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16 Abstract

17 The High resOlution Land Atmosphere surface Parameters from Space (HOLAPS) programme 
18 provides a modeling system to maximize the use of satellite-based products and ensure internally 
19 consistent estimation of surface water and energy fluxes. Leaf area index (LAI) and land surface 
20 albedo are two key parameters for estimation of latent and sensible heat fluxes with HOLAPS. 
21 Thus, to facilitate the generation of long-term high accuracy latent and sensible heat fluxes, high 
22 quality global long-term LAI and land surface albedo datasets are essential. The Quality 
23 Assurance for Essential Climate Variables (QA4ECV) project released quality-assured long-term 
24 LAI and albedo datasets with traceable and reliable uncertainty information provided in the 
25 dataset. Taking MODIS-BNU-LAI and MODIS albedo as reference, different global long-term 
26 LAI and albedo datasets including GlobAlbedo, QA4ECV and GLOBMAP were investigated for 
27 estimation of latent/sensible heat fluxes with HOLAPS in this study. The results show that all 
28 albedo datasets show similar accuracy for estimation of latent and sensible heat fluxes when 
29 validated against FLUXNET observations. The QA4ECV LAI leads to worse latent heat flux 
30 estimation due to its use of effective LAI rather than green leaf LAI. Sensitivity analysis also 
31 shows that the HOLAPS estimated latent heat flux (LE) is more sensitive to uncertainty in LAI 
32 than land surface albedo.  Overall, the combined use of QA4ECV albedo and GLOBMAP LAI is 
33 suggested for estimation of latent/sensible heat fluxes with HOLAPS. The root mean square 
34 differences (RMSD) between estimations and FLUXNET measurements are 54 (30) W/m2 for 
35 hourly (monthly) latent heat flux, and 80.5 (24.5) W/m2 for sensible heat flux, which are 
36 comparable to estimates with MODIS and other reported studies.

37 Keywords: HOLAPS, Albedo, Leaf area index, QA4ECV, MODIS, GlobAlbedo, GLOBMAP, 
38 FLUXNET

39
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40 1 Introduction

41 Land-atmosphere interactions are crucial interface within the Earth system comprising energy 

42 and water exchange, and biogeochemical cycles (e.g. Betts et al., 1996; Suni et al., 2015). 

43 Quantification of land-atmosphere interactions is therefore extremely important for describing, 

44 understanding and predicting the Earth system (e.g. Koster et al., 2006; Seneviratne et al., 2006). 

45 Over the past few decades, significant efforts have been made to enhance our understanding of 

46 essential water and energy fluxes such as precipitation, soil moisture and 

47 evapotranspiration/latent heat flux (e.g. Milly and Shmakin, 2002; Oki and Kanae, 2006; Peng et 

48 al., 2017b; Trenberth et al., 2007). However, the quantification of global return flow of water 

49 (evapotranspiration) and energy (sensible heat flux) from land back to atmosphere is still 

50 challenging (Wang and Dickinson, 2012; Zhang et al., 2016). For example, evapotranspiration 

51 (ET) itself is a simple concept, but the complicated physical mechanisms of the ET process 

52 including turbulent transport, biophysical characteristic of transpiration, feedback within the soil-

53 plant-atmosphere continuum and the heterogeneity of land surfaces all combine to make ET 

54 become an elusive and uncertain water and energy flux (Allen et al., 1998; Mu et al., 2011; Peng 

55 et al., 2019).  

56 Despite these challenges, much progress has been made to measure land-atmosphere fluxes at the 

57 ecosystem scale using eddy covariance in flux tower networks (Baldocchi, 2008; Baldocchi et al., 

58 2001), which significantly increases the availability of in-situ turbulent flux measurements over 

59 the globe. Continuous efforts have also been made to generate regional and global datasets of 

60 water and energy fluxes with satellite observations and land surface models (e.g. Courault et al., 

61 2005; Kalma et al., 2008). Regarding ET (or latent heat flux), various methods such as energy 

62 balance models (e.g. Fisher et al., 2008; Miralles et al., 2011; Su, 2002), empirical statistical 
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63 models (e.g. Jung et al., 2011; Peng et al., 2013; Wang et al., 2007) and land surface models (e.g. 

64 Leng et al., 2013; Roads and Betts, 2000) have been proposed to make full use of satellite 

65 observations and meteorological forcing datasets. These algorithms have also led to the 

66 generation of long-term global ET datasets (e.g. Loew et al., 2016; Martens et al., 2017; Mu et al., 

67 2007; Zhang et al., 2010). However, large discrepancies remain in these datasets due to different 

68 methods and input datasets applied to estimate ET (Jiménez et al., 2011; Mueller et al., 2013). 

69 Comprehensive evaluation studies by Miralles et al. (2016), McCabe et al. (2016), Michel et al. 

70 (2016), Richard et al. (2018) and Ershadi et al. (2014) together with Fisher et al. (2017) highlight 

71 the significance of improving the physical representation of ET. Specifically, some studies 

72 applied the same forcing datasets to investigate the differences of model assumptions (McCabe 

73 et al., 2016; Michel et al., 2016), while other studies quantified the impacts of different forcing 

74 data on the estimation of ET for the same model (Badgley et al., 2015; Vinukollu et al., 2011). 

75 The error of about 20% for global mean ET has been reported to be induced by the use of forcing 

76 data. Nevertheless, it is still challenging to attribute errors to specific model formulations or 

77 variables due to the combined effects of model parameterizations, uncertainties of forcing data, 

78 as well as error propagation within the model (Talsma et al., 2018). Compared to ET, the 

79 estimation of global sensible heat flux presents more challenges, such as parameterization of the 

80 aerodynamic resistance, and difficulties in measuring air temperature from satellite (Siemann et 

81 al., 2018). Limited long-term global sensible heat flux datasets are available based entirely on 

82 satellite observations (Vinukollu et al., 2011; Wild et al., 2015). Recently, machine learning 

83 methods have been applied to estimate global heat flux based on FLUXNET, satellite and 

84 meteorological measurements (Hobeichi et al., 2018; Jiménez et al., 2018; Yao et al., 2017). This 
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85 type of methods provides an alternative to provide global scale fluxes, however, improvement of 

86 the physical understanding and parameterization of process-based model is still essential.

87 To deal with the challenges of generating internally consistent, long-term and high resolution, 

88 global datasets of energy and water fluxes from satellite observations, the High resOlution Land 

89 Atmosphere surface Parameters from Space (HOLAPS) model (Loew et al., 2016) is a 

90 framework that is designed to estimate internally-consistent water and energy fluxes (particularly 

91 latent heat flux and sensible heat flux) from remote sensing observations. HOLAPS is based on a 

92 state-of-the-art land surface model. It is forced exclusively with globally available data at high 

93 temporal and spatial resolution (Loew et al., 2016; Peng et al., 2016). The key features of 

94 HOLAPS include internally consistent retrieval of longwave and shortwave radiation, and 

95 coupling with a planetary boundary layer model to constrain surface fluxes. In order to generate 

96 long-term sensible and latent fluxes datasets with HOLAPS, long-term leaf area index (LAI) and 

97 land surface albedo datasets are essential. However, there are large discrepancies in existing 

98 satellite-based LAI and albedo products and these biases might induce large uncertainties in ET 

99 estimation (Jiang et al., 2017; Song et al., 2019). A few studies have investigated how the 

100 uncertainty in LAI and albedo lead to uncertainties in model simulated carbon and water fluxes. 

101 For example, Richard et al. (2018) examined the sensitivity of gross primary productivity (GPP) 

102 and ET to satellite-derived LAI using a terrestrial biosphere model over China. They found that 

103 large discrepancies in LAI could introduce considerable uncertainties in simulated GPP and ET. 

104 A sensitivity analysis study by Kala et al. (2014) also found that model simulated heat, moisture, 

105 and carbon fluxes are sensitive to LAI. In addition, a previous study showed that errors in albedo 

106 could lead to inaccurate estimates of both evapotranspiration and sensible heat flux (Mattar et al., 

107 2014). Therefore, the impacts of different satellite-derived LAI and albedo products on 
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108 estimation of global latent/sensible heat fluxes should be explored and determined before 

109 generation of global water and energy fluxes. The recently-completed Quality Assurance for 

110 Essential Climate Variables (QA4ECV) project released quality-assured long-term LAI and 

111 albedo datasets with traceable and reliable uncertainty information provided in the dataset 

112 (Nightingale et al., 2018; Peng et al., 2017a). QA4ECV albedo and LAI datasets provide great 

113 potential for estimating global long-term latent/sensible heat fluxes with HOLAPS. The objective 

114 of the current study is to investigate the impacts of different LAI and albedo datasets on the 

115 estimation of latent and sensible fluxes with the HOLAPS framework. A brief introduction to 

116 HOLAPS is given in section 2. The forcing datasets and flux tower measurements are introduced 

117 in section 3. The results are analyzed and discussed in section4, with conclusion summarized in 

118 section 5.  

119 2 Methodology

120 2.1 HOLAPS

121 HOLAPS provides a flexible framework for the generation of land surface energy and water 

122 fluxes. It is based on a land surface model and designed to maximize the use of satellite products 

123 as forcing. The combination of the planetary boundary layer (PBL) and land surface dynamics 

124 allows for a consistent simulation of the surface downwelling shortwave and longwave fluxes 

125 and enables a better constraint on land surface heat flux estimates. The core modules of 

126 HOLAPS are briefly introduced below:

127 Radiation module: The all sky shortwave solar surface irradiance is calculated using the MAGIC 

128 radiative transfer model (Mueller et al., 2009; Posselt et al., 2012), which requires aerosol 

129 properties, surface albedo, and total column water vapor content (TCW). For the generation of 
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130 global water and energy fluxes, the aerosol properties and the total column water vapor content 

131 can be taken from either an aerosol climatology or re-analysis data (Kinne et al., 2013). The 

132 cloud coverage is calculated by the radiation module when the radiation is provided as input. The 

133 longwave surface downwelling radiation flux is dependent on the near surface moisture 

134 (calculated within water balance model), temperature profiles and cloud coverage. It is calculated 

135 using a mixed layer model of the Planetary Boundary Layer, similar to the model developed by 

136 Margulis and Entekhabi (2001). This direct coupling of a land surface scheme with a PBL model 

137 is an obvious advantage for HOLAPS. 

138 Land surface model: A combined model of the land surface and the PBL is used to simulate high 

139 resolution surface water and energy fluxes. Combined modelling of the PBL and land surface 

140 dynamics allows for consistent simulation of the surface downwelling shortwave and longwave 

141 fluxes as well as allows to better constrain land surface heat flux estimates. The general equation 

142 for the surface energy budget is given as:

143

144 where RN is the net surface radiation, LE and H are latent and sensible heat fluxes and G is the 

145 ground heat flux respectively. The net surface radiation is estimated from the sum of shortwave 

146 and longwave radiation (Liang et al., 2010):

147

148 where   is land surface albedo,  is shortwave downwelling radiation,   is surface emissivity, 𝛼 𝑅↓ 𝜖

149  is longwave downwelling radiation,  is Stefan Boltzmann constant and  is land surface 𝐿↓ 𝜎 𝑇𝑠

150 temperature.

𝑅𝑁 ― 𝐿𝐸 ― 𝐻 ― 𝐺 = 0 (1)

𝑅𝑁 = (1 ― 𝛼)𝑅↓ + 𝜖𝐿↓ ― 𝜖𝜎𝑇4
𝑠

(2)
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151 The surface sensible heat flux is calculated as:

152

153 where  is density of dry air,  is heat capacity of dry air,  is air temperature. The 𝜌 𝑐𝑝 𝑇𝑎

154 aerodynamic surface resistance is calculated based on the Monin Obukhov similarity theory 𝑟𝑎 

155 with stability correction functions after Paulson (1970). Latent heat flux is estimated based on a 

156 modified Priestley-Taylor approach (Priestley and Taylor, 1972) as:

157    

158 where ϕ is an inhibition function, depending on temperature, radiation and soil moisture 

159 condition,  is Priestley-Taylor parameter for equilibrium ET and equals to 1.26,  is the slope 𝛼𝑝 Δ

160 of the water vapor saturation curve, and  is the psychrometer constant.𝛾

161 Water balance model: The surface water balance in HOLAPS is described as the following 

162 equation:

163

164 where P is precipitation, Q is runoff, ET is evapotranspiration, I is water interception by the 

165 canopy and W is water storage in soil. The soil moisture dynamics is calculated using a 

166 multilayer soil scheme (0,05, 0.1, 0.25, 0.6, 1.0) m, with soil moisture fluxes between different 

167 soil layers simulated based on the Richards equation (Richards, 1931). In the current model, only 

168 the vertical soil moisture flux is considered. Once the maximum infiltration capacity is reached, 

169 the excess of water that cannot infiltrate the soil is denoted as runoff. 

𝐻 = 𝜌𝑐𝑝(𝑇𝑠 ― 𝑇𝑎)/𝑟𝑎
(3)

𝐿𝐸 = 𝜙𝛼𝑝𝑅𝑁
Δ

Δ + 𝛾
(4)

𝑃 ― 𝑄 ― 𝐸𝑇 ―
∂𝐼
∂𝑡 =

∂𝑊
∂𝑡

(5)
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170 2.2 Sensitivity analysis 

171 A simple sensitivity analysis study is conducted to investigate the HOLAPS’s sensitivity to land 

172 surface albedo and LAI. The approach includes perturbing each variable with added uncertainty 

173 and then analyzing the model simulated LE and H in reference to the perturbation. Specifically, 

174 the HOLAPS model was forced at 48 FLUXNET stations for three years (2003-2005). The errors 

175 at six levels (1%, 5%, 10%, 20%, 30%, 40%) were added to albedo and LAI respectively. The 

176 HOLAPS simulation was then repeated at each error level and for albedo and LAI. In order to 

177 represent the model sensitivity, the relative error (RE) was calculated with:

178

179

180 where y is the unperturbed estimate of LE or H, z is the perturbed estimate. After that, the 

181 sensitivity of HOLAPS to different satellite-based albedo and LAI datasets was explored. The 

182 multiple years of HOLAPS simulations were conducted with inputs mainly from FLUXNET 

183 measurements except LAI and albedo from satellite-based products. The simulated LE and H are 

184 then compared with measured quantities from FLUXNET. The results are quantified at hourly, 

185 daily and monthly timescales using standard statistical metrics including coefficient of 

186 determination (R2), root mean square difference (RMSD) and centered root mean square 

187 difference (cRMSD) (Taylor, 2001). The above analysis aims to investigate the impacts of 

188 different LAI and albedo on the HOLAPS simulated LE and H.

189 3 Data

190 3.1 Satellite-based LAI/albedo datasets

𝑅 =
𝑧 ― 𝑦

𝑦 ∗ 100% (6)
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191 The land surface albedo datasets used in the current study include MODIS albedo, GlobAlbedo 

192 and QA4ECV albedo. The details of these albedo datasets are briefly introduced below.

193 MODIS-albedo: the MODIS albedo product from early 2000 is based on clear-sky, 

194 atmospherically corrected surface reflectances that are coupled with a Bidirectional Distribution 

195 Reflectance Model (BRDF) model to establish the surface anisotropy. The product is available at 

196 spatial resolution of 500 m and 0.05°, and has already been extensively validated against ground-

197 based measurements by many studies (Cescatti et al., 2012; Stroeve et al., 2005). The MODIS 

198 albedo products have also been widely used for evaluating other satellite albedo products and 

199 land surface model outputs (Oleson et al., 2003; Wang et al., 2004). In this study, the MCD43C3 

200 Collection 6 daily albedo product at spatial resolution of 0.05° is used.

201 GlobAlbedo: the GlobAlbedo project provides global surface albedo product at spatial 

202 resolutions of 1 km, 0.05° and 0.5° from 1998 to 2011. The product was generated with data 

203 from European satellites including SPOT4-VEGETATION, SPOT5-VEGETATION2 and 

204 Medium Resolution Imaging Spectrometer (MERIS) using an optimal estimation approach and a 

205 gap-filling scheme based on a ten-year climatology from MODIS BRDF (Muller et al., 2012; 

206 Potts et al., 2013). This product is on the 8-day interval with per pixel uncertainty information. 

207 The detailed description about the GlobAlbedo processing system can be found at 

208 http://www.GlobAlbedo.org/. The GlobAlbedo product at 0.05° spatial resolution is used in this 

209 study. 

210 QA4ECV-albedo: the daily QA4ECV global albedo product was released recently by the Quality 

211 Assurance for Essential Climate variables (QA4ECV) project. The level 1 and level 2 data from 

212 several sensors including NOAA-AVHRR, several geostationary satellites and MODIS are used 
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213 as inputs to estimate two types of albedo bi-hemispherical diffuse reflectance and direct 

214 hemispherical reflectance over three broadbands (vis: 0.4-0.7μm; nir: 0.7- 3μm; sw: 0.4-3μm). 

215 There are three data products provided by the QA4ECV project:  1) AVHRR+GEO Broadband 

216 Albedo at 0.5° and 0.05°; 2) Spectral Albedo at 1km; and 3) Sea Ice Spectral Albedo at 1km. All 

217 these products are provided on a daily temporal resolution and cover the years from 1982 to 2016 

218 with estimated uncertainties for every pixel. Detailed information on the algorithms and datasets 

219 can be found at http://www.qa4ecv-land.eu/index.php. The broadband daily albedo at 0.05° 

220 spatial resolution is used in the current study. 

221 Regarding LAI datasets, MODIS, GLOBALMAP and QA4ECV LAI are used in this study and 

222 these three datasets are briefly introduced as follows.

223 MODIS-BNU-LAI: the LAI product from Beijing Normal University (Yuan et al., 2011) is used 

224 in the present study. Based on the original MOD15A2 LAI products (Justice et al., 2002; Myneni 

225 et al., 2002), this LAI product can provide temporally and spatially consistent MODIS LAI data 

226 compared to the original MODIS LAI that displays abrupt changes in the time series. It covers 

227 the time from 2000 to 2005 and provides LAI at 1 km every 8 days (Yuan et al., 2011).

228 GLOBMAP-LAI: the Global Mapping LAI product was generated through fusion of MODIS and 

229 AVHRR data quantitatively. The relationship between AVHRR and MODIS LAI for the 

230 overlapping period 2000-2006 was first established at pixel-level (Liu et al., 2012; Zhu et al., 

231 2016). The relationship was then applied to construct AVHRR LAI back to 1981. The long-term 

232 LAI dataset was generated by fusing AVHRR and MODIS LAI datasets. The dataset was 

233 provided at 8km spatial resolution on a geographic grid.
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234 QA4ECV-TIP-LAI: the LAI generated by QA4ECV project is based on QA4ECV albedo 

235 product and produced using the Two-stream Inversion Package (Clerici et al., 2010; Pinty et al., 

236 2006; Voßbeck et al., 2010). The TIP retrieval, along with their uncertainties are retrieved in a 

237 highly efficient manner from look-up-tables (LUTs) of inversions of the Two-stream Model, 

238 which relates Bi- Hemispherical Reflectances (BHRs) to various canopy parameters and fluxes. 

239 The QA4ECV albedo dataset is used as the input to TIP, which provides long-term daily and 

240 monthly LAI as well as per-pixel uncertainty values at 0.5° and 0.05° from 1982 to 2016, of 

241 which the daily 0.05° product is used in this study. The QA4ECV-TIP-LAI is an effective LAI, 

242 computed by fitting a turbid medium model to the VIS and NIR Top-of-Canopy albedos (Tow-

243 Stream-model of Pinty et al. (2006)). Strictly, an inference on evaporating area based on 

244 effective LAI would have to take into account a canopy-dependent structure factor, which is 

245 neglected in this study. Also, the TIP model makes no clear separation between green and non-

246 green canopy elements. Furthermore, the current QA4ECV-TIP-LAI version 1.0.1 is somewhat 

247 impaired through an apparent systematical inconsistency in the magnitude of the albedo product 

248 (see product users guide for reference, http://www.qa4ecv.eu/sites/default/files/D5.4_v1.0.pdf). 

249 In order to have maximum spatial and temporal coverage, none of the provided quality flags 

250 were applied for the present study and the uncertainty information was disregarded. 

251 Table 1 lists detailed information of the LAI and land surface albedo datasets used in the current 

252 study. It should be noted that both LAI and albedo are linearly interpolated to model time step in 

253 the current study.

254

255
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Dataset Temporal coverage Temporal Resolution Spatial Resolution

MODIS 2000-now Daily 0.05°
GlobAlbedo 1998-2011 8 days 0.05°Albedo
QA4ECV 1982-2016 daily 0.05°
MODIS 2000-now 8 days 0.01°
GLOBMAP 1981-2017 8 days 0.08°LAI
QA4ECV 1982-2016 daily 0.05°

256

257 3.2 FLUXNET measurements

258 Standard meteorological measurements and surface fluxes measured with eddy covariance 

259 instruments from the FLUXNET network (Baldocchi, 2003) are used to drive HOLAPS model 

260 and validate the simulation results. Table 2 lists the FLUXNET sites used in the current study. 

261 They are a subset of all FLUXNET sites, which are selected by the criteria: 1) the site has less 

262 than 20% missing data, 2) all the inputs required by HOLAPS models are available. All the 

263 FLUXNET measurements are quality checked and the quality flags are applied to obtain the 

264 highest quality of measurements. These sites are located in different areas around the world and 

265 can represent a wide range of climate and surface conditions. The reference listed in Table 2 

266 describes the detailed information for each site.  The lack of closure in the energy balance for 

267 eddy-covariance measurements are solved in the current study with a simple energy balance 

268 correction method proposed by Twine et al. (2000). 

269 Table 2. List of the FLUXNET sites used in this study with their FLUXNET code (ID), and 
270 reference. The symbol ‘+’ in the years column denotes the years having observations for each 
271 site.

272

273

274

275
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276

YearsID Latitude Longitude 2003 2004 2005 Reference

AT-Neu 47.12N 11.32E + + (Wohlfahrt et al., 2008)

AU-How 12.49S 131.15E + + + (Hutley et al., 2000)

AU-Tum 35.66S 148.15E + + + (Leuning et al., 2005)

BE-Bra 51.31N 4.52E + + (Gond et al., 1999)

BE-Vie 50.31N 6.00E + (Aubinet et al., 2001)

CA-Man 55.88N 98.48W + (Dunn et al., 2007)

CA-Mer 45.41N 75.52W + + (Lafleur, 2003)

CA-NS1 55.88N 98.48W + + (Gouldon et al., 2006)

CA-NS2 55.91N 98.52W + + + (Gouldon et al., 2006)

CA-NS3 55.91N 98.38W + + (Gouldon et al., 2006)

CA-NS4 55.91N 98.38W + (Gouldon et al., 2006)

CA-NS5 55.86N 98.49W + + + (Gouldon et al., 2006)

CA-NS6 55.92N 98.96W + + + (Gouldon et al., 2006)

CA-NS7 56.64N 99.95W + + (Gouldon et al., 2006)

CA-Qcu 49.27N 74.04W + + +

CA-SF3 54.09N 106.01W + + + (Mkhabela et al., 2009)

CH-Oe1 47.29N 7.73E + (Gilmanov et al., 2007)

CZ-BK1 49.50N 18.54E +

DE-Gri 50.95N 13.51E + (Gilmanov et al., 2007)

DE-Hai 51.08N 10.45E + + + (Knohl et al., 2003)

DE-Meh 51.28N 10.66E + + (Scherer-Lorenzen et al., 2007)

DE-Tha 50.96N 13.57E + + +

DE-Wet 50.45N 11.46E + + + (Rebmann et al., 2010)

FR-Hes 48.67N 7.06E + + + (Granier et al., 2000)

FR-LBr 44.72N 0.77W + (Berbigier et al., 2001)

FR-Pue 43.74N 3.60E + + (Allard et al., 2008)

HU-Bug 46.69N 19.60E + + + (Nagy et al., 2007)

IT-Cpz 41.71N 12.38E + + (Garbulsky et al., 2008)

IT-Ro2 42.39N 11.92E + (Tedeschi et al., 2006)

IT-SRo 43.73N 10.28E + (Chiesi et al., 2005)

NL-Ca1 51.97N 4.93E + + + (Beljaars and Bosveld, 1997)

NL-Loo 52.17N 5.74E + + (Dolman et al., 2002)

US-ARM 36.61N 97.49W + + + (Fischer et al., 2007)

US-Aud 31.59N 110.51W + +
(Tang et al., 2011a; Yang et al., 
2008)

US-Bkg 44.35N 96.84W + + (Zhang et al., 2008)

US-Bo1 40.01N 88.29W + + + (Meyers, 2004)

US-FPe 48.31N 105.10W + +
(Gilmanov et al., 2005; Zhang et al., 
2008)

US-Goo 34.25N 89.87W +

US-Ho1 45.20N 68.74W + + (Hollinger et al., 2004)
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278

279

280

281 4 Results and discussion

282 4.1 Sensitivity of HOLAPS to albedo and LAI 

283 The sensitivity of HOLAPS simulated LE and H to albedo and LAI are shown in Figures 1 and 

284 2, where the plots display the variation of the relative error between unperturbed and perturbed 

285 albedo and LAI for each uncertainty level. In general, the large range of relative error denotes 

286 that HOLAPS is more sensitive to that variable. The relative errors for both LE and H increase 

287 linearly with the increase of uncertainty in both albedo and LAI. The relative error of LE is more 

288 sensitive to uncertainty in LAI than that in albedo. The relative error of LE caused by changes of 

289 albedo is less than 10% while the relative error can reach 20% for LAI. Regarding H, the change 

290 of relative errors is similar due to the change of LAI and albedo, with largest relative error 

291 around 20%. It is noted that a more rigorous sensitivity/uncertainty analysis as suggested by 

292 Pianosi et al. (2016) is needed to disentangle the issues of forcing uncertainty on flux estimation, 

US-Ho2 45.21N 68.75W + + (Hollinger et al., 2004)

US-Los 46.08N 89.98W + + +

US-MOz 38.74N 92.20W + (Gu et al., 2007; Gu et al., 2006)

US-Ne1 41.17N 96.48W + + (Verma et al., 2005)

US-Ne2 41.16N 96.47W + + (Verma et al., 2005)

US-Ne3 41.18N 96.44 W + + (Verma et al., 2005)

US-Oho 41.55N 83.84 W + +

US-Ton 38.43N 120.97W + + (Baldocchi et al., 2004)

US-WCr 45.81N 90.08W + + (Cook et al., 2004)



Manuscript submitted to Journal of Hydrology

15

293 which needs synthetic data and comprehensive sensitivity analysis (Saltelli, 1999; Saltelli et al., 

294 2010).   

295
(a) (b)

296 Figure 1: Sensitivity of HOLAPS to albedo with a range of added uncertainty. The shaded area represents 
297 standardized deviation of the mean relative error which is shown with bold line. (a) relative error of simulated LE; 
298 (b) relative error of simulated H.

299 (a) (b)
300 Figure 2: Sensitivity of HOLAPS to LAI with a range of added uncertainty. The shaded area represents standardized 
301 deviation of the mean relative error which is shown with bold line. (a) relative error of simulated LE; (b) relative 
302 error of simulated H.
303

304 4.2 Evaluation of latent/sensible heat fluxes based on MODIS albedo and LAI datasets 

305 The estimated latent and sensible heat fluxes from HOLAPS with MODIS albedos and LAIs are 

306 evaluated with FLUXNET measurements. The validation results are shown in Figure 3, where 
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307 the related statistics are also summarized. Overall, the HOLAPS latent heat flux estimates agree 

308 well with FLUXNET measurements with RMSD of 51.1, 30.7 and 26.3 W/m2, cRMSD of 48.9, 

309 26.8, and 21.7 W/m2, Bias of 14.6, 14.8, and 14.9 W/m2, R2 of 0.75, 0.72 and 0.67 for flux 

310 estimates at hourly, daily and monthly scale respectively. It can be seen that the accuracy level 

311 largely increases with the time scales, which indicates that the uncertainties associated with heat 

312 flux estimation can be minimized at longer timescales. All correlations are statistically 

313 significant with p value less than 0.05. The error scores are also comparable with the accuracy 

314 level reported by previous studies such as Ershadi et al. (2014), Michel et al. (2016) and McCabe 

315 et al. (2016). In terms of error scores of sensible heat flux, to the best of our knowledge, the 

316 global sensible heat flux has rarely been validated against FLUXNET measurements. Previous 

317 studies normally estimate sensible heat flux at regional scale and validate against limited in-situ 

318 measurements. The accuracy of sensible heat flux found by these studies has a wide range from 

319 ~10 W/m2 to ~100 W/m2 (Jia et al., 2003; Marx et al., 2008; Tang et al., 2011b; Wang et al., 

320 2013; Zhuang et al., 2016). In this study, the sensible heat flux from HOLAPS was validated in 

321 the same way as the latent heat flux. The R2, RMSD and cRMSD values are also shown in Figure 

322 3, which are worse than the ones for latent heat flux at hourly and daily time scale. The RMSD, 

323 cRMSD and R2 range from 79.2 (hourly) to 35.6 (daily) W/m2, 78.0 (hourly) to 32.9 (daily) 

324 W/m2, 0.54 (hourly) to 0.47 (daily). However, the error statistics for monthly fluxes are 

325 comparable between sensible and latent flux estimates, with RMSD of 25.7 W/m2, cRMSD of 

326 21.4 W/m2 and R2 of 0.65. Compared to the models that use prescribed albedo values and 

327 satellite-based methods that suffer from clouds, HOLAPS framework has the advantages of 

328 providing continuous high temporal/spatial resolution estimates of water and energy fluxes with 

329 comparable accuracy as existing satellite-based estimates. In order to generate long-term heat 
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330 fluxes within the HOLAPS framework, MODIS albedo and LAI products need to be replaced by 

331 long-term albedo and LAI datasets. The following section investigates the accuracy achieved by 

332 HOLAPS with different albedo and LAI datasets. The above evaluation scores based on MODIS 

333 data are considered as the baseline accuracy to be compared with the estimates based on other 

334 long-term albedo and LAI datasets. 

335

(a)

(b)

336 Figure 3: Comparison between FLUXNET measurements and HOLAPS latent heat flux (a) and sensible heat flux 
337 (b) estimates based on MODIS albedo and LAI. The colors denote the occurrence frequency of values with unit of 
338 W/m2. 
339

340 4.3 Evaluation of latent/sensible heat fluxes based on different albedo and LAI datasets

341 The GlobAlbedo, QA4ECV, and GLOBMAP are used to replace MODIS albedo/LAI datasets 

342 for estimating latent and sensible heat fluxes. Tables 3 and 4 respectively summarize the 

343 statistical scores for latent and sensible heat fluxes based on entire FLUXNET data record. 

344 Compared to the error scores of estimates from MODIS albedo (Figure 3), the GlobAlbedo and 
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345 QA4ECV albedo show quite similar performance for both latent and sensible heat fluxes. For 

346 LAI, the GLOBMAP also shows comparable results compared to MODIS for both latent and 

347 sensible heat fluxes. However, the QA4ECV LAI leads to much worse performance for latent 

348 heat flux and slightly worse performance for sensible heat flux. It is likely due to the fact that 

349 QA4ECV LAI is effective LAI rather than green leaf LAI, which are represented by MODIS and 

350 GLOBMAP LAI. The results also suggest the possibility of using QA4ECV albedo and 

351 GLOBMAP LAI for estimating long-term latent/sensible heat fluxes with HOLAPS. Model 

352 performance statistics are summarized in the bottom row of Table 3 and 4, which show the 

353 comparable error scores compared to MODIS. 

354 Table 3: Summary of comparisons between FLUXNET LE measurements and HOLAPS LE estimation based on 
355 different albedo and LAI datasets at hourly (h), daily (d) and monthly (m) timescales. The numbers in bold font refer 
356 to the best performance within that column.

RMSD (W/m2) cRMSD (W/m2) R2
Variables h d m h d m h d m
GlobAlbedo 51.2 30.7 26.3 49.1 26.9 21.8 0.76 0.62 0.66Albedo QA4ECV 51.0 31.2 27.0 48.3 26.6 21.5 0.76 0.62 0.67
GLOBMAP 54.1 33.4 29.3 51.4 28.7 23.9 0.72 0.58 0.61LAI QA4ECV 64.4 42.9 39.1 57.4 31.3 25.3 0.64 0.40 0.48

MODIS 51.1 30.7 26.3 48.9 26.8 21.7 0.75 0.62 0.67Albedo/LAI QA4ECV/
GLOBMAP 54.0 33.9 30.0 50.7 28.3 23.5 0.74 0.58 0.61

357
358
359 Table 4: Summary of comparisons between FLUXNET H measurements and HOLAPS H estimation based on 
360 different albedo and LAI datasets at hourly (h), daily (d) and monthly (m) timescales. The numbers in bold font refer 
361 to the best performance within that column.

RMSD (W/m2) cRMSD (W/m2) R2
Variables h d m h d m h d m
GlobAlbedo 79.1 36.0 26.2 77.9 33.0 21.6 0.53 0.46 0.64Albedo QA4ECV 81.5 34.9 24.2 80.9 33.4 21.9 0.50 0.45 0.64
GLOBMAP 78.9 36.4 26.9 77.4 32.8 21.4 0.48 0.62 0.66LAI QA4ECV 80.9 40.1 30.5 78.1 34.1 21.7 0.50 0.38 0.52

MODIS 79.2 35.6 25.7 78.0 32.9 21.4 0.54 0.47 0.65
Albedo/LAI QA4ECV/

GLOBMAP 80.5 33.9 24.5 79.6 28.3 21.5 0.52 0.58 0.66

362
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363 In addition to the validation based on the entire data record from all FLUXNET stations, the 

364 comparison is also conducted for each station. The error scores including RMSD, cRMSD and R 

365 for each station are shown in Figure 4 for latent heat flux and Figure 5 for sensible heat flux in 

366 the form of box plots. The corresponding mean and standard deviation values are summarized in 

367 Tables 5 and 6. It can be seen that similar results are obtained as the statistics based on the entire 

368 data record. All three albedo datasets give similar error scores, while GLOBMAP and MODIS-

369 BNU-LAI also show comparable results. The QA4ECV LAI leads to worse error scores due to 

370 its use of effective LAI and possibly other factors described in section 3. The combined use of 

371 QA4ECV albedo and GLOBMAP LAI shows similar performance for latent/sensible heat fluxes 

372 to that based on MODIS albedo and LAI. It further suggests the possibility of generating long-

373 term latent/sensible heat fluxes from the combined use of QA4ECV albedo and GLOBMAP 

374 LAI.

375 Overall, we can conclude that the latent/sensible heat fluxes estimated from HOLAPS are not 

376 very sensitive to different albedo inputs that have different temporal and spatial resolutions. 

377 However, the LAI has more impact on the estimation of latent heat flux, which are in accordance 

378 with the study by Richard et al. (2018), who found that the large differences in LAI can lead to 

379 substantial uncertainties in carbon and water fluxes simulation. The current study also helps to 

380 select QA4ECV albedo and GLOBMAP LAI as the forcing to derive latent/heat flux with 

381 HOLAPS. QA4ECV provides newly developed long-term high resolution albedo product and 

382 can be recognized as the updated version of GlobAlbedo dataset (Nightingale et al., 2018), while 

383 GLOBMAP provides updated LAI dataset based on MODIS and AVHRR products (Liu et al., 

384 2012; Zhu et al., 2016). Nevertheless, it should be noted that surface albedo has strong diurnal 

385 variation compared to LAI which is varying slowly in time (Wang et al., 2016). The existing 
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386 satellite-based albedo datasets are normally at daily or multiday temporal resolution, which 

387 might induce errors in retrieved energy fluxes at sub-daily scale, although they have been used 

388 for estimating evapotranspiration via model simulation or satellite retrieval. The temporal 

389 interpolation scheme applied to daily satellite-based albedo dataset in HOLAPS framework 

390 might incur discrepancies between estimated and measured energy fluxes at sub-daily scales. In 

391 order to improve the accuracy of simulated latent/sensible heat fluxes, diurnal cycle albedo 

392 dataset is highly required. Several recent studies such as (Wang et al., 2015; Wang et al., 2016) 

393 have investigated the issue of albedo diurnal changes and developed new daily albedo products 

394 that take into account its diurnal patterns. The generation of operational sub-daily surface albedo 

395 dataset will support the model and remote sensing community to better estimate water and 

396 energy fluxes.

397
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398  
399
400 Figure 4: Box plots for validation statistics that are calculated at each FLUXNET station for latent heat flux (LE) at 
401 hourly, daily and monthly timescales. The red line indicates the median value, and the unit for RMSD and cRMSD 
402 are W/m2.
403
404
405
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406
407 Figure 5: Box plots for sensible heat flux (H) at hourly, daily and monthly timescales.
408
409
410 Table 5. Summary of the mean and standardized deviation of box plots in Figure 4.
411

RMSD (W/m2) cRMSD (W/m2) R2
Variables h d m h d m h d m

MODIS 46.4 17.2± 26.5 13.2± 21.2 13.9± 42.6 14.5± 19.4 8.1± 11.2 8.0± 0.81 ±
0.10

0.74 ±
0.14

0.88 ±
0.13

GlobAlbedo 46.6 17.2± 26.5 13.2± 21.2 13.9± 42.8 14.6± 19.5 8.2± 11.3 8.1± 0.80 ±
0.09

0.74 ±
0.14

0.88 ±
0.14

QA4ECV_Albedo 46.3 17.5± 27.1 13.3± 22.1 13.9± 42.1 14.8± 19.4 8.2± 11.3 8.1± 0.81 ±
0.10

0.74 ±
0.14

0.88 ±
0.14

GLOBMAP_LAI 48.6 18.8± 28.0 14.8± 22.5 16.1± 44.6 15.6± 20.7 8.9± 12.4 9.4± 0.79 ±
0.11

0.71 ±
0.16

0.86 ±
0.17

QA4ECV_LAI 59.4 27.2± 38.6 20.6± 33.5 17.3± 50.4 20.9± 22.5 9.3± 15.3 8.4± 0.74 ±
0.12

0.55 ±
0.19

0.72 ±
0.32

QA4ECV/
GLOBMAP 48.2 19.2± 28.4 15.0± 23.2 16.1± 43.8 15.8± 20. 5 9.0± 12.3 9.4± 0.79 ±

0.11
0.71 ±

0.16
0.86 ±

0.17
412
413
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414
415 Table 6. Summary of the mean and standardized deviation of box plots in Figure 5.
416

RMSD (W/m2) cRMSD (W/m2) R2
Variables h d m h d m h d m

MODIS 77.4 16.3± 35.3 7.6± 23.5 10.2± 74.0 18.3± 28.6 6.7± 12.0 6.3± 0.50 ±
0.15

0.40 ±
0.23

0.74 ±
0.32

GlobAlbedo 77.3 16.0± 35.6 7.7± 24.0 10.4± 73.8 18.2± 28.5 6.6± 12.0 6.2± 0.50 ±
0.14

0.40 ±
0.23

0.74 ±
0.32

QA4ECV_Albedo 78.9 17.5± 34.6 7.9± 22.0 10.2± 76.2 19.2± 29.0 6.8± 12.6 6.0± 0.47 ±
0.15

0.37 ±
0.23

0.73 ±
0.32

GLOBMAP_LAI 77.6 15.4± 35.9 8.0± 24.3 11.0± 73.9 17.8± 28.6 6.6± 12.3 6.0± 0.50 ±
0.15

0.40 ±
0.24

0.73 ±
0.32

QA4ECV_LAI 82.4 14.2± 38.5 10.0± 26.6 14.3± 77.4 17.2± 29.0 5.5± 10.9 5.2± 0.53 ±
0.12

0.43 ±
0.21

0.83 ±
0.23

QA4ECV/
GLOBMAP 79.0 17.1± 34.8 8.0± 22.2 10.5± 76.2 18.9± 29.1 6.8± 12.7 5.9± 0.46 ±

0.16
0.37 ±

0.24
0.72 ±

0.33
417
418

419 4.4 Performance of latent/sensible heat fluxes over different land covers 

420 In addition, we investigate the impact of land cover on the accuracy of estimated latent/sensible 

421 heat fluxes. Figures 6 and 7 show the HOLAPS error scores for each land cover type for latent 

422 and sensible heat fluxes respectively. In general, the latent heat flux shows stable performance 

423 over different land covers, with relatively high RMSD values (larger than 65 W/m2) over 

424 deciduous broadleaf forests and savannas. Compared to latent heat flux, the sensible heat flux 

425 shows worse error scores for all land cover types that can also be seen from statistics based on 

426 the entire data record. Nevertheless, the sensible heat flux also displays similar performance over 

427 different land covers except evergreen needleleaf forest with RMSD of 96.1 W/m2. Taken 

428 together, these results suggest that there are no systematic differences between model 

429 performance with different land covers.  However, there are still uncertainties associated with 

430 HOLAPS estimates, which are caused by model uncertainties, reference data uncertainties, 

431 forcing uncertainties and scale mismatches. These challenges remain to be addressed in future 

432 studies.
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436 Figure 6: The performance of latent heat flux estimated based on QA4ECV albedo and GLOBMAP LAI for 
437 different land covers. Dbf is short for deciduous broadleaf forest, Ebf is evergreen broadleaf forest and Enf is 
438 evergreen needleleaf forest.  

439   
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440   
441   
442 Figure 7: The performance of sensible heat flux estimated based on QA4ECV albedo and GLOBMAP LAI for 
443 different land covers. Dbf is short for deciduous broadleaf forest, Ebf is evergreen broadleaf forest and Enf is 
444 evergreen needleleaf forest.

445

446 5 Conclusions

447 In this study, the sensitivity of latent/sensible heat fluxes estimated from the HOLAPS model to 

448 different long-term global albedo and LAI datasets are explored. The latent/sensible heat fluxes 

449 driven by MODIS albedo and LAI are taken as reference. For latent heat flux, the RMSD is 51.1 

450 (26.3) W/m2 with R2 of 0.75 (0.67) for hourly (monthly) time scales, while the RMSD is 79.2 

451 (25.7) W/m2 with R2 of 0.54 (0.65) for sensible heat flux. Compared to this reference, the 

452 accuracy of the HOLAPS model is found to be comparable to results reported by other studies. 

453 MODIS albedo and LAI were then replaced by QA4ECV, GlobAlbedo and GLOBMAP to 

454 investigate their impacts on the estimated latent and sensible heat fluxes by HOLAPS. The 

455 results showed that all albedo datasets lead to comparable latent/sensible heat fluxes estimates, 

456 while the choice of the LAI dataset has a greater impacts on estimated heat fluxes. Among 

457 different LAI datasets considered in this study, QA4ECV-TIP-LAI shows the worst performance 

458 due to its characteristic as (optically) effective LAI and other factors, as anticipated in the dataset 

459 description in section 3. Finally, the combination of QA4ECV albedo and GLOBMAP LAI was 

460 used for estimating latent and sensible heat fluxes, and the error scores (e.g., RMSD = 54 W/m2, 

461 R2 = 0.74 for hourly latent heat flux, RMSD = 80.5 W/m2, R2 = 0.52 for hourly sensible heat flux) 

462 were found to be comparable to MODIS estimates. Therefore, taking the advantages of being 

463 long-term and the high spatial resolution of QA4ECV albedo and GLOBMAP LAI, as well as 

464 the comparable accuracy of heat fluxes estimation to MODIS, our findings suggest that the 
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465 QA4ECV albedo and GLOBMAP LAI datasets have the potential to be used to generate long-

466 term high resolution global latent and sensible heat fluxes with HOLAPS framework.

467
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778 The High resOlution Land Atmosphere surface Parameters from Space (HOLAPS) programme 
779 provides a modeling system to maximize the use of satellite-based products and ensure internally 
780 consistent estimation of surface water and energy fluxes. Leaf area index (LAI) and land surface 
781 albedo are two key parameters for estimation of latent and sensible heat fluxes with HOLAPS. 
782 Thus, to facilitate the generation of long-term high accuracy latent and sensible heat fluxes, high 
783 quality global long-term LAI and land surface albedo datasets are essential. The Quality 
784 Assurance for Essential Climate Variables (QA4ECV) project released quality-assured long-term 
785 LAI and albedo datasets with traceable and reliable uncertainty information provided in the 
786 dataset. Taking MODIS-BNU-LAI and MODIS albedo as reference, different global long-term 
787 LAI and albedo datasets including GlobAlbedo, QA4ECV and GLOBMAP were investigated for 
788 estimation of latent/sensible heat fluxes with HOLAPS in this study. The results show that all 
789 albedo datasets show similar accuracy for estimation of latent and sensible heat fluxes when 
790 validated against FLUXNET observations. The QA4ECV LAI leads to worse latent heat flux 
791 estimation due to its use of effective LAI rather than green leaf LAI. Sensitivity analysis also 
792 shows that the HOLAPS estimated latent heat flux (LE) is more sensitive to uncertainty in LAI 
793 than land surface albedo.  Overall, the combined use of QA4ECV albedo and GLOBMAP LAI is 
794 suggested for estimation of latent/sensible heat fluxes with HOLAPS. The root mean square 
795 differences (RMSD) between estimations and FLUXNET measurements are 54 (30) W/m2 for 
796 hourly (monthly) latent heat flux, and 80.5 (24.5) W/m2 for sensible heat flux, which are 
797 comparable to estimates with MODIS and other reported studies.

798

799

800
801
802 1. The newly developed global long-term QA4ECV albedo and LAI datasets were applied for latent and sensible 
803 heat fluxes estimation
804
805 2. The QA4ECV LAI leads to worse latent heat flux estimation due to its use of effective LAI rather than green leaf 
806 LAI
807
808 3. The combined use of QA4ECV albedo and GLOBMAP LAI was suggested for latent and sensible heat fluxes 
809 estimation based on HOLAPS
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