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ABSTRACT. The surface temperature figures in nearly all equations for 
energy fluxes through a surface element. It is routinely derived from 
satellite radiances over the oceans. However, over land the changing 
surface emissivity, strong daytime heating as vJell as nighttime cool­
ing and the difficulty of defining surface temperature for a canopy, 
have prevented a routine application. This paper shows the Pd$sible 
influences of water vapour content, near surface thermal structure, 
aerosol particles, thin clouds, slant paths and surface emissivity on 
the correction of atmospheric masking. A procedure for land surface 
temperature determination for the NOAA 7, 9 satellite data comprising 
four steps is put forward: 
- water surface temperature derivation; 
- interpolation of the water surface correction; 
- additional correction due to heated or cooled surfaces; 
- choice of the highest temperature from the three thermal IR channels. 

The procedure is applied to a daytime and a nighttime scene 
covering the Alps. 

1. INTRODUCTION 

All fluxes determining the energy budget of a surface element, except 
solar radiation flux, involve - if parameterized - the surface tempe­
rature, either directly like longwave net flux or indirectly via a 
temperature gradient like sensible heat flux and latent heat flux into 
the atmosphere as well as the sensible heat flux into the soil. There­
fore, the two-dimensional surface temperature distribution is needed, 
whenever the total energy budget or parts of it are sought for any 
area. Since the direct measurement of surface skin temperature is im­
possible (due to the disturbance by any thermometer) an ideal means is 
the radiometric determination of temperature via surface emission 
within the thermal infrared spectrum from an airplane or a satellite. 

Immediately two error sources come into play: 
- the non-blackness of all natural surfaces; 

the emission of the atmosphere between the measuring platform and the 
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surface at temperatures differing from the surface temperature. 
Both errors vary with time for a distinct surface element. In 

both cases this is mainly caused by changes in water content either by 
a change from a dry to a wet surface or by changes in atmospheric wa­
ter vapour. 

Since the atmosphere has no perfect spectral window in the thermal 
infrared, a one-channel radiometer for the remote measurement of surface 
temperature may at best apply a climatological mean correction of the 
auwsphere's masking, if no calibration points are available. 

This lecture will give - after a short section on theory - an 
account of surface parameters, gases and aerosol particle characte­
ristics influencing the remote measurement of surface temperature, 
will then show algorithms to establish a stand-alone remote surface 
temperature measurement, and will finally discuss a variety of appli­
cations of different algorithms also including the daily temperature 
amplitude determination. 

2. ESSENTIAL PHYSICAL BACKGROUND 

2.1 Governing Equations 

Remote sensing by electromagnetic waves in the visible and infrared 
part of the spectrum normally applies time averages over many waves. 
The appropriate equation governing the time averaged squares of ampli­
tudes of electromagnetic waves is the radiative transfer equation. 

written for spectral radiance lA' the energy flowing through a 
unit surface from a unit space angle per unit time and unit spectral 
interval (here wavelength A; thus the dimension is Wm-2sr-1~m-1) 

or (1) 

It simply states that firstly the incoming spectral radiance IA reduces 
more for a greater spectral optical depth increment d'A of a medium, 
and that secondly IA may be increased by a source J A. The spectral op­
tical depth 'A is defined here as the integral over spectral volume 
extingtion coefficient e A along a distinct direction s 

s* 

J e A ds (2) 

o 

For thermal infrared remote sensing tl.e integration of Eq.(l) (an inte­
gro-differential equation in scattering media) may be simplified con-
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side~ably by neglecting scatte~ing in the atmosphere, thus reducing the 
spectral sou~ce J A to Planck's function BA, which me~ely depends on 
tempe~ature T. This simplification is a good approximation fo~ all 
cloudless a~eas in the thermal inf~a~ed outside very st~ong atmosphe~ic 
turbidity laye~s. As a rule of thumb the scattering optical depth 
caused by ae~osols is by a facto~ of 5 smalle~ in the main the~mal in­
f~ared window f~om 10-30 ~m wavelength as compa~ed to the visible wave­
length, whe~e Taerosol < 0.2 is mostly satisfied. 

After a formal integration along a distinct path in a non-scat­
tering atmosphere, here from TA = 0 at the top of the atmosphere - where 
as a boundary condition no emission from space is assumed, i.e. 
I~ = 0 - to the ground with total optical depth T~, we obtain for the 
spectral radiance It emerging at the top of the atmosphere 

x 
+ -T A 

IA = EABA (Ts)e surface contribution 

atmospheric emission (3) 

surface ~eflection of 
downwelling emission of 
the atmosphe~e (he~e 

written for a smooth sur-
face only) 

Only the first term on the right side contains information on surface 
temperature Ts via Planck's function BA(Ts ); ideally the spectral emis­
sivity EA reaches unity for a blackbody. Fortunately, most natural 
surfaces, especially water and vegetated surfaces, reach EA > 0.95, 
even EA~ 0.99 in thermal infrared windows. In order to obtain the spec­
tral surface emission EABA(Ts ) to the satellite spectral transmission 

-T A tA = e of the atmosphere should be as small as possible, i.e. only 
atmospheric windows are suitable wavelength positions. 

The second term, atmospheric emission, masks the surface contri­
bution. If near surface layers of the atmosphere with BAT(T A) only 
slightly smaller than BA(Ts ) constitute the main part of the integral 
of the second term, the transmission loss of surface emission in term 
number one is to a large extent compensated. However, this is not at 
all the case for high aerosol particle layers or subvisible cirrus 
clouds both emitting at low tempeatures. In this case even very small 
spectral optical depth values with TA 2.0.01 may cause up to one per­
cent error in spectral upward radiance-It, which at ambient temperatu­
res of 200 C is approximately equivalent to a one degree temperature 
error if measuring in the 10-13 ~m central infrared window. Since ver­
tical temperature and humidity structure (water vapour absorption is 
the dominant absorption in the windows) vary considerably depending on 
weather conditions and geographical position the degree of compensation 
mentioned above also varies, leaving a variety of necessary corrections 
for the atmosphere's masking ranging from no correction to up to 10 K. 

The third term accounts for the reflection of downwelling thermal 
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infrared radiances by the surface. Its importance decreases with in­
creasing EA and extinction by the atmosphere; thus it is nearly negli­
gible over water surfaces in the tropics and it becomes considerable 
in moderately humid atmospheres over rock surfaces. If handled accu­
rately for a rough surface, either composed of surface elements with 
different slopes or vegetated, this term needs a proper description 
of spectral emissivity EA as a function of both the angle of incidence 
of downwelling radiance and the surface element slope distribution. 
Its effect is a partial compensation of the blackbody emissivity defi­
cit in term number one, with growing compensation for increasing sur­
face roughness. 

2.2 Relation to Temperature 

The quantity desired is the surface temperature Ts and it is hidden in 
the spectral Planck's function BA (Ts ). Any upwelling spectral radiance 
It, the sate llite signal, may be expressed in a so-called brightness 
temperature TB' which merely is a temperature a blackbody emitting the 
same spectral radiance would have. The simple inversion of Planck's law 

BA (T) d A 
2hc 2 

AS e hC / AT _ 1 
d A 

B (T)d 
2hv 3 

v v 7 dA 
e vh/kT _ 1 

(if written for wave-number v = l/A in spectroscopy) 
h Planck's constant; 
c velocity of light; 
k Boltzmann's constant; 

gives brightness temperature TB 

TB = InB ~T)-b; a=c2v,b=lnclv3, cl = 2h/C2 ,C2=h/k 
v 

+ 

(4a) 

(4b) 

(5) 

The conversion of satellite signals I A into brightness temperatures TB 
is generally accepted. However, these values are often erroneously 
used directly as surface temperatures before the atmospheric masking 
has been corrected. Before these corrections we will introduce Eq. (3) 
and also Eq.(5) which, when written for the monochromatic idealization, 
must be adapted to the finite spectral width of a radiometer channel. 

2 .3 Account of the Finite Spectral Width 

The width of satellite radiometer channels causes a modification of the 
idealized equations (3) and (5). If the normalized spectral transmission 
~*(v) or ~*(A), for which we have 
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v2 \2 

f r.px(v)dv 
r 

r.p* (A) d\ I 
J 

v1 \1 

is introduced into Eq. (3) the real satellite signal becomes 

with: 
v1,v2 

\1'\2 

v 2 v2 
+ r 

I+.r.p"J:.(v)dv 
J 

:;: 
I lIv J v Bv (TB)·r.p (v) dv 

v 1 v1 

\2 \2 

+ 
J 

+ * 
J 

B\ (T B) .r.p:l: (\) d\ IlI\ IA·r.p (A)dA 

\1 Al 

wavenumber for which r.p:l: (v) = 0 if v < v 1 and v > v 2; 

wavelength for which r.p* (\) = 0 if \ < \ 1 and \ > \ 2' 

(6) 

(7) 

Since r.p:l:(v) cannot be simply expressed as an analytical function, 
Eq.(7) cannot be exactly - as Eq.(5) - converted into a brightness 
temperature TB• Following an empirical approach by Singh (1984) the 
brightness temperature TB of existing satellite radiometer channels is 
sufficiently accurate if described by 

where the so-called preliminary brightness temperature TB is related 
to 1+ as follows 

lIv 

T' 
B 

(equivalent to Eq. (5» 

(8) 

(9) 

This approach also accounts - in Eq. (8) - for any occurring non-linear 
calibration curves of a satellite radiometer. 

As an example, Table I displays the coefficients for all three 
thermal infrared channels with central wavelengths X at 3.7, 11 and 
12 ~m of the NOAA 7 polar orbiting satellite, the first to contain the 
split-window at 11 and 12 ~m. 

2.4 liT for Different Atmospheres 

The dependence of the temperature correction liT on different situations 
is best explained by showing liT for variations of spectral emissivity 
E\, water vapour content, temperature structure, viewing angle, aero­
sol particle optical depth and optically thin, undetected clouds. 

The best way of obtaining an overview of possible corrections is 
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TABLE I 
Coefficients in Eqs. (8) and (9) needed for the determination of TB for 
the Advanced Very High Resolution Radiometer (AVHRR) infrared channels 
onboard the NOAA 7 satellite 

Channel ;\. ;:\1 K bl a2 b2 K 

3 3.7 ).lm 0 1 12.2554 -3821.046 
4 11 ).lm -12.920 1.045 9.2058 -1344.832 
5 12 \.1m - 7.717 1.027 8.9373 -1226.189 

by numerical simulations with a radiative transfer model. The following 
results were all available before a procedure for land surface tempe­
rature determination had been devised. 

2.4.1 Emissivity dependence. Within the 0.95 < E Co ;\' < 1.0 range of mean 
surface emissivity ECo;\' for the wavelength band Co;\, of a radiometer 
channel, the temperature correction 6T used to infer surface tempera­
ture Ts by 

( 10) 

is nearly linearly dependent on the deviation from the blackbody emis­
sion 1-E6;\. with 6T/6E6;\. = -0.45 K for one percent change in mean emis­
sivity ECo ;\.. Moreover, 6T/6ECo;\. is only slightly dependent on tempera­
ture structure close to the ground and on spectral position within the 
main thermal infrared window (Figure 1). 

2.4.2 Water vapour influence. Water vapour is the dominant absorber 
within the thermal infrared window from 10 to 13 ).lm wavelength. It is 
not possible to reduce its influence strongly by choosing narrow 
spectral intervals, since the main absorption is not due to single 
water vapour lines but to the so-called water vapour continuum, often 
termed e-type absorption with reference to the vapour pressure e de­
pendence. The origin of this absorption, either wings of distant lines 
or water vapour polymers, is still not known. 

As both absorption within the atmosphere and the different emis­
sion temperatures determine 6T we should expect a strong dependence 
of the water vapour contribution to 6T on temperature structure. This 
is clearly shown in Figure 2 (modified after Stork, 1984), where 6T 
for strong inversions nearly vanishes and also loses water vapour con­
tent dependence while water vapour dependence is very strong for 
heated surfaces (daytime dry land surface). Another fact from Figure 2 
should be stressed: even in midlatitude atmospheres with water vapour 
content < 2.5 g.m-2 6T may vary between daytime and nighttime condi­
tions by up to 8 K. Figure 2 also indicates the advantage of a two 
channel or split-window approach. The different water vapour content 
dependence allows an approximate calculation of 6T without ground 
truth or knowledge of climatology. 
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Figure 1. Temperature correction 6T in K in a 4SoN standard atmo­
sphere as a function of mean spectral surface emissivity €6A for the 
wavelength band of a radiometer channel. Extreme temperature structure 
variations at the ground (10 K heating, 10 K cooling) do not change 
slopes appreciably (Stork, 1984). 

2.4.3 Temperature structure influence. The lower the temperature at 
which an atmospheric absorber emits (if compared to Tsl, the higher 
the 6T. Therefore, whenever atmospheric absorbers mask the surface, we 
need information on the temperature structure of the atmosphere in or­
der to estimate the absorber's influence on remote surface temperature 
determination. Since water vapour content is strongly concentrated near 
to the ground and since it is the most important absorber in this 
context, the near surface temperature structure should be investigated 
first. 

The main results of systematic simulations of lower tropospheric 
temperature variations are: 
- temperature inversions at the surface reduce 6T, eventually giving 

6T,;;, 0 for strong inversions (see also Figure 2); 
- heated surfaces lead to a strong enhancement of 6T, if compared to 

corresponding atmospheric temperature structure at adiabatic lapse 
rates; 
both above effects increase with increasing absorption, i.e. in 
channel 5 of the AVHRR, 6T < 0 is reached earlier at increasing in­
version strength; 

- in many cases 6T varies by more than 2 K between daytime and night­
time vertical temperature profiles, thus rendering the application of 
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Figure 2. Temperature correction ~T as a function of water vapour 
column content for a 450 N standard atmosphere, AVHRR channels 4 and 5, 
as well as surface heating and surface cooling by 10 K; nadir view; 
water surface emissivity EA' 

a mean ~T to a one-channel brightness temperature TB of little use; 
- determination of remote surface temperature is most difficult for 

daytime situations over heated land surfaces. 

The second effect of temperature structure, if ordered correspond­
ing to importance for surface temperature determination, is the low 
temperature in the upper troposphere and lower stratosphere. Optical­
ly thin cirrus clouds, often not detected, and stratopheric aerosol 
layers, therefore, become most important. They reduce the first term 
in Eg. (1), but however do not add much to the second term (BA (T) '\, T4 
near 10 ~m wavelength and thus very small at -50oC), at the low tem­
peratures mentioned. 

2.4.4 Off-nadir view. Imaging infrared radiometers like those onboard 
llliTEOSAT or NOAA-N look onto the Earth's surface at different angles, 
changing from pixel to pixel. Therefore, 6T must be different for all 
pixels even with a fixed vertical structure of the atmosphere and 
fixed surface properties. While all results up to now were for the 
nadir view, Figure 3 demonstrates the ~T increase for the off-nadir 
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Figure 3. ~T as a function of the scan angle (off-nadir) for the 
split-window channels of the AVHRR both for a flat surface and the 
Earth's surface. 

view also. 
The curves, shovm for the split-window channels of NOAA-7, also 

account for the sphericity of the Earth. If the curves were plotted 
as a function of relative airmass m, they would not show a linear de­
pendence. This is for the most part not due to the temperature decrease 
with height in the troposphere but to the compensational effect of 
the second term in Eq. (3). ~T '\, mn with n < 1 leads to a doubling of 6T 
(nadir) at m> 2, which is however, because of the sphericity of the 
Earth, already reached at about 500 scan angle, an angle inside the 
± 540 cross-track scan of the AVHRR. 

2.4.5 Aerosol particle effects. Aerosol particles scatter and absorb; 
thus it is more difficult to understand their impact on 6T than that 
of gases. Even as pure scatterers they would increase 6T, because the 
compensating second term in Eq. (3) then vanishes. The typical value of 
total aerosol optical depth 'a (see Eq. (2)) in the visible (0.55 ~m 
wavelength normally used as a reference wavelength) is 0.2. However, 
'a,0.55 may reach 1.0 during Saharan dust storms or in metropolitan 
areas. At thermal infrared window wavelengths 'a,0.55/'a % 5, the 
exact relation depending mainly on the size of the particles. Also the 
partitioning of extinction into scattering and absorption, and thus 
the chemical composition, play an important role since the wavelength 
dependence of ~T/6'a,O.55 is not well known in the thermal infrared 
window. We may expect the failure of the split-window technique for 
aerosol effect correction and thus need additional channels for a 
satellite-alone retrieval of Ts' 

Since the vertical distribution of aerosol particle number density 
is even more variable than that of water vapour denSity, the aerosol 
particle contribution to 6T may vanish as for clear polar air or may 
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be as important as water vapour in cases with high lying aerosol layers. 
For cases where most of the aerosol load is confined to the planetary 
boundary layer - the standard case - ClT/ClTa ,O.55 ~ 5 K per unit optical 
depth; i.e. typically .5 K must be added to satellite brightness 
temperatures to compensate for the aerosol effect. The exact value of 
ClT/ClTa ,O.55 additionally depends rather strongly on relative humidity 
and water vapour column content. 

2.4.6 Optically thin clouds. Any surface temperature algorithm ap­
plied so far must rely on a cloud detection procedure applied before 
the temperature algorithm. Because of a frequent failure of cloud de­
tection algorithms for optically thin or sub-pixel sized clouds,llhe 
possible influence of thin cirrus clouds on brightness temperatures 
is shown as an example. Figure 4 from Manschke (1985) also includes 
aerosol effects. It is clearly seen that 

X horizontal visibility 23 km 

2.6 0 horizontal visibility 5 km 

!:::" 
001 I 0 

Z 0.05 . 

~ Z y optical depth of cirrus 
1.8 ~D 

Y 0.10 
~ 0.50 * ~ 0 * 0 

en 
l- t:. Z yY * ~ * 
~ 

1.0 Z * 
~ 

en 0 
I-

~ 0.2 ~ Z 
Y * <I 

)C, Z Y 
* 0.6 

4 6 8 10 12 14 

llTB = TB (3) - TB (4) [K] 

Figure 4. Brightness temperature differences ClTB = TB (3) - TB (4) versus 
ClTB = TB (4) - TB (5) for 6 atmospheres (450 N summer, autumn, winter; 
subarctic summer and winter; tropics lOoN) and at 6 cirrus or aerosol 
disturbances as indicated. 
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- the difference 6TB = TB (3) -TB (4) of channels 3 at 3.7 \lm and 4 at 
11 \lm of the AVHRR is well suited for a cloud detection; 

- aerosol effects at a horizontal visibility change from 23 to 5 km 
are smaller than those for 0.05 optical depth of a cirrus at 10 km 
height; 

- aerosol effects also have more impact on TB (3) - TB (4) than on 
T B (4) -TB (5); 

- differences among atmospheres dominate 6TB for Tcirrus ~ 0.1, thus 
offering Ts determination through thin cirrus as shown by Manschke 
(1985) for water surfaces. 

Different procedures for detecting thin and sub-pixel sized clouds 
as well will be presented in section 3.5. 

2.4.7 Other influences. The thermal infrared window from 10-13 \lm as 
well as other smaller thermal infrared windows are not free of absorp­
tion by other gases than water vapour. For well-mixed gases like carbon 
dioxide (C02)' methane (CH4) and nitrous oxide (N20), the influence has 
been taken into account for the simulations presented. They also pose 
no severe problems when applying Ts retrieval algorithms to satellite 
data. Depending on the satellite radiometer channel, ozone may also be 
important for the exact 6T (Grassl and Koepke, 1980). 

3. ALGORITHMS 

It is now common practice to call an equation coupling satellite ra­
diances and atmospheric parameters via an empirical or semi-empirical 
though simple relation an algorithm. Despite a possible success when 
"playing" with brightness temperatures or their differences during the 
search for a retrieval procedure or an algorithm, one should normally 
start with the basic equation, simplify it and then adjust some para­
meters by validating remote measurements with in-situ data whenever 
possibl e . This way will be chosen for the multi-channel approach, but 
one-channel surface temperature estimation will be considered first. 

3.1 Ts from a Single Channel 

From the variability of the temperature correction 6T, shown in 
section 2.4, it follows that the surface temperature Ts from a single 
channel will be least accurate over heated land surfaces at high rela­
tive humidity and high level turbidity, if only climatological cor­
rections 6T are applied to the satellite data. Under these circum­
stances and for the outer parts of the swath 6T ;;; +10 K is not rare. 

On the other hand, for a nearby lake in spring, as shown by 
McC lain (1986), 6T ;;; 0 K may be correct. Thus the sate lli te brightness 
temperature map often smoothes horizontal surface temperature differ­
ences. How should one then proceed, if only one channel is available? 
The answer is: Use as much additional information as is available. 
This additional information may be 
- radiosonde data; 
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- short-term temperature profile forecasts; 
- routine air temperature (2 m height) observations; 
- bulk temperature observations in lakes and rivers; 
- physical models of relative near surface temperature profiles as a 

function of season and daytime; 
- calibration by a multi-channel satellite radiometer (for example 

AVHRR for METEOSAT as shown by Singh et al., 1985). 

In this context the impact of the emissivity difference ~cA =l-E A 
over land is often exaggerated, since over vegetated surfaces it is 
small; even if for a tiny surface element (dry leaf) ~EA may reach 0.1, 
the roughness of all vegetation causes the mean emission of a satel­
lite pixel to approach the blackbody emissivity: a wheat field is com­
posed of many "black" holes. However, this discussion leads us to the 
difficulty of defining the mean surface temperature of rough surfaces. 
While we have no difficulties for smooth water surfaces (it is the 
skin temperature with radiation originating from the uppermost micro­
meters), we may still call it the surface temperature of a forest, 
although all portions of trees, the grass and the ground below contri­
bute in varying amounts. 

~T is more strongly influenced by heating or cooling of surfaces 
relative to the atmospheric temperature above the surface layer than 
by the emissivity deficit ~EA' 

3.2 Ts from at Least Two Channels 

Firstly, by simplifying Eq. (3) the basic two-channel or split-window 
algorithm will be derived, following McMillin (1975). Neglecting the 
third term in Eq. (3), the contribution by reflecting atmospheric emis­
sion, thus setting EA = 1 and applying the mean value theorem, we ob­
tain: 

It It 
BA (Ts)e- TA + BA(T) (l_e-TA ) (11 ) 

with BA(T) = mean spectral radiance of the atmosphere, Planck's func* 
tion at an appropriate temperature T for a given transmission t = e-TA. 

For two channels, i.e. two different wavelength intervals, the 
spectral dependence of upward radiance l~ and the source function, 
Planck's function BA(T), must be introduced, here by a Taylor expan­
sion truncated after the first expansion term 

B(Ar,T) BA (T) 

(lBA (T) 

tAr -A) "v + CIA 
(12a) 

and 
+ 

+ + alA 
I (A r ) ~ lA + -- (Ar-A) 

CIA 
(12b) 

where Ar is a reference wavelength within the 10-13 ~m window. Since 
Ts, T and Tl (reached by inversion of l A) are close together for the 
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10-13 ~m range and thus will not change appreciably with A, we put 

( 13) 

Eq.(ll) for any radiometer channel wavelength interval 6Ai within 
the 10-13 ~m range is then simplified into (Eq. (11) into (12b); 
Eq.(12a) into the result) 

+ 
161. 

i 
(14) 

Writing Eq.(14) for two channels using BA1r(T)~BA2r(T}, which is 

proved by radiative transfer calculations, subsequent subtraction and 
resolving for BAr(Ts }' gives 

+ 
II. + 

1r 

(15) 

If this equation is converted into an equation for brightness tempera­
tures TB (see Eq. (5», the basic version of the split-window algorithm 
is found 

where the constant a accounts for errors due to the simplifications 
(Eqs.(11), (12), (13) and BA1r=BA2r) used to derive Eq.(16) from 

Eq. (3). 

3.3 Achievements of the Split-Window Algorithm over water 

( 16) 

The algorithm (16) has been used primarily for sea surface temperature 
determination and numerous coefficients have been derived by different 
groups (examples are Strong and McClain (1984; Llewelyn-Jones et al. 
(1984); Schlussel et al. (1987». The differences in coefficients a and 

b mainly stem from the set of atmospheres and in-situ data used, and 
the accuracy and the quantity with which a comparison has been made, 
for instance bulk or skin temperature measured from a buoy or from a 
ship. It has also been shown that a regional algorithm is superior 
to a global, if only two channels are available (Llewelyn-Jones et al., 
1984). The accuracies achieved by the two NOAA satellites with a 
split-window (NOAA 7 and NOAA 9) are best documented by showing the in­
creased accuracy during the buoy-satellite matchups in Figure 5 and 
the accuracies after classification into daytime, nighttime and humidity 

- 211 -



~ 0.5"rnno"""",,~~~~~~~~~ -a: 
o 
a: 
ffi 0.0 

o 
f-

~ -0.5 
w 
f­
(/) 

>-

t, 

v 

Daytime 
Nightime 

(/) -1 .0 '--"-JL.J.....l-LJ.-L.l...L.J...-Y--L...L-L...L1-L.LLL.L.'-yL-JL.LJL.LJ--.L...I--1....l-LJ 

1984 1985 
1.0nn""on~~.Ton~"~r~~~~~ 

z 
0--:::c: 
f--
~(/) 
>w wo 
oz 
O~ 
a:w 
<cu­
oU-
ZO 
<C 
f-U­
(/)0 

0.5 

c 
o 

Figure 5. Systematic error and standard deviation monthly means be­
tween satellite derived and buoy bulk temperatures as a function of 
time for the split-window technique. Nighttime temperatures also use 
channel 3 and thus a modified algorithm. 

intervals in Table II (taken from WCP-110, 1986). 

3.4 Algorithms over Land? 

Knowing the main result for water surfaces, namely a temperature nearly 
free of systematic errors and with only 0.5 K rms error, we ask 
whether the split-window algorithms may be applied to land surfaces. 
The answer is no, since the following facts must be taken into account: 
- spectral emissivity changes from one surface type to the next, 

causing a 6TB of the same magnitude as humidity (see Table lIb) and 
thus leading to a false 6T; 

- cloud detection during daytime is exceptionally difficult over 
bright surfaces like snow or sand dunes; 

- strong near surface heating or cooling is only partly accounted for 
by two spectral channels. 
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TABLE IIa 
February - August 1985: matchup statistics for day and night and for 
different areas 

REGION DAY NIGHT 
No. Bias RMSD No. Bias RMSD 

World 1625 +0.01 0.55 1042 +0.12 0.48 

W. Trop. Pac. 189 -0.02 0.47 102 +0.22 0.40 
E. Trop. Pac. 433 -0.15 0.55 290 +0.08 0.41 
Trop. Atl. 424 +0.08 0.51 277 +0.12 0.51 
Trop. Ind. 277 -0.03 0.50 163 +0.11 0.46 

N. At 1. & Pac. 208 +0.18 0.60 115 +0.18 0.54 
N. Pac. 112 +0.25 0.65 74 +0.16 0.59 
N. Atl. 96 +0.10 0.53 41 +0.23 0.46 

Southern Ocean 139 +0.08 0.63 113 +0.11 0.44 

TABLE IIb 
February - August 1985: matchup statistics by moisture class, indicated 
by the brightness temperature difference classes 

MOISTURE DAY NIGHT 
(Tropical Oceans) No. Bias RMSD No. Bias RMSD 

00 < T4 - T5 < 10 500 -0.08 0.47 218 +0 . 16 0.47 
10 < T4 - T5 < 20 694 +0.00 0.56 553 +0.09 0.46 
20 < T4 - T5 < 30 69 -0.01 0.61 38 -0.01 0.52 

My proposal for a procedure for land surface temperature determi­
nation from two or more satellite brightness temperatures, therefore, 
was: 
1) determine cloud-free parts; 
2) use the split-window algorithm (16) over water surfaces within the 

area envisaged; 
3) inter- and extrapolate the "water surface" atmospheric correction; 
4) derive an additional correction from the brightness temperature 

difference between water surfaces and a land surface pixel for the 
channels available; 

5) choose after adding the second correction the highest temperature 
to reach a good estimate of the surface temperature. 

3.5 Application of the Proposed Procedure to ALPEX SOP Satellite Data 

During one of the special observing periods (SOP) within the ALPEX 
(Alpex Experiment) rather cloudfree satellite data during day- and 
nighttime could be acquired on the 25 th and 26 th March 1982. For this 
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time the procedure outlined above is applied to NOAA 7 data by Stork 
(1984). Since the images cover a major portion of the Alps, this was 

a hard test as far as cloud clearing and interpolation were concerned. 

Step 1: cloud clearing. Four different procedures were applied si­
multaneously to daytime images. They are shown in Table III. 

TABLE III 

Cloud clearing thresholds (cloudy if above this threshold)1 

water surfaces 

Channell: As ~ 0.15 2 
Channel 2: As ~ 0.15 
TB (3) - TB (4) >-3 K 
TB (4) -TB (5) > 1.7 K 

Snowfree land surfaces 

AS > 0.15 
As > 0.24 
T B (3)-TB (4) > 5K 

TB (4) - TB (5) > 1. 9 K 

lall thresholds were chosen interactively at an image pro­
cessing system. 

2As = albedo. 

Nighttime cloud clearing, rather easy over water, as shown by 
Olesen and Grassl (1985), is more difficult over land. Therefore, no 
table similar to Table III can be shown. 

Step 2: surface temperature over water surfaces. For midlatitude at­
mospheres and the NOAA 7 satellite the split-window algorithm (16) for 
water surfaces is, following Jurgensen (1984) 

(17) 

This algorithm was applied to all big lakes within the scene and to the 
Adriatic Sea. 

Step 3: inter- and extrapolation. Before an interpolation the atmo­
spheric corrections over water ranging from 2 to 3 K for all big lakes 
and the Adriatic Sea were spatially averaged. Thus the noise in single 
6Ts due to the 0.12 K noise equivalent 6Ts (NE6T) of the satellite 
radiometer was strongly suppressed. The rather small number of lakes 
does not allow a polynomial of higher order to be fitted to the water 
surface 6T~. Therefore, only a first and second order polynomial were 
chosen. Even the second order polynomial led to strong errors witfuin 
the extrapolation area. Whenever extrapolation is necessary we have 
chosen as atmospheric correction 6T for the image coordinates x,y 
and for channel i 

6 Ti (X,y) = al i x + a2 i Y + a3 i (18) 

leading to a first approximation of surface temperature 

(19) 
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TS1 still contains errors due to the near surface heating or cooling as 
well as to emissivity changes. 

step 4: additional correction derived from the water-land contrast. 
As shown in section 2.4 the heating or cooling of land surfaces in­
creases or decreases the correction 6T. For a midlatitude atmosphere 
(450 N) the additional correction may reach 3 K for a +20 K change in 
surface temperature. From model simulations we found for channels 4 and 
5: 

(20) 

These relations also hold for cooling, i.e. for negative temperature 
differences 6Ts1 , if 6Ts1 is the difference between TS1 and the inter­
polated water surface temperature. After this correction the second 
approximation for Ts is reached 

(21 ) 

~T4 is shown in Figure 6. 

step 5: correction of emissivity changes. The effects of unknown sur­
face emissivity and thus of unknown spectral dependence can only be 
removed partially. After applying corrections (19) and (21) to channel 
4 and 5 one should choose the channel with higher temperature, since 
this channel should be the channel nearer to a blackbody emission. 
Choosing the higher temperature we arrive at Ts, the quantity desired. 
However, whenever the difference of Ts between both channels exceeds 
1 K, pointing to ~S A > 2%, we discard this value and classify the pixel 
as cloud contaminated. 

Ts from Figures 7 and 8a,b contains a wealth of information for 
climatologists. 

3.6 Error Analysis 

The following error sources should be discussed: 
- conversion from counts to brightness temperatures; 
- split-window algorithm for water surfaces (Eq.(17)); 
- interpolation errors (Eq.(18)); 
- water-land differences (Eq. (20)); 
- remaining emissivity difference. 

The conversion from counts with a 10 bit resolution to brightness 
temperature is, according to Singh (1984), accurate to 0.01 K and thus 
errors are negligibly small. The radiometric noise expressed by the 
noise equivalent temperature difference (NE~T=0.12 K for channelS 4 
and 5 of AVHRR and for the 270 to 300 K range) is easily suppressed by 
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spatial averaging. The split-window algorithm combining errors due to 
changing atmospheric structure not resolved and theNE~T after spatial 
averaging is affected by a 0.5 K rms error (see Tabl~ II). If - as 
done here - Ts is determined on a pixel by pixel basis the combination 
leads to a slightly higher standard error for water surface tempera­
ture determinatruon. 

The interpolation error strongly depends on the number of water 
surfaces found in a scene. For 23 lakes in the chosen scene and the 
f i rst order polynomial (18) the error of the atmospheric correction ~T 
for water surfaces reaches 0.6 and 0.85 K for channel 4 and 5, res­
pectively. 

The adoption of this interpolated correction for synthetic water 
surfaces, ~Ti(x,y), as a first approximation (Eq. (19)) for land sur­
face temperature, enhances the rms error from 0.51 K for lakes to 
0.8 K over land if the more transparent channel 4 is chosen. This 
error would increase to 1.0 K for channelS. One should, however, be 
aware of the large systematic errors left because of heated or cooled 
surfaces and emissivity changes. These systematic errors are reduced 
by steps 4 and 5 (section 3.4). On the other hand, step 4 increases 
the rms error to 0.9 K for channel 4 and 1.1 K for channelS. 

The discussion of errors due to surface emissivity changes is 
more difficult. Since 6€ 6A = 0.02 is the upper limit for differences 
within the 10-13 ~m window for smooth rock surfaces and since this 
would cause a systematic underestimate of Ts by about 1 K, we expect 
over vegetated surfaces with €6A > 0.95 and 6€6 A < 0.02 an additional 
systematic error ~ 1 K which, however, is reduce d by step 5 where the 
higher temperature of both channels is chosen. 

An accuracy of 1-2 K for Ts of land surfaces is a step forward at 
least for daytime situations, where the atmospheric masking may reach 
10 K. 

A verification of the approach described is only possible by 
radiometric measurements from masts and airplanes. This has been shown 
to be successful for ocean surfaces (Schlussel et al., 1987) by mea­
surements from a ship, where by a combination of satellite radiometers 
a 0.3 K rms error was also reached. 

3.7 The Daily Temperature Amplitude 

The climatologist is sometimes even more interested in daily tempera­
ture amplitudes 6TD than in Ts' because they are an indication for 
evaporation and thus help in sensing latent heat fluxes remotely. 
Already before an application of the approach discussed above for re­
mote land surface temperature determination we had derived 6TD for the 
ALPEX scenes used so far (Grassl et al., 1985). 

In the inner Inn Valley, at Schwaz in the Tyrol, we could show by 
using ground observations and radio soundings that 6TD (Figure 9) is 
accurate to at least 2 K without any atmospheric correction in a valley 
wind system. The time of the NOAA-7 satellite overpasses at approxi­
mately 2.30 a.m. and p.m. guarantees observations at the daily tempe­
rature maximum and - best for valleys with a valley wind system -
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very near to the temperature minimum. Under calm conditions, however, 
with strong heating during daytime, the procedure outlined in sEction 
3.4 must be applied especially for the daytime overpass (see Figure 2) 

3.8 Further Improvements 

Recently, Schlussel (1987) has demonstrated that a combination of two 
radiometers onboard the NOAA satellite series, namely the AVHRR and 
the IlIRS (High Resolution Infrared Sounder) improves not only tempera­
ture and humidity profiles but also surface temperature over water 
surfaces. A 0.3 K rms error was found during a verification cruise ir 
the North-East Atlantic for some case studies. The additional informa­
tion comes from a 6.3 ~m band water vapour channel whose weighting 
function peaks in the lowest troposphere and from three 15 ~m-C02 
channels peaking in the lower troposphere and at the ground. Especial] 
the algoritl~ over big lakes and marginal seas would gain in accuracy 
by introducing the combined algorithm which also accounts for changin~ 
coefficients at different viewing angles. However, the latter improve­
ment is also possible for the split-window algorithm (16). Despite thE 
higher accuracy demonstrated for marginal seas there are still extremE 
conditions (McClain, 1986) in spring over the American big lakes wherE 
the improved algorithm failed. Therefore, it might be dangerous to tak 
0.5 K rms error for granted over lakes as done in section 3.6. 
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·e 6 . ~T4 for the day tine overpass in steps of 0 . 5 K indicated 
.fferent colours (see scale below image) . 

e 7 . Surface temperature for the daytime overpass in steps of 
25 March 1982 , early afternoon) ; clouds are white . 
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a) b) 

Figure 8. Surface temperature for the nighttime overpass in steps of 
2 K (26 March 1982 , early morning). 
a) for the full image ; 
b) zoom a round Lago di Garda , Northern Italy . 

Figure 9 . Daily temperature amplitude for parts of the Alps derived 
solely from brightness temperature differences between 25 Hareh, 
~ 2.30 p .m. and 26 March , ~ 2 . 30 a . m. 
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