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ABSTRACT 

A radiometer which bas two channels in the 1 1 to 13 pm window region, 

bas been proposed for inclusion on the forthcoming NOAA satellites. It will 

be useful in estimating the sea surface temperature to within an accuracy of 

l0C. But this study shows that this accuracy could be improved to within 

0.3"C, if an independent estimate of total precipitable water vapor is avail- 

able. In order to remotely sense the total precipitable water vapor, a broad- 

band channel in the 18 pm water vapor band should be introduced in addition 

to the two channels in the 1 1 to 13 pm window region. With these three 

channels the total water vapor could be estimated over oceans, which would 

improve the accuracy of the sea surface temperature estimation. In addition 

the effect of the surface emissivity is taken into account in this scheme. 

*NAS/NRC Research Associate on leave from CN.R., Istituto di Fisica della Atmosfera, 
Rome, Italy. 
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AN IMPROVED SCHEME FOR THE REMOTE SENSING 
OF SEA SURFACE TEMPERATURE 

INTRODUCI'ION 

Radiometric measurements in the 8 to 13 pm water vapor window are generally used for re- 

mote sensing of the sea surface temperature (SST). The brightness temperature corresponding to 

the measured radiances is always lower than the SST, because of the atmospheric water vapor absorp- 

tion. A simple approach based on climatological data for atmospheric water vapor content as a 

function of latitude and season was developed to correct for such absorption (Smith et al., 1970). 

However since thl* variability of water vapor in the atmosphere is comparable to its mean value, this 

climatological data set information is inadequate. The water vapor information for the SST has to be 

derived from simultaneous independent measurements. 

In a previous study, Prabhakara et al. (1974), hereafter referred to as PDK, used the differential 

absorption properties of the water vapor to determine the water vapor absorption correction from 

two channels in the 1 I to 13 pm window region (the Split Window Technique, SWT). The RMS 

error of S!3" estimated with the SWT, was found to be about *1.3'C when compared with ship 

measurements. 

Reccntly Prahhakm et ai. (1979) demonstrated that the total water vapor content can be de- 

termined from the water vapor line strength in the 9 pm region, with an accuracy of about k0.3 

g/cm2. With this information. it is possible to 'mprove the split window technique by removing 

some of its approximations. 

In this study we have considered a broad band (- 1 brn) radiometer channel in tlic 18 E.tm re- 

gion to derive the precipitable water vapor information (Wark et SI., 1974). An instrument with this 



channel is easier to incorporate into space flights than a spectrometer and can have higher spatial 

resolution. Since the surface emissivity effect on SST estimation can not be neglected when high 

accuracy is desired, an empirical correction was intsduced to take this effect into account. 

2 



RADIATIVE TRANSFER SIMULATIONS 

Assuming local thermodynamic equilibrium and no scattering, the radiative intensity I(u) emerg- 

ing at the top of the atmosphere is 

where Ts 

PO 

P 

U 

T 

B 

7 

surface temperature, K; 

surface pressure, mb; 

pressure at any height, mb; 

wave number, cm-l; 

temperature, K; 

Planck intensity, erg cm-1 s r l  S-1 ; 

transmission from any pressure level p to the top of the atmosphere. 

Here, surface emissivity is assumed to be unity. The effect of the actual emissivity will be ex- 

amined separately. 

Equation (1) may be simplified as 

where B(u, T) is the weighted mean Planck emission of the atmosphere: 

and T is the equivalent radiative temperdture of the atmosphere. The Planck function B can be ex- 

pressed as 
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This approximation is appropiiate over a small temperature range and a narrow wave number 

interval. Equation (2) now becomes 

where T(v) is the brightness temperature and T(Y) is the equivalent radiative temperature of the 

atmosphere. If measurements are made in two channels, one centered around 11 prn and the other 

centered around 13 pm, and if 7(v) can be obtained from an independent estimate of the total water 

vapor content w, Le. 

w = fUW (6) 

we have two equations with three unknowns; Ts, T, and T,, . But Tl and T,, are not independ- 

ent. 

In order to study the relationship 7(v)  = fv(w) and the manner in which T ( v )  changes as a func- 

tion of wave number for different atmospheric conditions, we have developed a radiation computa- 

tional scheme for the radiative transfer equation (1). 

The transmission function, T ,  of the water vapor needed in these calculations is taken to be the 

product of three components: associated with water vapor lines, rP produced by the continuum 

due to foreign broadening. anti T~ resulting from the e-type absorption (Bignell, 1970). The trans- 

mission function of the water vapor lines ?! is derived using a multiple regression scheme similar to 

the one proposcd by Smith ( 1969). The method also incorporates the details of the foreign broad- 

ening and thc e-typc absorption (Kunde and Maguire, 1974). 
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Several temperature and humidity profiles were used in this computational scheme to simulate 

the radiative response of the atmosphere. In each one of these temperature profiles the SST was 

changed in steps of S'K, to  cover the range 273 to 308'K, while the temperature gradient was kept 

constant and equal to the temperature gradient of the U.S. Standard Atmosphere (U.S. Standard 

Atmosphere, 1976). The relative humidity profile described in Manabe and Wetherald (1976) was 

used in all of these simulations. 

The relationship (6) obtained from these simulations is shown in Figure 1 for two channels, 

915 to 976 cm-l (1  1 ym) and 776 to 845 cm'l (13 ym). 

Furthermore it was found that 
- 

Ts -T,3 = C(T, -Til) 
where C = 1.2 is a constant (Figure 2). 

If we combine Equation (7) with thc equations derived from (5) for the same two channels, we 

have 

where 

In Figure 3 the relationship between g and w is shown. Now, if w is available from an independent 

measurement, we can calculzte g(w) using the relationship shown in Figure 3, and then calculate the 

corrected SST from Equation (8). PDK used $w) = constant = 1.195, which is the value that cor- 

responds to about w= 3.7 g/cm2. This implies an overcorrection (undercorrection) of SST when w 

is smaller (larger) than 3.7 g/cni*. 
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Figure 2. Relationship between the equivalent radiative temperatures for the two window chan- 
nels at 1 1  and 13 pm. 
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Figure 3. Coefficient for the corrcction of SST as a function of the total water vapor content. 



THE REMOTE SENSED TOTAL WATER VAPOR CONTENT 

The total precipitable water, w, can be obtained from passive satellite measurements in the 

infrared (Prabhakara et al., 1979), or from measurements 1'1 the microwave (Grody, 1978). Com- 

paring the two sources we find that the microwave measurements can be used to secure w in the 

presence of non-precipitating clouds, but radiometric iiifrared measurements car be made over a 

finer field of view. The accuracy in the derived w is about the same. 

The water vapor line strength in the 9 pm window reDon, was used to derive w with an 

accuracy better thm 0.3 g/cm2 (Prabhakara et al., 1979), provided that spectrometric mea- 

surements are available. But radiometric measurements are preferiible in operational satellites for 

their higher accuracy and reliability. For this reason we have examined the possibility of an 

alternative infrared radiometric measurement to obtain w. The Nimbus 4 IRIS gathered spectral 

measurements from 400 cm'' to about 1400 cm'l over the globe for a Feriod of about one year 

(April 1970 to January 1971). The spectral resolution of this instrument .. 
noise equivalent terr,pc;dure (NET) is about IoC (Hanel et al., 1972). By using a large sample of 

IRIS spectra, it was fourid that the difference between SST and the mean brightness temperature 

TI8 in the 18 pm region, from 496 to .3;9 cm'l , is highly correlated to the 9 pm :ine strength. 

d cm'l and ?he 

That is to say : can imply that 

w = f (T, - Tlg) 

The simulation model described in the previous section, was applied to 41 radiosonde pro- 

files obtained from oceanographic ships over North Atlantic and North Paciflc Ocegns, listed in 

Table 1, to compute TJJ  , T,, and TJ8. These radiosonde profiles were chosen to correspond to 

IRIS spectra taken ivithin k1 degree of latitgde and lmgitade, in nearly clolrd-frcc anditions 

(Prabhakara et al., 1979). The diffcrer'ct: T, - TI, ranges from 16 +o 3C K for valucs of w froin 
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Table 1 
Remotely Sensed SST and Results of Radiative Transfer Simdations Calculated from 41 Radiosonde Profiles 

Apr . 
Apr- 
b Y  
b Y  
b Y  
b Y  
h Y  
June 
June 
June 
June 
June 
JdY 
JdY 
July 
July 
JdY 
Aug- 
Aug. 
Aw- 
Aug. 
Aug- 
Aug. 
Aug. 
4ug. 
Avg. 
Sept. 
Sept . 
Sept . 
Sept . 
dct . 
OCt. 
Oct. 
Oct. 
Oct. 
Oct. 
NGJ. 
DeC. 
Dec. 
Dec . 
Jan. 

19 
22 
7 
9 

12 
17 
21 
6 

12 
18 
21 
21 
2 
3 

12 
17 
31 

2 
6 
7 
9 

11 
23 
23 
30 
31 
4 
4 

16 
27 
4 
8 

13 
18 
23 
25 
27 
3 
5 

26 
26 

4YM 2779 
W T K A  299.4 

4YJ  281.0 
4YN 2409 
4Y M 280.1 
4YN 2915 
4Y I 283.7 

4YN 2929 
4 Y V 292.? 
4 Y J  285.1 
4Y E 294.4 
4YN 293.1 
4YD 2849 
4YD 293.1 
4 Y E 297.7 
4 Y V 297.9 
4YD 2933 
4YN 296.1 
4YB 282.7 
4YC 283.7 
4YK 295.9 
4YD 2935 
4Y I 285.1 

4YN 294.7 
4YN 295.9 
4YK 293.2 
4YP 283.7 
4 Y V 298.7 
4YC 1319 
4Y N 294.1 
4Yhi 294.9 
4YV 295.3 
4 Y I 285.9 

4YN 294.9 
4YP 282.1 
4YN 294.3 
4YP 280.9 
4YV 2913 
4YE 2929 
4YE 292.7 
4Yl  3F1.5 

2775 
300.8 
2s1.1 
2909 
2802 
291 5 
283.6 

2933 
285.1 
294.4 
293.1 
285.1 
2929 
297 5 
298.4 
292.7 
296.2 
282.7 
2b 3.7 
295 9 
293 2 
285.6 
294.6 
296.1 
292 9 
283.4 
297.8 
282.1 
294.0 
294.7 
295.7 
286.4 
295.4 
282 3 
294.4 
281 D 
292.0 
293.4 
392.5 
281.6 

292 9 

14.1 
293 
17.1 
20.1 
11.4 
20 9 
142 
175 
262 
16.7 
26.0 
19.1 
193 
21.1 
25.7 
25.5 
18.9 
21.5 
13.7 
12.9 
199 
193 
22.8 
20.3 
24.5 
23.4 
18.6 
25.8 
19.6 
21 5 
23.1 
21.7 
23.5 
24.0 
17.3 
22.4 
14.2 
23.9 
24 -6 
20.5 
17.8 

093 1.06 0.48 

091 1.43 0.61 
190 190 0.73 
099 0.80 0.45 
193 2.00 0.77 
158 1.06 0.49 
1.72 1.48 0.62 
3.46 331 1.11 
135 138 0.59 
3.71 3.23 1.09 
1.73 1.69 0.68 
1.82 1.71 0.68 
2.80 2.04 0.78 
350 3.15 1.06 
2.64 3.09 1.05 
2.58 1.65 0.67 
183 2.10 0.79 
1.18 1.02 0.48 
1.78 0.94 0.47 
1.74 i.82 0.72 
2.07 1.72 0.69 
1.72 2.36 0.86 
1.88 190 0.74 
2.54 2.82 0.98 
3.25 253 0.90 
2.65 1.64 0.65 
4.14 3.18 1.07 
137 1.77 0.71 
2.27 2.10 0.79 
2.46 2.44 0.89 
1.50 2.13 0.83 
1.87 2.53 0.91 
2.08 2.65 0.94 
0.83 1.43 0.61 
2.12 2.24 0.83 
0.9i 1.95 0.49 
1.58 2.62 0.94 
2.09 2.82 0.99 
2.01 1.94 0.75 
1 .I2 1.50 0.63 

382 455 150 
273.6 
298.6 
279.1 
2892 

289.0 
281 3 
289 .O 
293 8 
281 3 
294.4 
289 8 
2825 
289.8 
298.0 
2952 
291 9 
293.8 
279.7 
282.3 
293.8 
293 .O 
281.8 
2935 
295.1 
290.1 
284.4 
294.8 
280.7 
293.8 
292.3 
293.4 
285.8 
2935 
278.3 
289.3 
280.7 
291.1 
292.0 
289.8 
279.5 

277.7 

271.6 
291.8 
277.4 
286.7 
276.7 
286.7 
280.1 
287.1 
288.4 
279.6 
289.6 
287 -7 
2803 
287.8 
293.1 
291 3 
289.4 
291 .2 
278.6 
281 .O 
2913 
291 .O 
279.7 
291.1 
291 9 
287.3 
282 3 
259.8 
278.7 
290.9 
289.2 
290.9 
283.0 
290.6 
276.8 
286.7 
279.3 
288 .O 
288.8 
286.8 
277.8 

277.0 
294.0 
279.9 
2892 
2795 
289.6 
282.7 
291 5 
2899 
283.8 
2902 
291.6 
283.7 
2909 
293.8 
295.4 
291 .O 
294.0 
281 9 
283.0 
294.1 
291.6 
283.5 
292.6 
293.1 
290.1 
282.2 
293.8 
2805 
291 9 
292.2 
293.7 
284.0 
292.9 
281.2 
292.1 
280.1 
289.7 
290.6 
290.6 
280.3 
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I to 5 g/cm2. The SST obtainud froin the split window technique can be used in b u t i o n  (10) 

to derive w, without appreciable degradation of the accuracy. The relationship between Ts - TI, 

and the integrated water vapor content w is &own in Figure 4. 

If we use in Fquation (IO) the relationship shawn in Figure 4 values of w a n  be calculated 

from T,, , T,,, and T18. Them values are compared with the corresponding ground truth in 

Figure 5. The error of the water vapor cmnterrt derived from the 18 pm brightness temperature 

is about *O.S g/cm2. 

The same radiosonde profiies wcrc also used to vtrify the relationships presented in Figures 

2 and 3. The results are shown by the crosses in the stme figures 

The brightness tcmperuture T, 

available. were used to astimatr the SST. The comparison betwaen the calculated and the mea- 

sued SST is shown in Fipurc 6. Thc error found in this cwnipnrison. which is related to tire 

schcme used to obtain SST, is about k0.3"C. 

T13. and T18 computed for tho 41 radiosonde profiles 
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Figure 5. Comparison between the calculated and the observed total water vapor 
content. 
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Figurc 6.  Comparison t.* -*-en the calcirlatcd and the observed sea surface temperatures. 



THE EMISSIVlTY EFFECT 

The emissivity of the surface in the 1 1 to 13 pm region is usually assumed to be 1. However, 

if the accuracy of the SST evaluation has to  be of the order of a few tenths of a degree, the 

effect of the sctual surface ernhivity should be taken into account. 

When the surface emissivity E (v) is less than 1, the complete radiative transfer equation i s  

If we defme for convenience a mean atmospheric emission E, Equation (1 1) becomes 

where 

Now, with thc help of the radiative computational scheme previously described, and suitably 

modified to ulisfy Equation (1 I ) ,  we have calculated I(u, T), B(u, Ts), and E(u, % for the same 

atmospheric conditions described in Section 2. The values of the emissivity in the two channels used 

in our calculations are ell = 0.992 for the 915 to 976 cm'* channel and €43 = 0.983 for the 776 to 

845 cm'l *amel. These values of the emissivity are derived from the data tabulated by Hale and 

Querry ( 1973). 

In order to combine the equations derived from (1 2) for two channels, and isolate T,, it is 

necessary to reduce all the radiances to the same wave length. We have chosen the 1 1 pm as reference 



where B13M indicates that the radiance at 13 pm has been convertec, to 11 ym. After this modifica- 

tion, we find that 

- 
B13M Cr,) - B 1 3 ~  (Ti,) = 1 . 2 B l l  Cr,) - B11611)I (14) 

which is equivdent to Equation (7). Now combining Equation (14) with the equations derived from 

(1 2) for the two channels, we have 

from which the corrected SST is derived. 

The comparison between the measured SST and the SST derived from buat ion (1 S), using the 

same 41 radiosonde profdes of Section 3. is almost identical to the one presented in Figure 6. In 

this case the error is also i0.3"C. 

The use of Equation ( 1  5) is rather more complicated and time consuming than Equation (8). 

Since the emissivity effect in the water vapor window region is very low, it was found that, given 

the same TI 

Equation (8). The constant E was found to he 0.21 & 0.07"C for the 41 cases coilsidered. 

the SST corrected for the emissivity effect, can be derived by adding a constant E to 



COMPARISON BETWEEN SHIP AND SATELLlTE MEASUREMENTS 

The Nimbus 4 IRIS spectral measurements corresponding to the 41 radiosonde profdes de- 

scribed in Section 3, can be used to simulate the behavior of a three channel radiometer. Then 

Til, TI3 and TI8 may be calculated. With the help of these brightness temperatures we can also 

calculate SST, and compare it with the SST measured by ship. This comparison is presented in 

Figure 7, and clearly shows that: 

a. the remote sensed SSI' is systematically lower than ground truth, 

b. the e m  is much Iarger than the one found using the results of the simulations. 

However, if we compare the brightness temperature #:' derived from IRIS data and the 

derived from the radiosonde profiles using radiative transfer model simula- SIM 
corresponding Tll 

tions, we fmd the same bias of the graph presented in Figure 7. In fact the average difference is 

about 2.60C. Similar comparison also shows that $:" - eys Y 3.4OC and T::" - f lys I 
4.3OC. These differences can be compensated if all the radiances measured by IRIS are increased 

by about 4%. Such a systematic difference between the simulated and the measured IRIS spectra 

was already noticed by Kunde et al. (1974), and indicates a possible calibration problem in the 

IRIS instrument. 

After compensating for the bias found by adding 4% to all the radiances, an error of 1S0C 

is still left in the comparison between the ship measwed and the IRIS derived SST (Table 1). 

The reasons for such large error are: 

a. the existence of some residual cloud contamination in the IRIS data; 

b. the poor matching in space and time between ship and IRIS data (the time gap between 

ships and IRIS can be as much as six hours); 
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Figure 7. Comparison between the observed sea surface temperature and the sea surface temper- 

ature derived from Nimbus 4 IRIS measurements. 
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c. the radiometric error in the IRIS data; 

d. the ei ;n the ship measurements equal to about &l0C (Sam, 1963). 

Since all of these errors cannot be eliminated, we are not able at the present time to give a 

satisfacto0' ground truth comparison. However we aui point out that the comparison between 

the brightness temperatures derived from the IRIS data and the brightness temperature 

derived from radiosonde profdes with the help of radiative transfer simulations, also show 

an enor of *f .3OC. In fact, if we eliminate this component, by subtracting from the IRIS de- 

rived SST, the corresponding fl:M - 7;:' values, and if we compare these SsTs with the ship 

SSTs, we find that the error is reduced to about *O.S"C. 
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CONCLVSION 
! 

Sea surface temperature can be calculated to within an accuracy of l0C (Rabhakara et al., 

1974) using the two channels of the TIROS N AVHRR-2 in the 1 1  to 13 ym water vapor win- 

dow region. However this accuracy is not sufficient for certain climate models, since sea surface 

temperature anomalies can produce significant seasonal climatic changes (Namias, 1978; Reiter, 

1978). Therefore in this study we have explored the possibility of increasing the accuracy to 

0.SoC to meet the requirements of the Climate Program (GARP, 1975). 

The SST estimation scheme developed in this study takes into account the atmospheric water 

vapor absorption and the surface emissivity effect. Radiative transfer model calculations applizd 

to 41 radiosonde profiles taken over the oceans, revealed that the approximations introduced by 

the present scheme give an error of less than 0.2OC using a water vapor content measured by 

ships, This error becomes 0.3OC if the error in the remote sensed water vapor content is about 

0.5 g/cm2. If PDK's split window technique is used, the error for the Same set of data is O.?C, 

and is due primarily to a systematic overzstimation of SST. 

Since simulations show that the atmospheric absorption correction for SST can be estimated 

from three channels in the infrared with a relatively high degree of accuracy, the ship measure- 

ments of SST for ground truth verification should be taken with the same or better accuracy. 

Unfortunately such highly accurate measurements are not available at the present time, However 

an examination of the data available suggests a possible accuracy of about *0.SoC hi the remote 

sensed SST. 

The effect of aerosol scattering is in general negligible when calculating SST. Such aerosol 

effects arc likely to be partidly compensated for by the differential absorption scheme in the two 

channels. Cloud contamination of the data remains the most scrioiis problem. The visible channel 

20 



in the AVHRR-2 radiometer can help to minimize the errors due to cloud contamination since 

its field of view is very fme. Moreover the cloud-contaminated data can be. corrected to some 

extent by comparing radiances measured in adjacent scan spots (Smith, 1968; McMillin, 1978). 
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