE (mean absolute error), and R (Pearson correlation coefficient) were
calculated to measure the degree of closeness of ground-based and satellite results (Equations (21)–(24)).
For net radiation flux and soil heat flux, RMSE = 49.2 W/m2 and 46.3 W/m2, MAE = 37.7 W/m2 and
35.3 W/m2, and MB = 6.9 W/m2 and−17.8 W/m2, respectively. For sensible heat flux, RMSE = 68.2 W/m2,
MAE = 58.7 W/m2, and MB = −1.4 W/m2, indicating that the satellite estimation was lower than the in
situ calculation. For latent heat flux, RMSE = 54.9 W/m2, MAE = 41.0 W/m2, and MB = 26.1 W/m2,
indicated that the satellite estimation was higher than the in situ calculation. The Pearson correlation
coefficients of satellite and in situ results for net radiation flux, soil heat flux, sensible heat flux, and
latent heat flux were 0.957, 0.645, 0.869, and 0.917, respectively. The p-values for net radiation flux
Rn, soil heat flux G0, sensible heat flux H, and latent heat flux LE were 6.47E-9, 6.93E-3, 1.22E-5, and
5.91E-7, respectively. Since these p-values were all less than 0.01, the Pearson correlation coefficients
for Rn, G0, H, and LE were all of statistical significance. The differences in the calculation methods for
sensible heat flux [23,25] and the input data from ground-based and satellite estimation may explain
the RMSE, MB, and MAE of the energy balance components above. Additionally, due to the commonly
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negative correlation between sensible heat flux and latent heat flux, the underestimation of sensible
heat flux may result in the overestimation of latent heat flux.

MB =
1
N
·

N∑
i = 1

(yi − xi) (21)

MAE =
1
N
·

N∑
i = 1

∣∣∣yi − xi
∣∣∣ (22)

RMSE =

√√√
1
N
·

N∑
i = 1

(yi − xi)
2 (23)

R =

∑N
i = 1((xi − x)·(yi − y))√∑N

i = 1

(
(xi − x)2

)
·

√∑N
i = 1

(
(yi − y)2

) (24)
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Figure 2. Comparison of surface heat fluxes estimated by the SEBS model with those calculated by the
CM: (a) net radiation flux, (b) soil heat flux, (c) sensible heat flux, and (d) latent heat flux.

3.2. Multiple Timescale Variations in Land Surface Heat Fluxes

The monthly averaged diurnal variations in land surface heat fluxes at BJ, D105, and NPAM
stations between January 2001 and December 2003 are shown in Figure 3a–c, respectively.



Remote Sens. 2019, 11, 2899 10 of 18
Remote Sens. 2019, 11, x FOR PEER REVIEW 10 of 18 

 

 

 

Figure 3. Monthly averaged diurnal variations of land surface net radiation flux, soil heat flux, 
sensible heat flux, and latent heat flux at (a) BJ, (b) D105, and (c) NPAM station from January 2001 to 
December 2003. 

Figure 3. Monthly averaged diurnal variations of land surface net radiation flux, soil heat flux,
sensible heat flux, and latent heat flux at (a) BJ, (b) D105, and (c) NPAM station from January 2001 to
December 2003.

The land surface heat fluxes at these three stations exhibited distinct diurnal variations. The net
radiation flux, soil heat flux, sensible heat flux, and latent heat flux generally reached their daily
maxima at approximately 14:00 BST (12:00 local time). The sensible heat flux at night was generally
negative because the surface temperature is generally lower than the near-surface air temperature;
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thus, the atmosphere heats the land surface. The latent heat flux remained positive throughout the day,
indicating unidirectional water vapor transfer from the land surface to the atmosphere.

Of the land surface energy balance components, the soil heat flux value is the least important,
while the sensible heat flux and latent heat flux are the two main components accounting for the net
radiation flux, the value and significance of which vary seasonally. From January to April, the sensible
heat flux is approximately one order of magnitude higher than the latent heat flux. In May, the latent
heat flux increases rapidly. From June to September, based on the dominant latent heat of water vapor
transfer, the latent heat flux is approximately two or three times higher than the sensible heat flux.
In October, the latent heat flux decreases rapidly. From November to December, the sensible heat flux
is dominant, similar to the situation from January to April.

Land surface heat fluxes over the northern Tibetan Plateau exhibit a drastic diurnal variability,
which shows that the land surface is a very strong heat source in the daytime and is a weak heat sink
at night [36]. The midday downward shortwave radiation is often observed to exceed 1200 W/m2 on
cloudless days in summer [37]. Due to the thermodynamic effect, the extreme diurnal variability over
the northern Tibetan Plateau may intensively influence the diurnal characteristics of the atmospheric
boundary layer.

The monthly mean seasonal variations in land surface heat fluxes at the BJ, D105, and NPAM
stations between January 2001 and December 2003 are shown in Figure 4, exhibiting both the daily
means and values at 12:00 BST, which is closest to the overpass time of Landsat 7 over the northern
Tibetan Plateau. The annual average values of the daily mean net radiation flux at BJ, D105, and
NPAM were 68.1 W/m2, 63.3 W/m2, and 86.7 W/m2, and those of the soil heat flux were −1.8 W/m2,
−0.2 W/m2, and 2.7 W/m2, respectively. The annual average values of the daily mean sensible heat flux
at BJ, D105, and NPAM were 41.6 W/m2, 30.0 W/m2, and 40.0 W/m2, and those of the latent heat flux
were 30.2 W/m2, 43.3 W/m2, and 57.4 W/m2, respectively.

In Figure 4, the daily means of sensible and latent heat flux were both positive throughout the
year, even in the winter months. Thus, the surface heat densities were also positive in each month,
and the northern Tibetan Plateau served as a heat source all year round. The daily mean sensible heat
fluxes at BJ, D105, and NPAM stations all reached their maxima in May. The seasonal variations in
land surface heat fluxes depict that land surface over the northern Tibetan Plateau is a strong heat
source in summer and a weak heat source in winter.
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3.3. Spatial Distributions of Land Surface Heat Fluxes

Satellite images from June 13, 2001, November 4, 2001, December 6, 2001, and May 15, 2002
were used as the representatives of summer, autumn, winter, and spring, respectively. The spatial
distributions of net radiation flux, soil heat flux, sensible heat flux, and latent heat flux retrieved from
satellite data on the four different dates are shown in Figure 5a–d, respectively.

The results showed that the land surface net radiation flux, soil heat flux, sensible heat flux,
and latent heat flux all exhibited distinct seasonal variations. For a clear exhibition of the statistical
distributions of the land surface heat fluxes above, their quartiles, Q1 (lower quartile), Q2 (median),
and Q3 (upper quartile), which represent the 25%, 50%, and 75% positions in the value distribution,
respectively, are listed in Table 5. The net radiation flux values changed numerically in the order
summer > spring > autumn > winter, and their medians in those four seasons were 631.8 W/m2,
583.0 W/m2, 404.4 W/m2, and 314.3 W/m2, respectively. Compared with the net radiation flux, the
soil heat flux exhibited a similar seasonal variation and was approximately an order of magnitude
lower than the net radiation flux; the median soil heat flux values in summer, spring, autumn, and
winter were 40.9 W/m2, 37.9 W/m2, 26.1 W/m2, and 20.5 W/m2, respectively. For the sensible heat flux,
its seasonal variation was different and less prominent than that of the net radiation flux, and the
median seasonal heat flux values in summer, spring, autumn, and winter were 252.7 W/m2, 219.5 W/m2,
221.4 W/m2, and 204.8 W/m2, respectively. Unlike the relatively mild seasonal change in the sensible
heat flux, the seasonal variation in the latent heat flux was drastic, but also followed the order summer
> spring > autumn > winter. The median latent heat flux values in the four seasons above were
320.1 W/m2, 298.3 W/m2, 142.3 W/m2, and 75.5 W/m2, respectively. The latent heat flux was higher than
the sensible heat flux in summer and spring, and the situation was reversed in autumn and winter,
which is consistent with the ground-based results discussed in Section 3.2.

The northeastern and western areas of these images were the relatively high- and low-value
zones for fractional vegetation cover, respectively. Over the surfaces of lakes, rivers, and other water
bodies, the sensible heat flux was lower than that of the surrounding land surface; the opposite was
true of the latent heat flux. In addition to water bodies, areas with low sensible heat flux values and
high latent heat flux values were distributed mainly in the northeast of these images throughout the
four seasons; these areas basically corresponded to areas with high fractional vegetation cover values.
Meanwhile, areas with high sensible heat flux values generally corresponded to areas with low latent
heat flux values. Briefly, the sensible heat flux and the latent heat flux basically exhibited opposite and
complementary characteristics in their spatial distributions.

Compared to those of the sensible heat flux and the latent heat flux, the spatial distribution of
the net radiation flux was more homogenous and relatively less affected by the complex underlying
surface. However, it can also be seen that the values of the net radiation flux in the northeast of these
images in spring, summer, and autumn were slightly higher than those in the west. The soil heat flux
was also affected by seasons, and its value in summer was slightly higher than that in winter.

The northern Tibetan Plateau basically has the characteristics of ideal natural underlying surfaces.
Due to the complicated land cover types and complex topography over the northern Tibetan Plateau,
land surface heat fluxes vary greatly over the heterogeneous landscape. Distribution of land surface
heat fluxes with high spatial resolution from satellite images may enhance our understanding of the
regional landscape and their impacts on the atmospheric circulations and climate change.
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Table 5. Quartiles of land surface heat fluxes estimated by satellite data (units: W/m2).

Date 13/06/2001 04/11/2001 06/12/2001 15/05/2002 Mean

Net radiation flux
Q1 566.4 357.8 271.5 514.8 427.6
Q2 631.8 404.4 314.3 583.0 483.4
Q3 704.2 451.6 359.4 668.5 545.9

Soil heat flux
Q1 36.7 22.9 17.6 33.5 27.7
Q2 40.9 26.1 20.5 37.9 31.3
Q3 45.7 29.4 23.6 43.5 35.5

Sensible heat flux
Q1 176.4 130.3 147.6 161.6 154.0
Q2 252.7 221.4 204.8 219.5 224.6
Q3 341.9 302.8 257.4 289.9 298.0

Latent heat flux
Q1 195.2 61.3 2.8 204.3 115.9
Q2 320.1 142.3 75.5 298.3 209.1
Q3 443.7 223.2 139.1 413.9 305.0
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4. Discussion

In previous studies, estimates of 100–1000 km scale land surface heat fluxes distributions have
been given much more attention than land–atmosphere interactions at 10–100 km regional scales.
AVHRR, MODIS, and FY-2C/SVISSR have been widely used in the estimation of land surface heat
fluxes on the Tibetan Plateau [10,14,16,18]. Land–atmospheric flux data derived from 10–100 m spatial
resolution satellite products such as Landsat 7 ETM+ are essential and more suitable for estimating
turbulent heat fluxes over regions at 10–100 km scales.

Additionally, from the 4 km resolution of FY-2C/SVISSR to the 1 km resolution of MODIS and the
60 m resolution of Landsat 7 ETM+, even for the same study area, satellite scenes at different spatial
resolution will constitute a scene pyramid. The differences in satellite sensors and spatial resolutions
could improve the quantitative analysis of land–atmosphere interactions over the same region.

In this paper, two different methods, CM and SEBS, were used for the estimation of land surface
heat fluxes and then for comparison. In previous studies, the ground-based data applied were few and
somewhat underused. For a more reliable assessment, the 3-year land surface heat flux timeseries
derived from CAMP/Tibet in situ measurements were used for isochronic validation. Taking the
CM calculations as ‘true values’, the results showed that the SEBS estimations were basically in
accordance with the CM calculations. Compared with previous studies, the ground validation results
had higher Pearson correlation coefficients. For a comprehensive analysis of land surface heat fluxes,
the ground-based observation data used also emphasized the evaluation of their multiple timescale
variation characteristics as a supplement.

In this paper, the midday land surface heat fluxes were estimated based on polar-orbiting satellite
Landsat 7. For the estimation of land surface sensible heat flux and latent heat flux, the original errors
of surface parameters and gradient observation data as well as the different calculation methods
will produce some uncertainties. Due to the energy balance closure problem [38–40], where the net
radiation flux is generally greater than the sum of the sensible heat flux, latent heat flux, and soil heat
flux and the H deduction method with wet limit approximation used in the SEBS model for calculation
of the latent heat flux, the estimated latent heat flux was higher than the in situ calculation, which
may be one possible reason for the positive MB of the latent heat flux when comparing the satellite
remote sensing data and in situ observations. The results of the negative MB of sensible heat flux and
the positive MB of latent heat flux remain to be studied further. Additionally, the application of the
NDVI also has some shortcomings such as the saturation of the NDVI over the surface with dense
vegetation and uncertainties in some regions with a low vegetation fraction. The transformed NDVI
or transformed squared NDVI might also overestimate or underestimate the fractional vegetation
cover [41]. However, a recent study by Zou et al. [42] found that the land surface heat fluxes were
less sensitive to NDVI than the temperature-related variables and wind speed (~0.4% changes in land
surface temperature would cause ~11% changes in ET, while ~10% changes in NDVI would only cause
~0.2% changes in ET). Nevertheless, it is really a good suggestion for us to implement spectral mixture
analysis methods in our future work to improve the accuracy of surface heat flux estimation.

Landsat 7 ETM+ satellite data have a high spatial resolution and are good for exhibiting the
spatial distributions of sensible heat and latent heat flux; however, due to their limitations (long revisit
intervals and low temporal resolution), it is difficult to accurately analyze their diurnal variations.
Meanwhile, a large proportion of Landsat 7 images have relatively high mean cloudiness, which could
result in considerable calculation errors in the estimation of land surface energy fluxes. Therefore,
images with a mean cloudiness of over 40% were excluded in this paper for the sake of quality control
of the satellite data; this criterion excluded the majority of Landsat 7 images. For the next step, future
work may need to use geostationary satellite data to better reflect the spatial and temporal distributions
of land surface heat fluxes.

Currently, a new generation of satellite sensors has come into service. The ECOSTRESS (ECOsystem
Spaceborne Thermal Radiometer Experiment on Space Station) is designed to accurately measure
the land surface temperature and evaporative stress index, which may substantially improve our
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understanding of energy and water transfer in the atmospheric boundary layer. Since the land
surface temperature is one of the most important parameters in surface heat flux estimation and
the evapotranspiration was estimated to be the most sensitive to land surface temperature [42], the
potentially higher accuracy of land surface temperature measurement may further reduce the errors in
energy flux retrievals. The Sentinel-3 is aimed at measurements of land surface temperature, sea surface
temperature, sea surface topography, and sea surface color with high accuracy, which may be very
useful for the comprehensive study of land–atmosphere and sea–atmosphere interactions. The GF-3 is
the first C-band multi-polarization synthetic aperture radar imaging satellite with a resolution up to
1 m in China and is used for land observation and disaster monitoring under all-weather conditions.
These up-to-date satellite data can be used for the accurate estimation of land surface heat fluxes.

5. Conclusions

Based on CAMP/Tibet in situ observation data and Landsat 7 ETM+ SLC-on data, land surface
heat fluxes were calculated by the CM and the SEBS model. Their temporal variations and spatial
distributions were clearly identified. The main conclusions are as follows:

(1) Four statistical indicators, RMSE, MB, MAE and R, were used to measure the degree of
closeness of satellite remote sensing analysis and in situ calculations. For the net radiation flux, RMSE
was 49.2 W/m2 and R was 0.957. For the soil heat flux, RMSE was 46.3 W/m2 and R was 0.645. For the
sensible heat flux, RMSE was 68.2 W/m2 and R was 0.869. For the latent heat flux, RMSE was 54.9 W/m2

and R was 0.917. The result proves the effectiveness of land surface heat flux estimation based on the
SEBS model. This algorithm may be further applied to a new generation of satellite sensors such as
Sentinel-3, FY-4, and GF-3 in future work.

(2) The diurnal and seasonal variabilities of land surface heat fluxes depict the atmospheric
boundary layer characteristics and the thermodynamic effect of the Tibetan Plateau, respectively. Land
surface energy balance components generally reach their daily maxima at approximately 14:00 BST.
The sensible heat flux at night is generally negative; thus, the atmosphere heats the land surface.
The latent heat flux remains positive throughout the day, mirroring the unidirectional water vapor
transfer from the land surface to the atmosphere. The annual average values of the daily mean net
radiation flux at BJ, D105, and NPAM stations were 68.1 W/m2, 63.3 W/m2, and 86.7 W/m2, and those of
the soil heat flux were −1.8 W/m2, −0.2 W/m2, and 2.7 W/m2, respectively. The annual average values
of the daily mean sensible heat flux at BJ, D105, and NPAM stations were 41.6 W/m2, 30.0 W/m2, and
40.0 W/m2, and those of the latent heat flux were 30.2 W/m2, 43.3 W/m2, and 57.4 W/m2, respectively.

(3) Sensible heat flux and latent heat flux are two main components accounting for the net radiation
flux, and vary seasonally. From November to April, the in situ sensible heat flux is higher than the latent
heat flux. The opposite is the case between June and September, and May and October are transitional
months. In summer, spring, autumn, and winter, the median values of the net radiation flux were
631.8 W/m2, 583.0 W/m2, 404.4 W/m2, and 314.3 W/m2, respectively; the soil heat flux was approximately
an order of magnitude lower than the net radiation flux, and its median values were 40.9 W/m2,
37.9 W/m2, 26.1 W/m2, and 20.5 W/m2, respectively. For the sensible heat flux, its seasonal variation
was less prominent than that of the net radiation flux, and the median values of the sensible heat flux
were 252.7 W/m2, 219.5 W/m2, 221.4 W/m2, and 204.8 W/m2, respectively. The seasonal variation of
latent heat flux was drastic, and its median values were 320.1 W/m2, 298.3 W/m2, 142.3 W/m2, and
75.5 W/m2, respectively. Apart from the sensible heat flux, the net radiation flux, soil heat flux, and
latent heat flux all exhibited a trend of summer > spring > autumn > winter.

The spatio-temporal distributions of land surface heat fluxes may impact a broader scale
understanding of the regional landscape. First, land surface heat fluxes over the northern Tibetan
Plateau exhibit a drastic diurnal variability, which reveals that the land surface is a very strong heat
source in the daytime and a weak heat sink at night. Second, the seasonal variations in land surface
heat fluxes depict that land surface over the northern Tibetan Plateau is a strong heat source in
summer and is a weak heat source in winter. Third, the northern Tibetan Plateau basically has the



Remote Sens. 2019, 11, 2899 16 of 18

characteristics of ideal natural underlying surfaces. Due to the complicated land cover types and
complex topography over the northern Tibetan Plateau, land surface heat fluxes vary greatly over
the heterogeneous landscape. Additionally, due to the harsh environment of the Tibetan Plateau, the
frequent extreme values of solar radiation (e.g., more than 1200 W/m2) may result in the anomalies of
the turbulent heat fluxes, which will further have an impact on the regional and global atmospheric
circulation and climate changes. From this point of view, more time series of satellite images, especially
those images from geostationary satellites, would be of great help in the investigation of energy and
water cycles over the Tibetan Plateau. In conclusion, the land surface processes over ‘The Third Pole’
will not only influence the local hydrometeorological environment, but also potentially serve as an
indicator of global climate change.
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