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Abstract  

The vegetation state can have a prominent influence on global energy, water and carbon cycles. 
This has been particularly evident during extreme conditions in recent years (e.g. Europe 2003 and 
Russia 2010 heat waves, Horn of Africa 2010 drought, and Australia 2010 drought recovery). 
Weather parameters are sensitive to the vegetation state and particularly to albedo and Leaf Area 
Index (LAI) that controls the partitioning of the surface energy fluxes into latent and sensible 
fluxes, and the development of planetary boundary conditions and clouds.  

An optimal interpolation analysis of a satellite-based surface albedo and LAI is performed through 
the combination of satellite observations and derived climatologies, depending on their associated 
errors. The final analysis products have smoother temporal evolution than the direct observations, 
which makes them more appropriate for environmental and numerical weather prediction. 

The impact of assimilating these near-real-time (NRT) products within the land surface scheme of 
the European Centre of Medium-Range Weather Forecasts (ECMWF) is evaluated for anomalous 
years. It is shown that: (i) the assimilation of these products enables detecting/monitoring extreme 
climate conditions where the LAI anomaly could reach more than 50% and albedo anomaly could 
reach 10% (in wet years), (ii) extreme NRT LAI anomalies have a strong impact on the surface 
fluxes, while for the albedo, which has a smaller inter-annual variability, the impact on surface 
fluxes is small, (iii) neutral to slightly better agreement with in-situ surface soil moisture 
observations and surface energy and CO2 fluxes from eddy-covariance towers is obtained, and (iv) 
in forecast using a land–atmosphere coupled system, the assimilation of NRT LAI reduces the 
near-surface air temperature and humidity errors both in wet and dry cases, while NRT albedo has 
a small impact, mainly in wet cases (when albedo anomalies are more noticeable). 

1 Introduction 

Owing to their influence on the partitioning of energy, mass and momentum fluxes between the land 

surface and the atmosphere, land surface processes have been shown to substantially impact weather 

forecasting at short and medium rages (Koster et al., 2010; Beljaars et al., 1996; Rowell & Blondin, 

1990). The impact of land surface processes also extends over different spatial and time scales, and can 

affect long-term climate projections (Xue et al., 1996; Sellers et al., 1996; Betts et al., 1996; Avissar & 

Liu, 1996; Boussetta et al., 2008; Balsamo et al., 2009). 

As a fundamental component of a land surface model (LSM), the vegetation layer plays a crucial role 

in the land–atmosphere exchanges. The vegetation contributes to the evaporation through the plant 

transpiration and direct evaporation of the plant-intercepted precipitation. In addition, it affects the 

available surface energy through the radiative transfer within the canopy by modifying the surface 

albedo (Deardorff 1978). 

In most LSMs, the Leaf Area Index (LAI), is used as an indicator of the vegetation state (e.g. greening, 

mature, senescent, dormant). Traditionally, the LAI was represented through look-up tables dependant 

on the vegetation type (Viterbo & Beljaars, 1995). Although its spatial variation was commonly 

specified according to the biome types, the temporal variation of the LAI was often neglected and 

sometimes climatological seasonality was introduced together with other major changes. However, the 
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impact of the LAI seasonality could not be assessed (Dorman & Sellers, 1989; Giard & Bazile, 2000). 

With the advent of LAI that is based on satellite observations, the impact of these products within 

LSMs has been tested at different temporal and spatial scales. By using a satellite-based climatology of 

LAI within a mesoscale numerical weather prediction (NWP) model, Knote et al. (2009) showed that 

more realistic LAI information is able to improve the short-range forecast scores of lower-level 

variables but not their biases. Other studies focused on global circulation models (GCM) and the 

implications of introducing observed seasonally-varying LAI on the simulations. These studies 

generally discussed the impact of LAI seasonal (Van den Hurk et al., 2003a; Lawrence & Slingo, 

2004) and inter-annual (Guillevic et al., 2002) variability in terms of annual cycle of the hydrological 

fluxes. They showed that seasonal LAI can have a non-negligible impact on the seasonality of the 

surface evaporation and precipitation over land. Recently, Boussetta et al. (2013a) introduced a 

monthly climatology for LAI based on a MODIS satellite product (Myneni et al., 2002) within the 

European Centre for Medium-Range Weather Forecast (ECMWF) Integrated Forecasting System (IFS) 

to replace the fixed maximum LAI previously used. They showed that this results in a reduction of 

near-surface temperature errors in the tropical and mid-latitude areas, especially during spring and 

summer seasons. However, the direct impact of the use of near-real-time (NRT) LAI observations on 

surface fluxes and screen-level variables was not investigated. 

In addition, the surface albedo was shown to be one of the important parameters that controls the land 

surface energy balance and subsequently affects the atmospheric boundary layer through the surface 

radiative balance (Pielke & Avissar, 1990). Initially, NWP systems relied on surface albedo derived 

from soil type and vegetation type maps, neglecting its seasonal and inter-annual variabilities. Preuss 

and Geleyn (1983) showed that introducing a seasonally-varying satellite-based climatology of surface 

albedo into the ECMWF IFS has a small impact on medium-range forecasts and a potentially larger 

impact at longer ranges. While at a regional scale, Berbet and Costa (2003) showed that over 

Amazonia, most of the spatial and seasonal variability in the simulated climate after a tropical 

deforestation can be explained by the variability in surface albedo. These previous studies trigger the 

question about whether the use of NRT surface albedo has a significant impact on the near-surface 

atmosphere in comparison to climatological data. 

Recently, the Copernicus Global Land products (GEOV1) of surface albedo and LAI based on 

observations from the VEGETATION sensor on board SPOT satellite (Baret et al., 2007; Verger et al., 

2011) have become available in NRT with a foreseen operationally-maintained chain. However, the 

direct use of these products within a NWP system is not possible without quality checks given the 

spatial and temporal discontinuities they may contain.  

In this study, we explore the assimilation of NRT LAI and surface albedo products in a NWP system 

using optimal interpolation analysis. We evaluate the impact of the NRT analysis products on surface 
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fluxes and surface soil moisture derived from land-only offline simulations of the ECMWF land 

surface model CHTESSEL (Viterbo & Beljaars, 1995; Viterbo et al., 1999; Van den Hurk & Viterbo, 

2003b; Balsamo et al., 2009; Dutra et al., 2010; Boussetta et al., 2013a; Balsamo et al., 2011; 

Boussetta et al., 2013b). The evaluation is then extended to the near-surface air temperature and 

humidity derived from coupled land–atmosphere simulations using the fully-coupled IFS. 

2 The analysis procedure 

2.1 The Copernicus global-land products (GEOV1) 

The GEOV1 LAI and albedo products are based on observations from the VEGETATION sensor on 

board SPOT satellite. They are produced every 10 days using a composite observation from a 30 days 

moving window at 1/112o spatial resolution (about 1 km at the Equator) with a global coverage. Each 

GEOV1 product is provided with its associated error measure o. To take advantage of previous 

algorithmic experience and existing LAI products, the “best-performing” LAI data (Garrigues et al., 

2008) were combined and then used to train a neural network system (Verger et al., 2011). The 

combined LAI data are the CYCLOPES-V3.1 (Baret et al., 2007) and the collection 5 of MODIS LAI 

(Myneni et al., 2002). This fusion benefits from the good performance of MODIS LAI for high values 

and CYCLOPES-V3.1 LAI at low values. After being trained with the fused data, the neural network 

system is then fed with the atmospherically-corrected reflectances in red, near-infrared, and shortwave-

infrared bands from VEGETATION as well as the solar zenith angles and the satellite overpass timing 

which results into the GEOV1 LAI (Baret et al., 2013).  

The GEOV1 surface albedo is also based on observations from the VEGETATION sensor and its 

derivation follows Geiger and Samain (2004). The method includes cloud screening (Hagolle et al., 

2004), atmospheric correction (Rahman & Dedieu, 1994), directional reflectance normalization 

(Roujean et al., 1992), and albedo determination for the different integration angles (direct and diffuse) 

and spectral intervals (visible, near-infrared, and broadband). 

Under the Copernicus Global Land framework, the GEOV1 products were validated by analysing their 

spatial and temporal continuity and consistency as well as their accuracy at the global and regional 

scales against other global products and the BELMANIP2 sites network (Benchmark Land Multi-site 

Analysis and Inter-comparison of Products). The conclusion of this validation was that the GEOV1 

products are of good quality, show consistent temporal and spatial distributions, and have reasonable 

accuracy which can meet the requirements for use within LSMs (Camacho et al., 2013).  

2.2 Derivation of Climatological series 

Before processing the climatological product, unreliable retrievals have been discarded from the 

analysis using the quality flag (QA). In particular: dead detectors, significant clouds and/or snow 
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contaminated pixels, and failure of the radiative transfer model due to problems other than geometry 

have been filtered out during this pre-processing. Afterwards, the 1-km products were aggregated to 

10-km resolution through a nine-by-nine-point spatial smoothing. The 10-km value is computed when 

more than 30% of the 1-km products at the grid point scale have not been flagged and a further snow-

free screening is performed on the data. Then a first version of the climatological time series is 

obtained by averaging data from 1999 to 2012 (ALBcv1/LAIcv1).  

The first version of the climatological time-series still contains gaps, especially in snow-covered high 

latitude regions. To overcome this deficiency, a second version of the climatological time series 

(ALBcv2/LAIcv2) is generated by spatially filling the data gaps with values from 36 10-daily “self-

derived” look-up tables of LAI and albedos for each vegetation type. The look-up tables are derived 

through stratification of ALBcv1/LAIcv1 by vegetation type based on a 90% vegetation cover threshold 

for each type. In CHTESSEL, the land use classification follows from the Global Land Cover 

Characteristics (GLCC) data (Loveland et al., 2000) and use is made of the Biosphere-Atmosphere 

Transfer Scheme (BATS) classification to assign the vegetation types. 

Finally, a three-point temporal smoothing is applied to this second version climatological data to 

obtain a final version (ALBc/LAIc). These data are then re-projected and interpolated to a target model 

simulation grid, together with their associated error c in order to be used in the ECMWF model. In 

this study the target model is run at T511 reduced Gaussian grid horizontal resolution which is about 

40x40 km.  

2.3  Assimilation method 

The main objective of data assimilation is to optimize the use of observational data to get the best 

estimate from all available information. It usually attempts to combine data from different sources in 

an optimal way to provide the best estimate known as the analysis product. In this study a simple one-

dimensional data assimilation method is used to produce analysis of albedo and LAI from the GEOV1 

data. Following the method of Gu et al. (2006), two pieces of information are used to generate the 

analysis product at a given time t: the observation oV  with its associated error o  and the 

climatological values cV  with their associated errors c  (V being the LAI or the albedo data). The 

optimal combination of these two pieces of information is obtained by minimizing a quadratic cost 

function J which corresponds to the least-square estimate aV : 
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Assuming the associated errors are Gaussian, the minimisation of J would lead to the BLUE (best 

linear unbiased estimate) ensuring a minimum variance for the analysis error, which leads to: 
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To avoid a rough replacement with the climatological data in the case of missing observation and relax 

non-realistic jumps, a further processing is performed by adding the climatological tendency to the last 

analysis value assuming the analysis tendency is similar to the climatological one: 
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To summarize, a flowchart of the data processing and analysis procedure is illustrated in Figure 1. 

 

Figure 1: Flowchart of the GEOV1 albedo and LAI pre-processing, climatology derivation and 
assimilation. 

2.4 Characterisation of the analysis products 

Using the above-described system, GEOV1 LAI and albedo are assimilated over the 1999–2012 

period. Figure 2 presents maps of the analysed LAI and their differences from the observation for dates 

representative of the four seasons of year 2006 (25 January, 25 April, 25 July and 25 October). The 

analysis product shows a realistic seasonal evolution and a smooth spatial distribution generally 

consistent with the vegetation types (Figure 2e, f, g and h). The main spatial features of the LAI on a 

global scale generally agree with other standard products (as in Fang et al., 2012 and 2013). The 



 

 Analysis of surface albedo and LAI from satellite and their impact on NWP 

 

 

6 Technical Memorandum No.740 

 

signatures of the African tropical forest, the Amazon area and the European and American Boreal 

forest, as well as the signature of crop areas like in central Europe and western USA, are correctly 

captured. Nevertheless, the magnitude and the spatial extent of these signatures can vary significantly 

depending on regions and seasons. The crops and grass regions show pronounced seasonal cycles with 

LAI varying between 0.2 and 2.7 [m2 m-2], while the boreal forest shows smaller seasonal amplitude 

for the evergreen needle-leaf from 1.2 to 4.2 [m2 m-2] and higher variation from 0.8 to 4.0 [m2 m-2] for 

the deciduous needle-leaf. The tropical forests have a very mild seasonal cycle with an average 

amplitude of 0.3 [m2 m-2].  

The differences with the observation data show that the assimilation is most active in high latitudes 

where the original products are most affected by snow. This is particularly visible in winter, spring and 

late autumn (Figure 2a, b, d). On the other hand, the summer season shows the least differences, 

especially in high latitudes where problems from snow contamination are minimal (Figure 2c). Also in 

the tropical regions the difference with the assimilated LAI suggests a higher weight of the climatology 

mainly caused by the cloud contamination of the observed data. At the high latitudes (> 70°N), the 

positive correction in the Siberian tundra with a smooth transition toward the other regions shows the 

effectiveness of the extracted look-up tables in filling gaps, even in region with no observations 

(Figure 2c). This suggests that the analysed LAI has indeed benefited from the processing chain and 

led to a superior data usable for environmental applications. 
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Figure 2: Differences between the analysed LAI and the observed LAI [m2 m-2] for a) 25 January 
2006, b) 25 April 2006, c) 25 July2006, and d) 25 October 2006, and the analysed LAI [m2 m-2] for 
e) 25 January 2006, f) 25 April 2006, g) 25 July2006, and h) 25 October 2006. 

Considering the albedo product, similarly to Figure 2, Figure 3 shows the analysis of snow-free 

broadband diffuse albedo and its difference from the observed data for dates representing the four 
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season of year 2006 (25 January, 25 April 25, 25 July and 25 October). As expected from such data, 

the desert areas show very small seasonal and spatial variations, while the other regions show a spatial 

distribution similar to the MODIS data (Gao et al., 2005). In terms of seasonal variation, the analysis 

product shows a consistent response to vegetation that is seasonality associated with the background 

bare soil exposure (Figure 3e, f, g and h). The European boreal forest, for instance, displays a 

consistent albedo evolution related to the forest growth seasonality. Similarly, the deciduous broadleaf 

forest albedo in the southern area of the tropics displays an evolution consistent with the LAI analysis 

maps (Figure 2). The signal from low vegetation regions shows a less obvious pattern as the 

background bare soil can play a stronger compensating role in the albedo value. However, these types 

generally display an increase of the albedo toward the summer, especially over grass and crop areas; 

even when the soil background is more exposed, it displays a brighter albedo linked to a soil moisture 

decrease. 

Figure 3a, b, c and d shows that in general the differences between the analysed and the observed 

albedo are more homogeneous than the LAI ones: this is mainly due to the small variability of the 

broadband albedo compared to LAI in characterizing the land use. The highest differences are 

associated with higher observation errors over snow covered areas and a large illumination angle in 

high latitudes. This is particularly seen in spring and winter when the assimilation procedure has the 

highest impact. The lowest adjustment occurs in the summer months (Figure 3c) when snow is absent. 

However, the analysed albedo tends to have higher differences with that observed in cloud 

contaminated area as it is the case for the Indian peninsula and the West-African monsoon region.  
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Figure 3: Differences between the analysed and the observed broadband diffuse albedo for a) 25 
January 2006, b) 25 April 2006, c) 25 July2006, d) 25 October 2006, and analysed broad band 
diffuse albedo for e) 25 January 2006, f) 25 April 2006, g) 25 July2006, and h) 25 October 2006. 
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2.5 Inter-annual variability and anomalies in the analysis products 

Given that the focus of this study is also to check the impact of the assimilated NRT products on the 

surface fluxes and the near-surface atmospheric variables, a pre-assessment of the difference between 

the NRT analysis products and their respective own climatologies is necessary. For the sake of 

completeness and to be able to only extract the NRT effect, new 10-daily climatological data are 

generated by averaging the analysis products through the whole 1999–2012 period. In the remainder of 

this paper, reference to climatology is associated to this new product. Figure 4 displays the relative 

anomaly 






 
CLIM

CLIMNRT )(*100
of the analysed LAI (left panel) and analysed albedo (right panel) with 

regard to their 1999–2012 climatologies for three known extreme event cases: the 2003 European 

drought (upper panel), the 2010 Russian summer heat wave (middle panel) and the 2010 Horn of 

Africa drought which occurred at the same period as a drought recovery in Australia (lower panel). 

Figure 4 shows that for these cases, the LAI anomaly is generally more pronounced than the albedo 

anomaly. The LAI anomaly can reach 80% of the climatological values, whereas the albedo anomaly 

does not exceed 20%. In addition, the albedo anomaly is more pronounced in extreme wet cases such 

as in central Australia during the wet period of November 2010 where the anomaly reached -10%, 

while LAI anomaly is perceptible in both dry and wet cases (e.g. the anomaly during the Horn of 

Africa drought reached -40% and the anomaly over the central Australia attained +40% of the 

climatological values). Owing to the soil background exposure compensation which also depends on 

the soil type and moisture, the link between LAI anomaly and albedo anomaly is not always clear. 

However Figure 4 shows that a positive LAI anomaly is generally associated with a negative albedo 

anomaly in low vegetation areas. 20% to 40% LAI positive anomaly correspond to a 1% to 10% 

negative albedo anomaly depending on the low vegetation type and cover. 

The inter-annual variation of the analysis LAI and albedo is depicted in Figure 5 by time series over 

the regions where extreme events occurred in 2010 (central Australia and Horn of Africa and Russia). 

The variability over Russia is smaller than that of the Horn of Africa or central Australia. This suggests 

that the inter-annual variability of LAI and albedo are more pronounced over regions with low 

vegetation, which could be explained by the impact of the tighter link between the underlying soil 

moisture and low vegetation growth in comparison with the high vegetation one, as well as the relation 

with the background soil exposure and cover. In addition, in term of absolute value, the inter-annual 

variability of LAI is larger than the variability of albedo. For instance, over the Horn of Africa the 

difference between the LAI of November 2006 and November 2010 is more than 100%. It is also the 

case between October 2002 and October 2010 over central Australia. However the albedo variability 

does not exceed 10% over those regions.  
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Figure 4: Relative anomaly [%] of LAI (left) and broadband diffuse albedo (right) for a) August 
2003, b) July 2010 and c) November 2010. 

Focusing on the 2010 extremes events, during the July 2010 Russian heat waves, the LAI was lower 

than the 10th percentile of the whole 1999–2012 period, while the albedo was between the 70th and 

90th percentile. In the case of the Horn of Africa drought (November 2010), the LAI was much lower 

than the 10th percentile whereas the albedo was higher than the 90th percentile. While in the case of 

the drought recovery over Australia during the same period, the LAI of central Australia was at its 

maximum and much higher than the 90th percentile and the albedo reached its 10th percentile. This 

almost direct opposite relation between LAI and albedo in terms of percentiles is not translated in 

absolute anomalies because LAI variability is higher than the albedo one. 

The above results confirm that with the assimilation system, the GEOV1 NRT LAI and albedo have 

smoother and more realistic fields that are capable of mimicking their inter-annual variability and 
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correctly detect and monitor extreme events. Given the important role of LAI and albedo in the 

radiative forcing and the surface energy and water budgets, it is expected that, compared to the 

climatological fields, the use of NRT LAI and albedo analysis would have an impact on surface carbon 

and energy fluxes and subsequently affect the prediction of the near-surface temperature and humidity.  

 

Figure 5: Time series (red) of albedo (left) and LAI (right) for a) Russia, July 2010, b) Horn of 
Africa and c) central Australia, November 2010. 10–90th percentile (light grey) and 30–70th 
percentile (dark grey). 
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3 Impact on the surface-atmosphere interaction within the ECMWF 

NWP system 

In this section, by focusing on the extreme events previously identified, we examine the impact of the 

assimilation of NRT LAI and albedo on surface fluxes and surface soil moisture derived from 

CHTESSEL offline simulation as well as on the near-surface air temperature and humidity derived 

from coupled forecast simulations using the ECMWF IFS. The evaluation is performed by comparing 

against control simulations based on climatological LAI and albedo. The surface fluxes are also 

evaluated against available FLUXNET eddy-covariance network (Baldocchi et al., 2001; Baldocchi et 

al., 2008) and the Boreal Ecosystem Research and Monitoring Sites (BERMS, Betts et al., 2006) data 

for 2003 as no flux data was available to us in 2010, while the surface soil moisture are evaluated 

against 2010 data from the International Soil Moisture Network (ISMN, Dorigo et al., 2011; 

http://ismn.geo.tuwien.ac.at/). The evaluation procedure is described in Figure 6. 

 

Figure 6: Evaluation procedure of the impact of NRT LAI/albedo analysis. 

3.1 Offline simulations 

The offline (or stand-alone) simulations offer a computationally-efficient and controlled framework for 

studying the benefits and deficiencies of a given land surface parameterization without having to 

consider complex surface/atmosphere interactions as present in a coupled mode. 

The offline simulations are performed at the global scale for the period covering the GEOV1 data 

(1999 to 2012). However, the results are focused on 2010 because it contains contrasting extreme 

events in the Horn of Africa and Australia as shown in the previous section. All the land simulations 
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are forced with 3-hourly meteorological data extracted from the ECMWF ERA-Interim (ERA-I) 

reanalysis (Dee et al., 2011). These forcing data originally produced on a T255 reduced Gaussian grid 

are spatially interpolated to a T511 grid corresponding to a resolution of about 40 km. The 

temperature, surface pressure, humidity and wind fields are instantaneous values and representative of 

the lowest level in the atmospheric model that is at 10 m above the surface. The incoming surface 

radiation (in its long- and short-wave components), rainfall and snowfall are provided as 3-hourly 

accumulations. The instantaneous fields are linearly interpolated in time to the 30 minutes time-step of 

the land surface model. They are from the 3-, 6-, 9- and 12-hour forecasts starting from the daily 

analyses at 00 and 12 UTC. As a compromise between spin-up effects (mainly in radiation) and 

forecast errors, the fluxes are averages from the 3-hourly forecast intervals 912, 1215, 1518 and 

1821 hours starting from the daily analyses at 00 and 12 UTC (see Kallberg (2011) for a discussion 

on the spin-up characteristics of ERA-I). Fluxes and instantaneous fields are matched by verification 

time. Precipitation is kept constant over the 3-hourly interval, long-wave downward radiation is 

linearly interpolated and downward solar radiation is disaggregated in time making use of the solar 

angle, but conserving the 3-hourly integral. The land-use information is derived from the GLCC data 

set (Loveland et al., 2000) at the same resolution as the forcing data. 

Four global offline model integration experiments are performed:  

i. A control run where the GEOV1 LAI and albedo climatological products are used to force the 

CHTESSEL model (SCLIM). 

ii. An experiment run where CHTESSEL is constrained using the analysis products of GEOV1 

NRT LAI and albedo (SNRT). 

iii. An experiment run where CHTESSEL is constrained using the analysis products of GEOV1 

NRT LAI and albedo data is from climatology (SLAINRT).  

iv. An experiment run where CHTESSEL is constrained using the analysis products of GEOV1 

NRT albedo and LAI data is from climatology (SALBNRT). 

The different experiment configurations are summarized in Table 1. 

The comparison between these experiments allows the evaluation of the impact of using the NRT LAI 

and albedo with reference to the use of climatology. To be able to detect such an impact, focus is 

mainly on the 2010 known anomalies.  
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Table 1: Experiments configuration to assess the assimilation of NRT LAI and albedo impact. 

EXPERIMENT  

Type 
NAME LAI Albedo 

Surface initial 

conditions 
PERIOD 

Surface offline SCLIM Climatology Climatology ERA-Interim 1999–2012 

Surface offline SNRT NRT NRT ERA--Interim 1999–2012 

Surface offline SLAINRT NRT Climatology ERA-Interim 1999–2012 

Surface offline SALBNRT Climatology NRT ERA-Interim 1999–2012 

Forecast FCLIM Climatology Climatology SCLIM 2010 

Forecast FNRT NRT NRT SNRT 2010 

Forecast FLAINRT NRT Climatology SLAINRT 2010 

Forecast FALBNRT Climatology NRT SALBNRT 2010 

 

3.1.1 Impact on CO2 fluxes 

Figure 7 shows November 2010 global Net Ecosystem Exchange (NEE) difference between the 

experiment SNRT where the model is constrained by NRT LAI and albedo, and the control run 

SCLIM based on the climatological GEOV1 LAI and albedo. November 2010 is characterized by a 

drought in the Horn of Africa and a wet event corresponding to drought recovery in central and eastern 

Australia as identified in the previous section (Figures 4 and 5). In the Horn of Africa, the run with 

climatological data (Figure 7a) shows that in November the region is under a respiration regime1, and 

the difference plot shows an anomaly that reaches more than 50%. The difference (anomaly) of the 

absolute fluxes is shown in Figure 7c, b, d, such that positive indicates an increase and negative 

indicates a decrease in the flux independent of its direction. These results suggest that the respiration 

increase is mainly due to the decrease in LAI (Figure 7b, c), as the difference with the simulation using 

only NRT albedo (SALBNRT) is not significant (Figure 7d). This anomaly is well above the 90th 

percentile of the whole 14 years period (1999–2012) considered in this study (Figure 8, left) which is 

consistent with the LAI negative anomaly (Figure 5).  

                                                      
1 By model convention downward fluxes are positive, so respiration is negative. 
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Figure 7: Net Ecosystem exchange [micromoles/m2/s] for November 2010, a) using GEOV1 
climatological LAI and albedo (SCLIM). Anomalies are shown as differences with respect to 
SCLIM for simulations using b) LAI and albedo NRT analysis (SNRT), c) LAI NRT analysis and 
albedo climatology (SLAINRT) and d) albedo NRT analysis and LAI climatology (SLABNRT).  

For the Australia wet case, the results from the SCLIM experiment show an overall respiration regime 

and a localized photosynthesis regime at the east to southeast region. The difference with the SNRT 

experiment shows a decrease in respiration and an increase in photosynthesis both explained by the co-

located LAI positive anomaly (as seen on Figure 4). The NEE anomaly in this case also reached more 

than 50%, and the anomaly for the central part of Australia (Figure 8, right) was less than the 10th 

percentile corresponding to the LAI anomaly which exceeded the 90th percentile for the same region 

(Figure 5). The NRT albedo analysis impact (SALBNRT experiment) shows a very small increase in 

the respiration although its anomaly was at the 10th percentile level (Figure 5). 
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Figure 8: Time series of the Net Ecosystem Exchange [micromoles/m2/s] for the Horn of Africa 
(left), and for central Australia (right). 

3.1.2 Impact on the energy fluxes 

Similar to the CO2 flux, the energy fluxes for November 2010 were also affected by the LAI and 

albedo anomaly detected in the GEOV1 NRT analysis product. As a consequence to the observed 

decrease of LAI over the Horn of Africa, a decrease in the Latent heat flux (Figure 9b, c) and an 

increase in the sensible heat flux (Figure 10b, c) were obtained by the model for both SLAINRT and 

SNRT configurations. The experiment using only the albedo NRT analysis (SALBNRT) shows a 

minor decrease in both latent and sensible heat fluxes related to a mild increase of the surface albedo 

(Figure 5b) which induces a decrease in the net surface radiation. In this case, the increase of the 

surface albedo is due to the brightening of the surface caused by the drought condition. However, when 

combined, the NRT LAI and albedo (SNRT), the resultant anomaly signal of both latent (Figure 9b) 

and sensible heat fluxes (Figure 10b) is mainly driven by the LAI anomaly. 

In the case of the wet anomaly over Australia, an opposite behaviour is observed. The LAI positive 

anomaly in both SNRT and SLAINRT configurations resulted in an increase of the latent heat flux and 

a decrease of the sensible heat flux, especially over the densely vegetated area in the eastern region. In 

the central Australia region which is less vegetated, the wet condition led to a decrease of the surface 

albedo resulting in an increase of the sensible heat flux (SALBNRT and SNRT). This effect was more 

important than the decrease caused by the LAI anomaly (SLAINRT) due to the small vegetation cover 

in this region as depicted in (Figure 10).  

In summary, this impact of the LAI and albedo anomalies on the energy and carbon fluxes shows the 

potential of the model when combined with NRT data in simulating and monitoring extremes events. 
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Figure 9: Similar to Figure 7 for the latent heat flux [W m-2]. 

 

Figure 10: Similar to Figure 7 for the Sensible Heat flux [W m-2]. 
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3.1.3 Comparison with in-situ observations 

Given the lack of in-situ data over the considered areas for November 2010, an accurate quantitative 

assessment of the simulated flux differences is not possible. However, a general assessment of the 

NRT LAI and albedo is performed with the available flux and soil moisture observations using 52 

FLUXNET sites in 2003 and 523 sites from the ISMN in 2010. The later belongs to 8 networks located 

over contrasting biomes and climate conditions. 

Table 2 shows the average benchmarking metrics of the model simulations against 52 FLUXNET sites 

for 2003. In this case, the observation sites were mainly located in Europe and North America. Slightly 

better agreement with in-situ surface energy and CO2 fluxes is obtained when NRT data is used, 

although the magnitude of the improvement is quite small and in some cases may not be within the 

significance range. For the energy fluxes, the use of the NRT data reduces the latent heat fluxes bias 

for 69% of the sites used in this comparison. In the case of the sensible heat fluxes, using LAI NRT 

and albedo NRT reduces the bias for 67% of the sites while when using LAI NRT and albedo 

climatology the bias is reduced for 75% of the sites. The different simulation results have an equal 

average correlation over the 52 sites (0.85 for the latent heat flux, 0.74 for the sensible heat flux and 

0.82 for the CO2 flux). However, in terms of the number of sites with improved metrics, the correlation 

of the gross primary production increased for 57% of the sites when using NRT LAI and albedo and 

for 63% of the sites when NRT LAI and albedo climatology are used. The comparison between SNRT 

and SLAINRT related to the use of both NRT LAI and albedo or only LAI NRT respectively suggests 

that the LAI NRT signal is in general dominant although the albedo NRT tends to reduce the sensible 

heat flux bias as albedo has a direct impact on this variable.  

Table 2: Flux evaluation averaged against 52 FLUXNET sites for 2003: metrics based on 10-day 
averaged simulated fluxes. The confidence Interval (CI) of RMSE is based on the Chi-squared 
distribution and the 95% CI of the mean correlation is based on the Fisher Z-transform.  

Flux SCLIM SLAINRT SNRT 

  RMSE Bias Corr. RMSE Bias Corr. RMSE Bias Corr. 

Latent Heat [W/m2] 
20.9 
(±0.7) 10.40 

0.85 
(±0.01) 

20.6 
(±0.7) 9.60 

0.85 
(±0.01) 

20.6 
(±0.7) 9.63 

0.85 
(±0.01) 

N sites better than 
SCLIM - - - 34 36 27 33 36 25 

Sensible Heat [W/m2] 
20.3 
(±0.7) -1.64 

0.74 
(±0.02) 

20.4 
(±0.7) -1.77 

0.74 
(±0.02) 

20.5 
(±0.7) -1.26 

0.74 
(±0.02) 

N sites better than 
SCLIM - - - 26 39 28 25 35 29 

Gross Primary Prod. 
[mole/m2/s] 

2.06 
(±0.07) 0.80 

0.81 
(±0.01) 

2.12 
(±0.07) 0.88 

0.82 
(±0.01) 

2.12 
(±0.07) 0.88 

0.82 
(±0.01) 

N sites better than 
SCLIM - - - 25 18 33 25 18 31 
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Similarly for the soil moisture benchmarking (Table 3), the signal of the improvement owing to the 

assimilation of NRT LAI and albedo is quite small although more than 50% of the modelled sites 

experienced a minor improvement in their correlation with the observed soil moisture. This signal is 

equally valid for the surface which is evaluated against 523 sites of the ISMN and for the root-zone for 

which the evaluation is only performed on 58 sites of the USCRN network (Bell et al., 2013) given the 

availability of observations. 

In addition, it is important to note that the metrics shown represent an average for all the sites 

considered for a full year. Therefore, the impact of any inter-annual variability or anomaly signal that 

NRT data may hold in some sites will be diluted with sites having a “climatological” year behaviour. 

However, at the regional and global scales, an indirect assessment would be feasible by 

meteorologically evaluating the LAI and albedo NRT analysis impact on near-surface temperature and 

humidity and precipitation forecasts. 

Table 3: Averaged metrics for surface and root-zone soil soil moisture benchmarking against the 
ISMN sites for 2010 based on daily soil moisture values. The confidence Interval (CI) of RMSE is 
based on the Chi-squared distribution and the 95% CI of the mean correlation is based on the 
Fisher Z-transform. 

Soil moisture/Exp SCLIM SLAINRT SNRT 

 RMSE  Bias Corr.  RMSE  Bias Corr.  RMSE  Bias Corr. 

Surface ( 523 sites) 
0.138 

(±0.0004) 

-0.108 0.688 

(±0.002

)

0.137 

(±0.0004) 

-0.107 0.690 

(±0.002) 

0.137 

(±0.0004) 

-0.107 0.691 

(±0.002

)
N sites better than 

SCLIM 

- - - 297 293 307 307 312 297 

Root zone (58 sites) 

0.114 

(±0.001) 

-0.064 0.698 

(±0.007

)

0.113 

(±0.001) 

-0.062 0.700 

(±0.007) 

0.113 

(±0.001) 

-0.062 0.700 

(±0.007

)
N sites better than 

SCLIM 

- - - 33 34 32 35 36 30 

 

3.2 Forecast experiments 

To evaluate the impact of the assimilation of NRT LAI and albedo on the surface–atmosphere 

interaction, a series of 3-day forecasts initialised every day from 1 January 2010 00UTC to 31 

December 2010 00UTC was performed using the different LAI and albedo products. Given the 

different time scales between land surface processes and atmosphere, and to avoid spin-up problems 

related to unstable surface state, the surface initial conditions of each forecast experiments are obtained 

from the corresponding surface offline simulations. The focus is on short-range forecasts which have 

the advantage that the synoptic situation is in the predictable range. Still, changes in albedo and LAI 

would have an impact on near-surface atmosphere through radiative forcing and sensible and latent 
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heat flux. Screen-level temperature and moisture can be verified using the analysis, which draws 

closely to the surface synoptic observations. The model is run with 137 vertical levels at T511 (~40 

km) horizontal resolution. The experiments configurations are summarized in Table 1. 

The assessment of the NRT impact is done for the screen-level temperature and relative humidity 

through two metrics named hereafter sensitivity and impact: 

ctlTTTysensitivit  exp)(  (4) 

||||)( exp ananctl TTTTTimpact   (5) 

Where subscripts ctl refers to climatological LAI/albedo based forecast, exp refers to NRT LAI/albedo 

based forecast and “an” refer to the operational analysis. The equivalent quantities are computed for 

relative humidity. Therefore a positive (negative) sensitivity would mean an increase (decrease) of 

temperature/relative humidity at the 2-m level due to assimilation of the NRT data. A positive 

(negative) impact means a reduction (increase) of the 2-m temperature/relative humidity error in 

comparison to the operational analysis due to the use of the NRT analysis. 

 

Figure 11: Scores of forecast experiment using LAI NRT (FLAINRT) against experiment using 
climatology (FCLIM) for November 2010: a) 2-m temperature sensitivity [K], b) 2-m relative 
humidity sensitivity [%], c) 2-m temperature impact, and d) 2-m relative humidity impact. 
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Figure 11 shows the results of the forecast experiment using the LAI NRT analysis (FLAINRT) for the 

global land for the 36-hour forecast (valid at 12 UTC) in comparison to the control run FCLIM related 

to the use of LAI climatology for November 2010. The use of NRT LAI resulted in a neutral to 

positive impact for the global 2-m temperature (Figure 11c). In this case, the bias reduction 

corresponds to a temperature change that reaches 2 K mainly caused by the LAI anomaly, with a 

warming over the Horn of Africa co-located with the LAI reduction and a cooling co-located with the 

LAI positive anomaly over eastern Australia (Figure 11a). The African tropics also experienced a 

cooling partially related to a positive LAI anomaly which contributed in reducing the temperature bias 

in comparison with the operational analysis. However a similar cooling over the Indian peninsula 

resulted in a mild bias increase of 0.2 K. The relative humidity results show similar patterns. The 

regions which have a temperature increase display a drying in the relative humidity, while the regions 

that have a cooling show a moistening in the relative humidity (Figure 11b). As for the temperature 

results, the changes in the relative humidity which are co-located with the LAI anomaly correspond in 

general to a bias reduction in comparison with the operational analysis relative humidity (Figure 11d). 

In the case of the FNRT forecast experiment where both LAI and albedo NRT analysis are used, the 

results are quite similar to the FLAINRT experiment where only LAI inter-annual variability is 

represented through the NRT analysis and albedo is climatology (Figure 12). The only noticeable 

difference can be seen over central and eastern Australia where the negative albedo anomaly occurred; 

in this case the cooling/moistening (Figure 11a/b) caused by the LAI positive anomaly was reduced 

and even reversed compared to FLAINRT (Figures 12a/b). This can be explained by the darkening of 

the surface albedo (Figure 4c) which caused an increase of the absorbed surface radiation and 

consequently an increase in the sensible heat flux as depicted in the offline experiment (Figure 9). The 

positive impact related to this sensitivity is in general preserved (Figure 12c,d) except in central 

Australia where the warming/drying mildly increased the temperature/relative humidity bias compared 

to the operational analysis. 
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Figure 12: Scores of forecast experiment using LAI and albedo NRT (FNRT) against experiment 
using climatology (FCLIM) for November 2010: a) 2-m temperature sensitivity [K], b) 2-m relative 
humidity sensitivity [%], c) 2-m temperature impact, and d) 2-m relative humidity impact. 

An additional analysis is performed to investigate a  possible link between the precipitation field and 

the LAI and albedo NRT anomalies. Figure 13 shows the day-3 precipitation (48–72 h) from the 

forecast experiment using the climatological data (FCLIM) and the differences of the experiments 

where LAI and albedo are from the NRT analysis with respect to FCLIM. The use of LAI NRT (Figure 

13b, c) results in a decrease of the precipitation over the Horn of Africa and a slightly mixed signal 

with a predominant overall increase over central and eastern Australia. On the other hand, the albedo 

anomaly, although having a slight impact on the evaporation (Figure 8), was not translated into a 

precipitation anomaly (Figure 13b, d). The above-mentioned correlation between the LAI and 

evaporation anomalies and precipitation patterns in some regions suggest that precipitation in those 

regions is partially driven by evaporation through local surface-atmosphere interaction mechanism. For 

instance, in the case of the Horn of Africa, Dutra et al. (2013) showed that precipitation in that region 

is driven by ENSO but also by local surface–atmosphere interaction. However this is not true 

everywhere; in other regions like central South America the differences in evaporation (Figure 9) are 

not correlated with the differences in precipitation.  
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In addition, this precipitation pattern linked to anomalous LAI regions is already established even at 

the 24-h forecast range. This suggest that precipitation is sensitive to the surface conditions even at the 

short range and that the initialisation of surface conditions from offline simulations results is effective 

in overcoming the surface spin-up problem. 

 

Figure 13: Forecast total precipitation [mm/day] for 48 to72 hour range using LAI and albedo 
climatology (a), and difference with simulation using LAI NRT analysis (FLAINRT-FCLIM) (b), 
difference with simulation using LAI and albedo NRT analysis (FNRT-FCLIM) (c), difference 
between simulation using LAI NRT analysis and simulation using both LAI and albedo NRT 
analysis (FNRT-FLAINRT) (d). 

4 Conclusions  

Owing to the importance of the vegetation in the land–atmosphere interaction processes, numerous 

studies have tried to use the satellite observations to give information on the vegetation layer, and 

attempted to evaluate the quality of this information through their signals and impacts. This study 

proposes an optimal interpolation analysis of the GEOV1 surface albedo and LAI through the 

combination of the satellite observations and derived climatologies. This assimilation system is able to 

correct deficiencies in the satellite observation product, especially in high latitudes and snow covered 

areas as well as in the cloud contaminated areas. The final products have smoother spatial and 

temporal evolution, which make them more appropriate for environmental and numerical weather 
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prediction. These assimilated products are also able to detect extreme events where in wet cases the 

LAI could be well beyond the 90th percentiles and in dry cases it could be below the 10th percentiles 

of the considered 14 years’ time series. This was also the case for the surface albedo but extremes 

values are in the opposite direction as albedo decreases in wet cases and increases in dry conditions. 

Two types of global model experiments (stand-alone surface simulation and medium-range forecasts) 

were performed to assess the impact of using these NRT analysis products on the surface and near-

surface atmosphere. The offline surface runs show that extreme NRT LAI anomalies have a strong 

impact on the surface energy and CO2 fluxes, larger than the albedo anomalies which have a smaller 

range. In addition, an evaluation against in-situ observations showed that a neutral to slightly better fit 

with in-situ surface soil moisture (from ISMN) and surface energy and CO2 fluxes (from FLUXNET) 

can be obtained when using the NRT analysis products although the average signal can be weakened 

from non-anomalous areas/sites. 

The evaluation of using the NRT LAI and albedo analysis in forecast runs shows an overall positive 

impact on the near-surface temperature and humidity especially in areas where the LAI anomaly is 

pronounced. In these cases, the near-surface air temperature and humidity errors, both in wet and dry 

conditions, are reduced. It is also shown that NRT albedo, given its reduced inter-annual variability, 

has a smaller impact which is mainly seen in wet cases when albedo anomalies are more pronounced. 

The impact on precipitation fields revealed that in some regions the differences in precipitations fields, 

evapotranspiration and NRT LAI are correlated. In these regions, the local surface–atmosphere 

interaction is believed to be one of the important drivers for precipitation, however further 

investigation supported by additional in-situ observation is needed to confirm such hypothesis. 

The offline surface runs and forecasts experiments confirm the benefit coming from a more realistic 

treatment of vegetation by the use of NRT LAI and albedo analysis. With NRT analysis products, 

anomalous year could be detected and surface fluxes were directly affected by their inter-annual 

variability. The forecast simulation confirmed this positive impact on the near-surface weather 

parameters and its potential to account for NRT issues such us a rapid change in the LAI due to fast 

growth or harvest as well as inter-annual variability due to an extreme drought or an extensive snow 

season that may inhibit growth. 

However, some caveats on the generality of these results within the ECMWF modelling system are to 

be mentioned. For instance ad-hoc separations of momentum budget from vegetation cycle are 

currently adopted (e.g. a constant vegetation roughness length per given vegetation type, Sandu et al. 

2013) and may artificially reduce the sensitivity to vegetation state anomalies. Similarly the interaction 

of albedo, considering broad-band anomalies is less sensitive to vegetation variability than considering 

only the near infra-red component (Gao et al., 2005). In addition, the treatment of albedo in presence 

of snow (using a climatological vegetation albedo per given type, Dutra et al. 2010) reduces the impact 
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of albedo anomalies for early/late senescence or greening. These effects discussed above, related to 

LAI and albedo treatment in the modelling system, are going towards a reduction of atmospheric 

impact. Therefore an update of the system to take into account these processes would reinforce the 

influence of the vegetation and albedo on weather prediction.  
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