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Abstract

The assessment of ECMWF land surface temperature presented here is based on the intercomparison of modelled and
observed clear sky radiances of Meteosat window channel. The study is carried out for two periods covering distinct
seasons, for Meteosat-7 disk. Such comparison enabled the detection of gross errors in the observations, mainly
associated with the cloud screening, and the evaluation of the model’ s performance. Results show an underestimation of
the diurnal cycle of model brightness temperature in clear-sky conditions, particularly over arid and semi-arid regions,
which reflect a corresponding misrepresentation of the daily amplitudes of model skin temperature.

Sensitivity experiments suggest model deficiencies are likely to be linked to inadequate values of surface parameters
directly associated with the surface-to-atmosphere coupling, particularly the roughness lengths for momentum and for
heat. Finaly, some preliminary results of adjustments to the land surface scheme, that might improve the ECMWF
model representation of skin temperature, are also presented here.

1. I ntroduction

The surface parameterization scheme introduced in a numerical weather prediction (NWP) model plays a
crucid role in the representation of the boundary layer forcing. The quality of surface and lower troposphere
forecasts (e.g., near surface temperature, humidity, cloudiness), and of the reproduction of soil variables
depends to a large extent on the modelled surface-atmosphere interactions. Also the increased usage of
remote sensing information for assimilation in NWP models requires a good quality model background of
the quantities to be assimilated. In particular, the remote sensing channels that peak in the lower troposphere
need a good a priori knowledge of surface or skin temperature, a requirement which is still far from being
reached over land.

The European Centre for Medium-Range Weather Forecasts (ECMWF) land surface parameterisation
scheme, TESSEL (Tiled ECMWF Scheme for Surface Exchanges over Land; van den Hurk et a 2000), has
up to six independent fractions (tiles) for every land grid box, with separate skin temperatures and fluxes.
Each tile has its own characteristics defining separate heat and water fluxes used in an energy balance
equation solved for thetile skin temperature.

The evaluation of such land surface schemes is a complex problem. Traditionally this has been done using
data from field experiments (e.g. Betts et a. 1996), despite the strong limitations associated with data
availability. Satellite-derived data has been increasingly used for validation purposes (e.g. Rhoads et a
2001), asit allows the assessment of the models' performance over large areas and for long periods of time.
Recently, Trigo and Viterbo (2003; hereafter TV03) have compared Meteosat clear sky radiances in the
window channel (10.5 — 12.5 um) with their ECMWF model equivalent. The results obtained by TV03,
which constitute the main motivation for the present work, allowed for the identification of systematic errors
in the observational data and the assessment of the model’s performance. The former are mostly associated
to the cloud processing for Meteosat imagery, performed a8 EUMETSAT, and can be at least partially
overcome by using a further stricter criterion for the elimination of clouds. It was also found that, under clear
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sky conditions, the modelled diurnal cycle of window channel brightness temperatures, and thus of land
surface temperature, tends to be greatly underestimated, particularly over arid and semi-arid regions. A brief
description of these results will be presented in section 2.

In order to identify the main causes for the poor representation of land surface temperature by the model, a
set of sengitivity experiments is performed using a simplified version of the ECMWF model — the single
column model. The results obtained, discussed in section 3, point towards deficiencies in the surface-
atmosphere aerodynamic coupling over land. Finaly, the use of remote sensing data to upgrade and test land
surface parameterisation schemes is explored in section 4. The results are analysed within possible
frameworks for surface fluxes modelling.

2. M eteosat and ECMWF brightness temperaturesin the 11um channel

Meteosat-7 window channel radiances (10.5 — 12.5 um band) were compared with their ECMWF model
equivalent. The measurements of top of atmosphere (TOA) brightness temperatures, hereafter Tb_obs, were
previousy pre-processed at EUMETSAT to eliminate cloudy pixels. The so-called clear sky radiances (CSR)
(van de Berg et al. 1995) are obtained by averaging the values diagnosed as “ clear sky” within areas of 16 by
16 pixels. However, one must be aware that such Tb_obs values may still be contaminated by a significant
amount of cloudy pixels (TV03).

The modelled brightness temperatures are obtained from ECMWF background fields presented to the data
4D-Var assimilation scheme (Rabier et al. 2000). Although Meteosat 11 um radiances are not assimilated at
ECMWEF, 3-hourly background brightness temperatures for the window channel (Tb_bg) are obtained using
the background profiles of temperature and humidity, and the skin temperature as input to the Radiative
Transfer for TOVS model version 5 (RTTOV-5) (Eyre 1991; Saunders et a. 1999). The RTTOV-5 model
ignores the model cloud cover, liquid and ice water, and thus the Th_bg provided are always considered clear
sky.
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Figure 1: “Th_obs — Th_bg" (K) averaged for the Figure 2: Asin Fig.1, but for the period 1-15 July
period 1-15 February 2001 obtained for Meteosat-7 at 2001.
(@) 3UTC and (b) 12 UTC.

The corresponding regions with strong daytime negative bias for February 2001 are mainly constrained to
the 0°— 20°S latitudinal band (Fig. 1b). For the next months the daytime negative values of such brightness
temperature departures, mainly between 10°S and 20°S, weaken and are replaced by a positive bias over
southern Africain July (Fig. 2b). Meanwhile, the negative bias band has moved northwards following the
intertropical convergence zone (ITCZ), linking the main factors guiding the spatial distribution of the most
pronounced negative/positive Tb difference patches in the subtropics to the local rainy/dry season. As further
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discussed below, these may be related either to the observations, such as deficienciesin the cloud clearing, or
to the model, e.g., the inadequacy of climatologically fixed model parameters, such as abedo, vegetation
cover and type, or model variables, such as soil moisture, humidity profiles/ total water vapour content.
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Figure 3 - Scatterplots of the “Th obs — Th _bg” (BG_dep in K) against Th_obs (K), for (a) Western
Sahara, and (b) Savannah at 12 UTC. The points are coloured according to the percent of clear sky
pixels taken into account for each observation.

The percent of clear sky pixels corresponding to each observation (hereafter % ClearSky) appears to be
strongly associated with the occurrence of negative or positive values of “Th_obs— Th_bg”. Figure 3 shows
scatterplots of “Th_obs — Th_bg” versus Th_obs obtained for the period 1-15 February 2001, and for two
limited areas within Meteosar-7 disk, namely the Western Sahara (0°E - 10°E; 20°N - 30°N), and Savannah
(22°E - 32°E; 18°S - 8°S) dominated by underestimation and overestimation of the diurnal cycle of brightness
temperatures, respectively; the points are coloured according to the % ClearSky. In the case of the Sahara
(Fig. 3a), the two tails of negative “Th_obs — Th_bg” vaues correspond mostly to observations with low
% _ClearSky, while positive differences are associated with high values of %_ClearSky. A similar pattern is
followed for the Savannah limited area (Fig.3b), which is under the influence of the ITCZ during the
February 15-day period. There, cases with values of the %_ClearSky over 80%, and with positive “Th_obs—
Th _bg” are amost non-existent. It is suggested that the % ClearSky may be considered as an indicator of the
probability of Th_obs not being contaminated by cloudy pixels (see TVO03 for further details). Thus a further
cloud screening of the observations, using a minimum threshold (e.g., 80% or 90%) for the %_ClearSky,
should be performed before using the observed brightness temperatures.

Over arid and semi-arid (clear sky regions), such as the Western Sahara limited area, the atmosphereisfairly
transparent for the window channel. Consequently, the discrepancies between the modelled and observed
brightness temperatures to a large extent reflect how well the skin temperature is simulated by the ECMWF
model. Furthermore, the diurnal variations of “Th_obs — Th_bg” give a good indication of how the diurna
cycle of the surface temperature is being reproduced, since adjustments of surface emissivity have very little
effect on the daily amplitude of TOA brightness temperatures. The next step is to identify the main reasons
for the underestimation of land surface temperature by the ECMWF model.

3. Senditivity Experiments

A set of experiments has been carried out using the ECMWF single column model (SCM; Kohler and
Teixeira, 2002). Their aim is the identification of the surface variables and/or parameters, which are more
directly involved in the underestimation of the diurnal cycle of land surface temperature, particularly in arid
and semi-arid regions.
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The sensitivity experiments, conducted for 24-hour periods, explore “poor man’s parameter estimation”, i.e.,
each surface parameter, from a pre-defined set, is changed at the time to study its impact on the modelled
TOA brightness temperature. Similarly, the influence of model surface variables is studied by varying the
initial conditions for the 24-hour periods of each variable. The parameters and variables taken into
considerations, as well as their impact on the modelled diurnal cycle of brightness temperature are
summarised in Table 1.

Surface Variable/Parameter Impact on Tb Amplitude
Albedo Negligible

Emissivity Negligible

Skin Layer Conductivity Negligible

Roughness Length for Momentum Small/Moderate
Roughness Length for Heat Moderate/High

Soil Moisture Moderate/High

Soil Temperature Negligible

Table 1: Sensitivity of the amplitude of modelled brightness temperatures to surface variables and surface
parameters, based on experiments performed using the ECMWF SCM.

Although emissivity is an important parameter for the modelled TOA brightness temperatures, its impact on
the modelled diurna cycle is very small. Figure 3 shows the SCM brightness temperature obtained for one
site in the Western Sahara (8.25°E, 26.87°N), for the 3" February 2001. Over that site the ECMWF full
model underestimates the daily amplitude of Th_obs by over 7K. The SCM was run using emissivity values
of 0.93 -typical value expected for very dry regions, such as the chosen site-, 0.96 -control run-, and 0.99 -
characteristic of very moist surfaces and thus unrealistic for the arid surface of the site. The results show that
the mean difference between the lower (0.93) and higher (0.99 emissivity) curve of brightness temperature is
about 3K, while the difference between the amplitude of the same two curves, is of the order of 0.7K.
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Figure 4 — SCM TOA brightness temperatures (K) obtained for a site in the Western Sahara (8.25°E,
26.87°N), for the 3" February 2001, using three different emissivity values: 0.93, 0.96 (the control run),
and 0.99.

The sensitivity experiments of modelled brightness temperatures to surface emissivity confirm that the
underestimation of the amplitude of Th_obs by the ECMWF described in the previous section may only be
accounted for by a corresponding underestimation of the modelled surface or skin temperature. As might be
expected, the parameters that had the largest impact on the amplitude of Tb, roughness length for heat, and to
a lesser extent roughness length for momentum, are directly associated with the model representation of
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turbulent transfer of heat (and momentum) between the surface and the lowest model level. As shown in Fig.
4, decreasing the roughness length for heat (Z,4) by afactor of 100, produces an increase of the amplitude of
the modelled brightness temperatures by 2K, with little impact on other modelled variables such as 2m
temperature, or 2m dew point.
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Figure 5 — Daily cycle of the observed (Tbys top left) and the full ECMWF model (Thyy; top left)
brightness temperatures (K) for a site in the Western Sahara (8.25°E, 26.87°N), on the 3" February 2001.
The remaining panels show the SCM brightness temperatures (top right), and 2m temperature and 2m
dew point (bottom left), obtained with the SCM control run (black), and when the roughness length for
momentum (Z,,) and for heat (Z,y) are reduced by a factor of 100, respectively.

4. A revised land surface scheme

The use of satellite information to adjust and test model surface parameterizations has great potential over
measurements obtained from field experiments (e.g. Betts and Beljaars, 1993; Malhi, 1996), particularly
since experiments could be easily performed over wide regions (such as the Meteosat disk). This section
presents the results obtained with atwo-source approach for the estimation of bare soil and vegetation energy
fluxes (Norman et al., 1995; Kustas and Norman, 2000).

For dry, snow free conditions, the surface sensible heat flux is estimated by TESSEL as a weighted average
over three tiles — low vegetation, high vegetation, and bare ground. The aerodynamic resistance (Ra), which
depends on tile surface parameters (such as roughness lengths) and stability functions, represents the
resistance to heat transfer between the tile and the lowest model (Fig. 6a).

Over (partially) vegetated areas, the clumping of vegetation into the two vegetation tiles may affect the wind
speed within the canopy layer, and thus the resistance of the surrounding bare soil area, to heat transfer. This
could lead to the overestimation of sensible heat fluxes, particularly over semi-arid regions, and thus to the
underestimation of diurnal cycles of skin and TOA brightness temperatures. To overcome this problem, a
resistance, Rs, to the transfer of heat in the surface layer is introduced, as schematically represented in Fig.
6b.
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Figure 6 — Schematic resistance representation of the transfer of turbulent sensible heat between the
surface and the lowest model level (a) in the current version of TESSEL (control); and (b) in the
experimented version, with an extra resistance (Rs) added to bare soil tile.

The extra resistance, Rs, to the transfer of heat between the surface and the lowest model level should be
applied to bare soil portions within sparsely vegetated areas. For simplicity, the formulation:

1
Re=—— 1)
° a+bu?
where a and b are fixed parameters (a = 1x10% ms™, b= 6x10° m's), and u- is the friction velocity, is applied
to the bare soil tile in the TESSEL scheme. The formulation of Rsin (1) was first derived to adjust SCM

simulations of Th amplitudesto Meteosat-7 observations.

Accordingly, sensible heat fluxes over dry, snow free vegetation tiles, and over bare soil tiles are computed,
respectively as:

— Tar = T¢
Haw=pc, Ry @
Tair ~Tsin
Ry + R
where nV denotes low or high vegetation, Tair is the temperature of the lowest model level, Tc (Tskin) isthe
skin temperature for vegetation (bare soil) tiles, and Ra... isthe aerodynamic resistance.

©)

H bare_ soil = pcp

The parametersin Rs, are obtained as a compromise for the required adjustments to TOA Tb over the whole
arid and semi-arid regions within the Meteosat disk. Over the Sahel region, where daytime discrepancies
between observed and modelled TOA Th may reach values of 8 K or more in the dry season, the fraction of
bare soil tile is of the order of 0.35. Since the extra resistance in the surface scheme is applied to bare soil
tiles only, considerably higher Rs values would be necessary to compensate for the relatively small bare soil
fractions over those regions, dominated by the “tall grass’ vegetation type. To overcome this problem
maintaining the dependency of the surface resistance to wind over bare ground only, the roughness length for
heat of that vegetation type was decreased by a factor of 100 (Z, = 10* m), with respect to the value
assigned in the control run (Z,4 = 102 m). It islikely that this roughness parameter should also be revised for
other (low) vegetation types, although that was not attempted here.
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Figure 7: “Tb_obs — Th ECMWF" (K) averaged for the period 1-15 February 2002 obtained using the
control run at 3 UTC (left) and 12 UTC (right), respectively
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Figure 8: Asin Figure 7, but using the extra resistance Rsin TESSEL.

The differences between observed and modelled TOA Tb, averaged for the 1-15 Feb 2002 period, are shown
for the control run (Fig. 7), and for the modified TESSEL, with the extra bare soil resistance, Rs. The control
run was carried out using the so-called 26R3 cycle model version, with a modification to the prescribed
roughness length for momentum, Z,y. In the version used here, the Z,y parameter represents the effect of
turbulent transport of small-scale surface elements, such as vegetation and surface obstacles, while the effect
of subgrid orographic drag is treated separately.

Following the results discussed in section 2, only cases with the percent of clear sky pixels higher than 90%
are taken into account. As aresult, (semi-)arid regions in Fig. 7 exhibit even higher positive Th differences
than those shown in Fig.1, while the band with negative Tbh departures in the subtropics is considerably
attenuated.
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The new resistance Rs for bare soil tiles has little effect on nigh time Tb, leading to very similar 3UTC fields
shown in Figs. 7 and 8. The daytime Tb over (semi-)arid regions are now warmer, which reduces the 12
UTC model bias from 4-to-10K (Fig. 7) to values around —2-t0-4K (Fig.8).

The results obtained over two areas, one in the Sahara (5°E-15°E; 20°N-30°N), dominated by desert and
semi-desert tiles, and the other in the Sahel (5°E-15°E; 10°N-20°N), dominated by tall grass vegetation type,
are summarised in Figs. 9 and 10. The diurnal cycles of modelled TOA brightness (Fig. 9), and 2m-
temperatures (T2m; Fig. 10) correspond to averaged 3-hourly values over the 1-15 Feb 2002 period and over
each area; the observations available for each area are also shown (Meteosat-7 and synoptic stations,
respectively). TOA Tb obtained using the modified version of TESSEL follow closely the Meteosat
measurements. As expected from the sensitivity experiments performed with the SCM, the impact on T2m is
relatively small (of the order of 1K, or less). In this case, the comparison with observed values is particularly
difficult, due to the scarce number of synoptic stations available (7 in the Sahararegion, and 10 in the Sahel),
and to their (non-uniformly) spatial distribution.

Sahara Sahel

Brightness Temperature

Figure 9: 3-Hourly TOA Tb (°C) averaged over the 1-15 Feb 2002 period, and over each of the following

areas. Sahara (5°E-15°E, 20°N-30° left panel), Sahel (5°E-15°E, 10°N-20°; right panel).” - -“ — control
run; * = —modified run; * = — observations (Meteosat-7).
2m Temperature

Figure 10: Asin Fig.9, but for 2m- temperature (°C). The observations are obtained from synop stations
available within each area.

Ultimately, the new extra resistance, Rs, to the transfer of heat between the surface and the lowest model
level over bare soil, aims the adjustment of the diurnal cycle of model TOA Tb to the observations. Rs allows
the wind shielding effect of surrounding vegetation and/or surface obstacles to be taken into account in the
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estimation of bare soil sensible heat fluxes (3). Figure 11 shows the behaviour of TOA Th amplitudes (Tb at
12 UTC minus Th at 3 UTC) as afunction of the wind at the lowest model level (~10m). The Th amplitudes
obtained with the modified version of TESSEL follow well the observations for both studied areas (Fig. 11);
the bias of Tb amplitude decreases from 4.3 K (5.4 K) obtained with the contral run to —0.5K (1.3K)
obtained with the modified TESSEL, for the Sahara (Sahel) region.

5. Conclusions and further work

The comparison between observed and modelled TOA radiances for the 11um channg suggests the
Meteosat-7 clear sky brightness temperatures, produced by EUMETSAT, may still have a significant amount
of cloud contaminated pixels. The identification of Meteosat-7 clear sky pixels is particularly difficult for
tropical areas under the influence of the ITCZ, where many of the observations are likely to be cloud
contaminated. This problem may be solved by performing afurther cloud screening to the observations, such
as requiring a minimum value of the respective %_ClearSky (e.g. 80% or 90%). The instruments on-board
Meteosat Second Generation (MSG), operationa since February 2004, have considerably more channels (12)
and a higher spatial and temporal resolution, which allow the use of more accurate cloud processing
agorithms (Lutz, 1999).

Under clear sky conditions, the diurnal cycle of the window channel brightness temperatures tends to be
greatly underestimated by the model, particularly over arid and semi-arid regions (TV03). The sensitivity
analysis described in section 3 confirmed that such underestimation is associated to a misrepresentation of
the daily amplitudes of the model surface temperature. Although the emissivity values prescribed in the
ECMWF model comprise a very limited number of categories, updating the values for a wider variety of
land cover types can only reduce the model bias; its impact on the amplitude of the model brightness
temperature is very small. Instead the results from the sensitivity experiments point towards inadequate
values of surface parameters directly associated with the surface-to-atmosphere coupling, in particular the
roughness length for heat (Zy).

Although not shown, values of Z,, estimated to compensate for the misrepresentation of TOA Th amplitudes
in semi-arid regions, exhibit strong dependency on the wind speed at the lowest model level. It is suggested
that such dependency may arise from an overestimation of near surface wind associated with the shielding
effect of surface obstacles. Thisis likely to be particularly pronounced in sparsely vegetated areas, where the
vegetation is clumped into the low (or high) vegetation tile, and the bare soil fraction is treated as completely
vegetation free. But such wind shielding may still be present in desert areas despite the lack of vegetation,
being in that case associated with other surface obstacles.

Following previous studies on the use of a two-source approach for the modelling of sensible heat flux
(Norman et al., 1995; Kustas and Norman, 2000), a new resistance, Rs, to the turbulent transfer of heat
between the surface and the lowest model level is added to the aerodynamic resistance, for the bare soil tile.
The Rs formulation (1) used here depends on the friction velocity, and on two parameters adjusted using the
SCM model. The revised version of TESSEL proved to be efficient in reducing the model bias in the daily
amplitudes of brightness temperatures. The modified model produces warmer daytime skin temperatures
over most arid and semi-arid regions, although the impact on other model variablesisrelatively low.
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Figure 11: Amplitude of brightness temperatures (K; Th at 12 UTC minus Tb at 3 UTC) plotted against
the wind at the lowest model level (mV/s), for the Sahara (top panels) and the Sahel regions (lower panels).
+ —control run; + —modified run; o — Meteosat Th observations.
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