Hydrol. Earth Syst. Sci., 16, 31393447, 2012 Dy -K

www.hydrol-earth-syst-sci.net/16/3139/2012/ Hydr°|°gy and
do0i:10.5194/hess-16-3139-2012 Earth System
© Author(s) 2012. CC Attribution 3.0 License. Sciences

Parameterization of atmospheric longwave emissivity in a
mountainous site for all sky conditions

J. Herrero® and M. J. Polc?

Fluvial Dynamics and Hydrology Research Group, Interuniversitary Research Institute of the Earth System ini&ndaluc
University of Granada, Spain

2Fluvial Dynamics and Hydrology Research Group, Interuniversitary Research Institute of the Earth System ini&ndaluc
Campus de Excelencia Internacional Agroalimentario ceiA3, University of Cordoba, Spain

Correspondence tal. Herrero (herrero@ugr.es)

Received: 14 February 2012 — Published in Hydrol. Earth Syst. Sci. Discuss.: 21 March 2012
Revised: 24 July 2012 — Accepted: 20 August 2012 — Published: 5 September 2012

Abstract. Longwave radiation is an important component expressions in two alternative sites showed that the greater
of the energy balance of the Earth’s surface. The downwardiccuracy of the latter can also be found in very close sites,
component, emitted by the clouds and aerosols in the atmowhile a better performance of the Brutsaert scheme, with
sphere, is rarely measured, and is still not well understooda more physical background and the successful parameter-
In mountainous areas, direct observations are even scarc@ation of the clouds effect, is found in nearby sites outside
and the fitting of existing models is often subjected to localthe initial mountain range. The results show the feasibility
parameterization in order to surplus the particular physicsfor the local calibration of expressions to estimate instanta-
of the atmospheric profiles. The influence of clouds makesneous atmospheric emissivity for all sky conditions only us-
it even harder to estimate for all sky conditions. This work ing surface data, either with a completely parametric scheme
presents a long-time continuous dataset of high-resolutionf longwave data are available, or through obtaining of locally
longwave radiation measured in a weather station at a heighfitted coefficients for Brutsaert and derived schemes. Never-
of 2500 ma.s.l. in Sierra Nevada, Spain, together with thetheless, the best performance of the first approach would be
parameterization of the apparent atmospheric emissivity folat the expense of a reduced local applicability.

clear and cloudy skies resulting from three different schemes
We evaluate the schemes of Brutsaert, and Crawford and

Duchon with locally adjusted coefficients and compare them

with a completely parametric expression adjusted for thesel ~ Introduction

data that takes into account three possible significant atmo-

spheric states related to the cloud cover: clear, completely-Ongwave radiation has an outstanding role in most of the
covered, and partly covered skies. All the parametric ex-environmental processes that take place near the Earth’s sur-
pressions are related to the screen-level values of tempef@ce (e.g. Philipona, 2004). Radiation exchanges at wave-
ature, relative humidity and solar radiation, which can belengths longer than 4 um between the Earth and the atmo-
frequently found in standard weather stations. UnobservegPhere above are due to the thermal emissivity of the surface
cloudiness measurements needed for Brutsaert scheme f@fd atmospheric objects, typically clouds, water vapour and
C|oudy Sky are also parameterized from screen-level meacarbon dioxide. This Component of the radiation balance is
surements. The calibration performed for a 6-yr period at tha'esponsible for the cooling of the Earth’s surface, as it closely
study site resulted in satisfactory estimations of emissivityeduals the shortwave radiation absorbed from the Sun. The
for all the analyzed schemes thanks to the local fitting of themodelling of the energy balance, and, hence, of the longwave
parameterizations, with the best achievement found for th&adiation balance at the surface, is necessary for many differ-

completely parametric expression. Further validation of the€nt meteorological and hydrological problems, e.g. forecast
of frost and fog, estimation of heat budget from the sea (Dera,
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1992), simulation of evaporation from soil and canopy, or atmospheric emissivity based on 2-yr screen-level values of
simulation of the ice and snow cover melt (Armstrong and solar radiation, temperature and relative humidity that greatly
Brun, 2008). improved the simulation of the snow cover evolution (Her-
Even though longwave radiation instrumentation (pyrge-rero et al., 2009).
ometer) is nowadays usually deployed at weather stations In this work, a deeper analysis of apparent atmospheric
specifically designed for scientific purposes (e.g. Sicart eemissivity through a 6-yr continuous dataset of measure-
al., 2006), it is not so common in the most habitual auto-ments of longwave incoming radiation and its relation to
mated weather stations. Hence, all energy balance modelgther meteorological data in the high mountain sit&kefu-
estimate longwave components independently through difgio Poqueira(Sierra Nevada, Spain) is presented. From this
ferent physical relations and parameterizations. Downwardanalysis, local parameterizations for emissivity under all sky
longwave radiation is difficult to calculate with analytical conditions, based on 5-min surface measurements of rela-
methods as they require detailed measurements of the ative humidity, temperature, and solar radiation, are proposed
mospheric profiles of temperature, humidity, pressure, andnd validated against direct local measurements. For this pur-
the radiative properties of atmospheric constituents (Aladogose, two different approaches were performed and validated
et al., 1986; Lhomme et al., 2007). To overcome this prob-at the study site: (1) a new completely empirical expression
lem, atmospheric emissivity and temperature profile are usu¢3sParam) furthering the results in Herrero et al. (2009); (2)
ally parameterized from screen-level values of meteorologthe use of the physically based parameterizations of Brut-
ical variables. The use of near surface-level data is justisaert (1982) (B82) and Crawford and Duchon (1999) (CD99)
fied since most incoming longwave radiation comes from thewith a local fitting of their coefficients. Next, the local param-
lowest layers of the atmosphere (Ohmura, 2001). eterizations obtained were tested against the data at two ad-
It is relatively easy to create parameterizations to esti-ditional weather stations: a new station very closRéfugio
mate emissivity under clear sky conditions. Several stud-Poqueirawith a very similar topography and another station
ies have compared the performance of different parameterrecently deployed on the opposite side of the valley where
izations over longwave records (e.g. Sugitia and Brutsaertdifferent orographic conditioning, aspect and elevation can
1993; Gabathuler et al., 2001) and for all cloudy sky condi-be found. Finally, conclusions concerning the applicability
tions (Pliss and Ohmura, 1997; Crawford and Duchon, 1999;of the different parameterizations developed out of their lo-
Pirazzini et al., 2000; Kjaersgaard et al., 20007; Sedlar anatal scope were addressed.
Hock, 2009; Staiger and Matzarakis, 2010). But only a few
of them were carried out on highland sites (Iziomon et al.,
2003; Lhomme et al., 2007; Flerchinger et al., 2009; Yang e2  Site description and instrumentation
al., 2010). Besides, the effect of clouds and stratification on
atmospheric emissivity is highly dependent on regional fac-The study site is the southern slope of Sierra Nevada Moun-
tors, which may lead to the need for local expressions (e.gtain (Fig. 1), located 35km north from the Mediterranean
Alados et al., 1986; Barbaro et al., 2010). Sea in southeastern Spain (M. This mountain range
But mountainous catchments are very sensitive areas asses to 3500 ma.s.l. and runs parallel to the sea for approxi-
they are greatly exposed to meteorological conditions. Heremately 60 km. It is characterized by high altitudinal gradients
the surface energy balance has the greatest influence on eand a heterogeneity produced by a high mountain climate
vironmental processes, especially if snow is present. As exinfluenced by the surrounding Mediterranean climate. The
isting measurements are scarce (e.g. Iziomon et al., 200Jresence and influence of winter snow becomes important at
Sicart et al., 2006), a correct parameterization of downwardabove 2000 ma.s.l. The snowmelt season generally extends
longwave irradiance under all sky conditions is essential forfrom April to June, even though the mild winter periods char-
these areas. Herrero et al. (2009) modelled the energy bahcteristic of the Mediterranean climate can melt most of the
ance of the snowpack in Sierra Nevada Mountains (Spain)snow before the end of the snow season (especially during
by the Mediterranean Sea. Different parameterizations for atdanuary and February). Typically, several consecutive accu-
mospheric longwave emissivity (Brunt, 19320#ig-Langlo  mulation/melting cycles take place during one year. Subli-
and Augstein, 1994; Prata, 1996) were tested for clear skynation from the snow can also be very important, up to 40 %
periods, and, although the best model performance was obof yearly snow precipitation, if the appropriate meteorolog-
tained using Brutsaert (1975) (same as Kimball et al., 1982jcal conditions prevail (Herrero et al., 2009). Sierra Nevada
Kustas et al., 1994; Iziomon et al., 2003), the extension tohouses a Spanish National Park and one of the International
cloudy conditions (e.g. with Crawford and Duchon, 1999) Global Change Observatories in Mountain Areas because of
turned into a global underestimation of incoming longwave its particular conditions and fragile environment.
radiation. This underestimation prevented the model fromre- An automatic weather station was operated Refu-
producing the different winter snow melting cycles typical gio Poqueira(RP Station), at 2500 ma.s.l. (Herrero et al.,
of this Mediterranean low-latitude area. This problem was2011). Measurements of incoming shortwave and longwave
overcome through the use of a simple parameterization foradiation (Kipp&Zonen SP-Lite pyranometer and CGRS3
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3 Data analysis
45°N - , S 3.1 Longwave data

After the Stefan-Boltzmann Law for the radiation emission
of any body at a temperature (K), downward longwave
radiationL (W m~—2) coming from the near-surface layer of
the atmosphere may be written as

40°N 1 Spain

LY =0T (1)

whereg, is the apparent emissivity of the sky (Unsworth and
Monteith, 1975),c (Wm~2K~%) is the Stefan-Boltzmann
constant, and (K) is the air temperature near the surface
(typically 2 m).

The downward longwave radiation measured for 5 con-
secutive years at RP Station, convertecjoaccording to
Eg. (1), is shown in Fig. 2a and summarized in the probabil-
ity density function (pdf) in Fig. 3. The lower values af
belong to clear sky situations, and in the pdf they smoothly
fit a Gaussian with a mean value of 0.68 and a standard devi-
ation of 0.0565. During very clear days, with a low tempera-
Fig. 1. Location of Sierra Nevada in Andalusia, Spain, and the ture and relative humidity, it exhibits values ranging from 0.5
weather stations used in this stud¥efugio Poqueirand EN2 on  to 0.6. In the pdf, 0.77 sets the limit between clear sky and
the southern slope of Sierra Nevadzontraviesafacing north on  partly covered situations; higher valuessgfdenote the pres-
the opposite mountain range). ence of clouds in the atmosphere. A seasonal pattern is easily

observed in Fig. 2a, where the lowest emissivity values from

pyrgeometer) and of 2-m air temperature and relative humid-<lear skies are reached during winter. Yang et al. (2010) re-
ity (Vaisala HMP45), among others, have been conductedborted seasonal variations of up to 100 Whbetween sum-
continuously since November 2005. The CGR3 pyrgeome-mer and winter monthly means of downward longwave ra-
ter has a spectral range comprised between 4.5 and 44 pdiation measured at the Tibetan Plateau, above 4000 ma.s.l.
and an accuracy of 5Wnf. A Campbell CR-510 datalog- This emphasizes the importance of longwave balance for
ger recorded 5-min averages of 5s sampling rate observacooling the soil and snow under high mountain clear skies.
tions. The sensor is placed on a horizontal surface in théThese measurements are similar to those found by Frige-
middle of the mountain side, surrounded by higher groundrio (2004) in Argentina, at 2300 ma.s.l., with night values
to the north but completely exposed to the south. The ob-of atmospheric emissivity of under 0.7 with clear skies. Fig-
struction of the sky by the terrain is minimal (the sky view ure 2b represents daily variation &f that is, the difference
factor is 0.97); hence, longwave radiation emitted from thebetween maximum and minimum daily values. It exhibits
ground has been discarded. Additionally, for this study wea marked seasonality, where wider daily variationgpin
have used the data recorded by two new weather stations inwinter are in accordance with wider variations in tempera-
stalled in the proximity of RP Station in 2009 (Fig. 1) that are ture and relative humidity. Minimum instantaneous values of
equipped with downward longwave sensors. (1) EN2 Stationgg during winter can be as low as 0.4, while in summer they
belonging to the Department of Agriculture, Fisheries andrarely drop to under 0.6.
Environment of the Regional Government of Andalusia, is These measured values under clear skies are lower than
located at only 4 km east from RP Station and at 2325 m a.s.|.those estimated from the usual empirical expressions, which
within the same southern slope of Sierra Nevada. Radiatiortasts a doubt over the latter for their general use in the
is measured by a NRO1 Hukseflux 4-component net radiomehighland under any atmospheric state. Thus, the expression
ter, while temperature and relative humidity are measuredy Konig-Langlo and Augstein (1994), used by Jordan et
by a Vaisala HMP45. Data are recorded at 10-min intervalsal. (1999) in the SNTHERM model, gives a minimum value
(2) ContraviesaStation (C Station) is located at 25 km south for emissivity of 0.765, much higher than the real values
from RP Station at 1332 ma.s.l., on the ridgeCaitraviesa  measured in this site. Prata (1996) also overestimates the
mountain range, which is a lower range parallel to Sierralower values found under clear skies. Only Brutsaert (1975)
Nevada. It has the same configuration as RP Station, excegfives more realistic values of for clear skies and is capable
for the radiation sensors, which, in this case, are an IR02 pyreof reproducing values of below 0.60 during cold days with a
geometer and a LP02 pyranometer, both from Hukseflux. clear sky and low relative humidity.
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Moving Average. 5 weeksi

2008 2007 2008 2009 Fig. 3. Pdf of the atmospheric emissivity 5-min values from 2005

to 2011 with (a), a Gaussian fit for clear sky conditions, (b), an
exponential fit for completely covered data, and (c) a residual cor-
responding to partly covered sky situations.

3.2.1 Local 3-state parameterization (3sParam) for
RP Station

With a calibration dataset composed of all the 5-min data
measured from November 2004 to December 2010 at RP Sta-
2006 2007 2008 2009 2010 2011 tion, including daytime records for any cloudiness degree, a
set of parametric expressions to calculate atmospheric emis-
sivity for all sky conditions was fitted.

In order to evaluate the relationship existing betwegn
and cloudiness, the clearness index (Cl) has been used, as
in Sugita and Brutsaert (1993), and equivalent to ratio
Crawford and Duchon (1999). ClI is the ratio between the
theoretical shortwave irradiance at the top of the atmosphere

On the other hand, emissivity values of 1 are easily (extraterrestrial radiation) and the surface-measured solar ra-
reached under C|0udy conditions. The eXiSting parameteri'diation_ By means of the C|, calculated with the topographi_
zations are required to accomplish this sensitivity to cloudcal model described in Aguilar et al. (2010), it is possible to

presence, which will usually demand local fitting of the pa- find out the degree of opacity of the atmosphere due to the
rameters that control the influence of the clouds over emistoncentration of aerosols and clouds during the daytime.

Fig. 2. Atmospheric emissivity measured at RP Station from 2005
to 2011.(a) Complete dataset with 5-min frequency and the 5-week
moving average in whitg(b) Daily variation (difference between
maximum and minimum daily values).

sivity. Both Figs. 4 and 5 are an image representation of a 3-D
surface (5-ea-Wa for Fig. 4, andWy-Cl-¢4 for Fig. 5) made
3.2 Parameterizations from screen-level data up from a cloud of points, which sum up more than 550 000

points corresponding to that number of 5-min measurements
From the previous analysis of the data recorded by RP Staat RP Station. In order to visualize them, a grid of 0000
tion, it was found that relative humidityy,, exhibited more  cellsin X-Y axes {>-¢a in Fig. 4 andW,-Cl in Fig. 5) was de-
compact relations witlh, and T, than the water vapour pres- fined and then the mean and the standard deviation of the Z-
sure,ea. SO, despite, being the variable commonly used in  value (W, in Fig. 4 ande, in Fig. 5) of the points included in
the calculation ok, for clear skies W5 was chosen for the each cell were calculated and represented through the colour
parameterizations that involve cloudiness (same as Sicart efcale. Thus, the image consists of 20000 cells between
al., 2010) because it seems to represent the variatiag in the maximum and minimum value in X and Y, and each cell
better, due to the presence of water in the atmosphere at higis assigned a colour that corresponds to the mean value or the
altitudes. Figure 4a shows the relationship between the meastd inZ of the pixels inside that cell. Cells have to comprise a
sured values of,, Ta, and Wy for all sky conditions. That  minimum of 40 points in order to be coloured. Lower values
relationship is especially strong for clear and completely cov-in std refer to that combination of X-Y whegeis very likely
ered skies, as shown by the low magnitudes of the standartb have one particular value, with a low scattering. It is inter-
deviation (std) in Fig. 4b for the values of under 0.7 and  esting to note that such is the case found for clear skies and
over 0.9, respectively. Partly covered skies appear as a trarfer completely covered skies, a property that is used to define
sition zone between these two boundary situations. There ardifferent regions for the atmospheric states. The same Fig. 5
some differences in these relationships between daytime anshows the states of clear sky (region A) and sky completely
nighttime values, but they were not found to be significantovercast (region B) and how they are very well represented
for these particular data. in the relationW;-Cl-¢5. The transition area between both
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Fig. 4. (a) Mean value andb) standard deviation for relative hu-
midity W3 measurements as a function of temperafyrand atmo-
spheric emissivitya.

where W, is expressed again as a fraction of one d&pdh
K. In the case of the “completely covered skies”, the emis-
sivity 5% does not show any relation ® but it does to CI.
Therefore, the following parametric function was fitted, the
regions concentrates the dispersion of the values (a high stdyariables being expressed as before:
The region of the completely covered skies has a very high ccs
emissivity, of above 0.95. This means that not only are therefa = 1 — 1.38Cl+ 1.33W,Cl. ®)
clouds bqt also tha.t they are close to the surface, which I!izor “partly covered skies”, the best fitted expression of the
common in mountainous areas and the reason why the rela- . """~ 55 :
tive humidity of air is highly correlated with cloudiness. emissivityea ~ obtained was

Thus, a clear sky region (A in Fig. 5a) and a completely _pcs_ _ 2 3
overcast region (B in Fig. 5b) were identified from the anal- fa”=081-026CF+025W, ©)
yses of the mean values (Fig. 5a) and their std (Fig. 5b).
These regions were delimited by the following expressions3.2.2 Local parameterization of Brutsaert, and

as a function of¥; and CI: Crawford and Duchon equations

Region A: Cl > 0.25W?2 4 0.025W, + 0.65 (2a)  Brutsaert (1975) analytically derived a formula to compute
incident longwave radiation under clear skies assuming ex-

Cl < —0-25Wa2 —0.625W, + 1.49 (2b) ponential atmospheric profiles for temperature, pressure and
humidity. The theoretical background that sustains this equa-

Region B: Cl < 2.667W, — 1.867 3) tion has made it widely used and preferred among others.

Later generalization of this equation to cloudy conditions in
whereW, is expressed as a fraction of one. This partition wasBrutsaert (1982) (B82) and Crawford and Duchon (1999)
made on the basis of the relation betweenZ},and emis- (CD99) added some parameterizations to this formulation.
sivity as shown in Fig. (5). Region A for clear skies defines B82 extendedg® for all sky conditions by means of a factor
the area in a CW, axes, where the mean value for the emis- F:
sivity is lower than 0.7. Conversely, region B for completely

. L AR 17
covered skies delimits the area where emissivity is greatefs = Ic(10¢a/Ta)"/ (7)
than 0.9. It must be emphasized that these two regions in-
: : 0
clude most of the atmospheric states found, since 59 % O£a= SF = £S5(1 4 CN?) @)

all the daily states are clear skies and 14 % are completely

covered skies. The intermediate states correspond to parthyhere Ic stands for “leading coefficient”, originally set to

cloudy skies or anomalies in the two previous regions, so thali 24, ¢, is the vapour pressure near the surface in kPa, and

it is a zone with a great dispersion in the valuesof F (F=1+CNZ?> 1) is the increase in the sky emissivity
For “clear sky” conditions, the following expression for due to the presence of clouds. This factor is splitvipa

atmospheric emissivity® was derived from a polynomial fit - cloud index varying between 0 for clear skies and 1 for to-

of the available screen-level measurements in the daytimeglly overcast skies, and, an empirical factor dependent on
where the non-significant terms have been discarded: the cloud types, originally set to 0.22.
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CD99 included two modifications to the original by B82: calibration period at RP Station. Figure 7 shows the same
(1) extension to cloudy conditions through a simple linear comparison but for the validation at C Station, the study site
relation betweenr, and the ratio of the measured solar irra- most different from the RP Station, using the local calibration
diance to the clear-sky irradiancg,in fact equivalent to the  for the RP Station. The complete results from the statistical
propagation of Cl across the atmosphere; and (2) the substanalysis of all three models for the calibration and the three
tution of the leading coefficient, (Ic in Eq. 7) by validation datasets, RP Station, C Station, and EN2 Station,

. . are shown in Table 1. There, the results for the complete day-
Ic = (1.22+0.06sirf(month+ 2)pi/6]) ©) time data for each case along with the separation for each of
where “month” is the numerical month starting in January the three atmospheric states (clear, totally covered and partly
(=1). This expression, which results in Ic values ranging cloudy skies) are presented.
from 1.28 in January to 1.22 in July, was set for Okla- The results from the calibration and validation tests at
homa and validated through direct measurements of atmoRP Station agree, so that calibration is confirmed for this
spheric profiles. But for sites under different climate condi- site. The performance of the 3sParam model stands out over
tions, Eq. (9) should change. the rest of models, especially for clear and completely cov-

It is possible to calibrate Ic for a particular site using only ered skies. Partly cloudy skies are also best represented by
the data ofs,, T ande, for clear sky periods in Eq. (7). 3sParam, even though the differences in this state are fewer.
At RP Station, Ic was found to be constant throughout theThe graphical representation of these transition states in
year, with a mean value of 1.17. This is consistent with Figs. 6 and 7 shows a greater scattering, while measurements
findings on the Bolivian Altiplano of Lhomme et al. (2007) and predictions for clear and overcast states clearly fit more
(lc=1.18 at 4000 ma.s.l.) and Sicart et al. (2010) (Ic=1.15 attightly. B82 and CD99 are very similar for clear sky predic-
5060 ma.s.l.). This value will be used both in B82 and CD99tions, as the only difference is the set of the data that is con-
schemes. sidered cloudless. Also even though CD99 exhibits an overall

As B82 uses direct measurements of cloudiness, not availgood performance; very similar to B82 scheme, it fails to re-
able at the study sitey has been parameterized using the produce higher values of emissivity with completely covered
actual screen-level values 8f; and Cl in Eq. (8). This was skies. In this atmospheric state, measurements, cfearly
achieved by comparing measured and simulatednd the  meet at 1, while CD99 never reaches that value. The specific
resulting parametric expression is local parameterization of coefficient in B82 manages to
N = 1—0.45CI — 35W.Cl +4W§CI. (10) reprodu_ce this behaviour more precisely, at the cost of the

calibration of a second parameter.
The value ofN obtained from Eq. (10) is never allowed tobe  The results of the validation at the lower site of C Sta-
lower than O or higher than 1. tion show an outstanding loss of performance of the 3sParam

C in B82 also needs calibration. Data from completely model, when compared to the results at RP Station, particu-
covered sky periods can be used for that, so Eq. (8) has ttarly for the lower values of emissivity for clear skies, which
produces; = 1 whenN = 1. With RP Station data, and given are vastly underestimated by this model. The transition state
the previous calibration of Ic, the be€t was found to be is drawn with much more scattering for this model (Fig. 7c).

0.42. For this dataset, the leading factor fitted with RP Station data
o ] is too small and led to a general underestimation for B82
3.2.3 Parameterization analysis and CD99 schemes, especially in the case of the latter. Be-

sides, CD99 is also still penalized by its incorrect simula-
g?on of highest emissivities, whose measurements are very
close to unity for this site too. B82 has substantially better be-

i matel ts 15% of the whole 7-vr dat thaviourthan the rest of schemes for every atmospheric state
approximately represents o ot the whole /-y dalasel, 4 exhibits an outstanding performance despite that it was

Furtherr_nor_e, the appl|(_:ab|l|ty o_f edch 'OC?”V calibrated pa- calibrated for another station. One particularity of the mea-
rameterization was validated with the available dataset at C

. ) . Surements of, that can be observed is that they are steadier
Station (August 2009-April 2012) and EN2 Station (Octo- ﬁt this lower site compared to what happened at RP Station.

ber 2009-March 2012). The goodness of agreement of eac Finally, the validation at EN2 Station, located very close

model was valued by the commion stafistics mean bias €Ml RP Station, displays a very similar behaviour and statistics
(MBE), mean absolute error (MAE) and root-mean-squarefor3sparam scheme to that found at RP Station, even though
error (RMSE). measurements are even more unsteady here than in the RP
site. However, models B82 and CD99 clearly get worse for
4 Results and discussion all atmospheric states. The variable leading coefficient makes
both models underestimate emissivity for clear skies, while
Figure 6 shows the comparison between daytigraeasure-  covered skies with emissivities very close to 1 again are not
ments and values estimated by the different models for theaptured by CD99. 3sParam is still the most efficient scheme

The three models proposed, 3sParam, B82, and CD99, we
tested in RP Station with the calibration dataset (2004-201
period), and with a 1-yr validation dataset (2011) which
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Table 1. Summary of the goodness of agreement for the new 3-state parameterization (3sParam), Egs. (4) to (7), the Brutsaert equation
(B82), and Crawford and Duchon (1999) (CD99), both locally calibrated, for different atmospheric states for the calibration and validation
datasets. MBE: mean bias error; MAE: mean absolute error; RMSE: root-mean-square error.

Atmospheric state 3sParam B82

MBE/MAE/RMSE ~ MBE/MAE/RMSE

Calibration. RP Station (Nov 2004-Dec 2010)
Daytime — all data 0.000/0.045/0.065

CD99
MBE/MAE/RMSE

0.005/0.052/0.0720.012/0.056/0.080

- Clear skies 0.007/0.037/0.055 0.026/0.044/0.060 0.006/0.039/0.056
- Covered skies —0.002/0.025/0.040 —0.017/0.042/0.057 —0.075/0.080/0.097
- Partly cloudy —0.013/0.070/0.092 —0.032/0.076/0.098 —0.043/0.080/0.109

Validation. RP Station (Jan 2011-Dec 2011)

Daytime — all data 0.013/0.049/0.068 0.016/0.058/0.0760.001/0.058/0.080

- Clear skies 0.026/0.045/0.062 0.042/0.054/0.070 0.025/0.046/0.064
- Covered skies —0.012/0.031/0.048 —0.026/0.047/0.062 —0.080/0.087/0.106
- Partly cloudy —0.009/0.067/0.087 —0.030/0.075/0.095 —0.032/0.075/0.100

Validation. C Station (Aug 2009-Apr 2012)
Daytime — all data —0.062/0.071/0.084 —0.044/0.056/0.067 —0.069/0.071/0.083

- Clear skies

- Covered skies

- Partly cloudy

—0.082/0.084/0.092 —0.066/0.066/0.072 —0.078/0.078/0.086
—0.014/0.027/0.038 0.005/0.026/0.040—-0.056/0.059/0.075
—0.055/0.073/0.087 —0.036/0.055/0.070 —0.061/0.066/0.082

Validation. EN2 Station (Oct 2009—Mar 2012)
Daytime — all data

0.008/0.043/0.055—-0.076/0.079/0.093 —0.088/0.091/0.105

- Clear skies 0.021/0.041/0.053—-0.076/0.076/0.083 —0.087/0.087/0.095
- Covered skies —0.013/0.024/0.033 —0.038/0.049/0.063 —0.075/0.078/0.090
- Partly cloudy —0.013/0.057/0.069 —0.097/0.104/0.123 —0.098/0.100/0.130
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Fig. 6. Atmospheric emissivity measurements versus estimation ob+ig. 7. Atmospheric emissivity measurements versus estimation ob-
tained for the calibration at RP Station (2500 m a.s.l.) using the thredained for the simulation at C Station (1332 ma.s.l.) using the three
different schemes. different schemes locally calibrated with RP data.

for this station, followed by B82. Since EN2 Station belongs From Fig. 6, it can be seen that the lowest values for
to the same local region as RP Station, the local applicabilitymeasured,; at RP Station, those between 0.4 and 0.5, are
of 3sParam can be stated, whereas a lower level of local pagrouped in a scattered cloud of points with an estimated
rameterization, such as B82, can be more generally appliettalue of between 0.6 and 0.7. They are overestimated by
at the three tested sites. all the models. In fact, these measurements were taken un-
The classification of the dataset in 3 atmospheric statesler similar atmospheric states, corresponding to sunny win-
(clear, completely covered, and partly cloudy skies) allowster days with low wind speeds<(1 ms1), and this over-
a better adjustment and analysis of the performance of thestimation may be caused by the overheating of the pyrge-
models. The highest error is concentrated in the intermediometer dome by solar radiation under insufficient ventila-
ate atmospheric states, those with partial cloud cover, wher&on. This effect has already been reported (e.g. Weiss, 1981),
the surface measurements are not capable of representing toyt it is normally not accounted for as the induced errors are
themselves the complex state of the atmosphere and the prelow (Lhomme et al., 2007). However, in this work, the errors
ence of clouds and aerosols in it. in measured longwave radiation may be important for these
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specific meteorological conditions, with an absolute overeswithout any further calibration. This is partly due to the flex-

timation in measureed, of up to 0.2. ibility gained in this scheme through the calibration(oto-
A C coefficient in the extended Brutsaert equation (Eqg. 8)efficient in Eq. (8), which here was set to 0.42.
of below 0.42 would prevent the high valuesegf which are The need for downward longwave radiation measurements

measured in very cloudy states, from being reached by B8Zan be inferred from these results. When high accuracy is de-
scheme. This is a much higher value than the 0.22 originallysired, the development of a local expression such as 3sParam
proposed by Brutsaert (1982). This reflects the fact that, inis recommended if such data are available, which will allow
mountainous areas, the interaction of the clouds with the surmedium- and long-term simulation of this component of the
face of the terrain and, therefore, their effectaaris much  energy balance. However, the lack of direct measurements at
more intense than in valley areas. every significant station at a study site can be satisfactorily
Clear sky data are well predicted in this mountainous sitecompensated for by using weather data to locally calibrate
using the locally fitted leading coefficient of 1.17 in Eq. (7), the Brutsaert equation where longwave data are recorded,
as Ic was found to be constant throughout the year at RP Staand to apply the resulting expression all over the study re-
tion, for which it was calibrated. Later analysis showed thatgion, following the proposed methodology. As a direct re-
the seasonality observed in Crawford and Duchon (1999) foisult, it is also now possible to obtain atmospheric emissivity
Ic at their stations was in fact present at C and EN2 Staseries at stations without any longwave direct measurements
tions, so local recalibration could have improved the resultsin the surroundings of Sierra Nevada. Complete parametric
in them. expressions should have, in general, a very local scope of ap-
plicability, as the validity of these fits is linked to their ability
to characterize the state of the atmosphere, with regard to the
5 Conclusions local particularities in the atmospheric profiles of tempera-
ture and water vapour density and in the effect of cloudiness
The high resolution longwave measurements recorded in @ver emissivity, only with surface measurements of tempera-
weather station at an altitude of 2500 m in a Mediterranearture, humidity, and solar radiation.
climate can be correctly estimated by most of the existing
models and frequently used parameterizations, provided that
some local calibration of their parameters can be performedacknowledgementsThis work has been carried out within the
These measurements showed a very low atmospheric emissuadalfeo Project, funded by the Department of the Environment
sivity for longwave radiation values with clear skies (up to of the Regional Government of Andalusia, and partially funded by
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