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ABSTRACT 

Sea surface temperatures may be inferred from satellite 

measurements of infrared radiances in the atmospheric windows. 

Even when the systematic errors involved with instrumentation, 

processing, and orientation of the satellite have been accounted 

for, the slight atmospheric opacity produced by water vapour 

continuum, carbon dioxide, and aerosol absorption causes the 

temperature 'seen' by the satellite to be lower than that measured 

by ships or aircraft. 	Clouds within the field of view of the 

sensor produce the same effect, but this study has been restricted 

to cases which, as far as can be established, were cloud-free. 

The deficit, the difference between the sea surface 

temperature and that inferred from infrared radiances when looking 

vertically through one atmosphere, is found for both the 4 gm 

and 11 pm windows and compared with calculated values for 

representative atmospheres using new coefficients for continuum 

absorption by water vapour. 	It is concluded that the sea surface 

temperature may be estimated to within ± WK for the 4 pm window 

and i 1°K at 11 pm. 

The results of this study were applied to an investigation 

of the changes in sea surface temperature caused by a tropical 

storm. 	A wide cold wake, 2 to 3°C cooler than before, appeared 

behind the storm. 	The area and amount of the cooling detected 

by the satellite correlates satisfactorily with that deduced 

from ship data. 

Further evidence is presented in support of the proposed 

new values of the window absorption coefficients. 	Recent 

measurements of infrared cooling rates in the dampest layers of 

the atmosphere appreciably exceed those predicted using currently 

adopted absorption coefficients; it is shown that the excess cooling 

may be explained quite well using the new coefficients. 
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I 	Measurement of  sea surface temperature (SST) from satellites 

1. Introduction and survey of previous work 

Sea surface temperatures may be inferred from window 

radiances measured by satellites. 	However, instrumentation 

and processing errors, inexact orientation of the satellite 

with respect to the earth, weak atmospheric attenuation, and 

clouds can cause difficulties in the interpretation of the data. 

The most important of these, apart from clouds, is the slight 

opacity of the atmosphere in the window regions caused by water 

vapour, carbon dioxide, and aerosol absorption, which causes 

the inferred radiance temperature to be lower than the sea surface 

temperature, O. The work in this thesis concerns the correction 

needed to compensate for this drop in the inferred temperature: 

The effect of clouds within the field of view of the sensor is 

similar to that of atmospheric attenuation, but the work in 

this study has been restricted, as far as can be established, 

to cases which were free of clouds. 

The upward radiance in the 3.5-4.1 pm (4 pm) window was 
measured by the high resolution radiometer on the Nimbus II 

satellite, and that in the 9.5- 11.5 gm (11 gm) window by the 
medium resolution radiometer on Nimbus III. 	The observed upward 

radiance can then be expressed in terms of its equivalent black 

body temperature, OB. The difference between es  and 6B  when 

the sensor points vertically downward, i.e. through one atmosphere, 

is herein defined as the deficit, D (units of °K atm-I). 	For 

the cloud-free cases considered here D is a function of atmospheric 

temperature and humidity profiles; the former depart only 

slightly from climatic means, but the latter vary considerably. 



However, within the limits of a climatologically uniform region, 

such as a tropical oceanic area, the variation generally will 

be small. 

Investigations over the past several years have given 

values of the deficit near 2h or 3°K atm-1  in the 4 pm window, 

5 to 8°K atm-I  in the 11 gm window, for a clear tropical atmosphere. 

Allison and La Violette (1969) found a deficit for the 4 pm window 

of 21h °K atm-I by comparing observations from the Gulf of California 

in November 1966 with ship injection temperatures. 	Kunde (1965) 

computed deficits for the 4 pm window of 2.3, 1.4, and 0.5 °K atm-1  

respectively for clear tropical, middle latitude, and high 

latitude atmospheres. 	Smith et al (1970) derived an empirical 

formula from computed departures of radiance temperature from 

the sea surface temperature for three representative soundings 

in the 4 pm window. 	They noted that surface radiance temperature 

is highly correlated with total water vapour content in a column 

through the intervening atmosphere. 	From their formula we have 

calculated deficits of 2.8, 1.7, and 1.3 °K atm-1  respectively 

for representative radiance temperatures of the sea surface of 

301, 288, and 278 °K as viewed by a satellite. 

Other investigators observed decreases in radiance 

temperature of the sea surface with height in windows near 11 gm 

using radiometers carried on aircraft. 	Ogura et al (1969) 

found a decrease of about 2°K km-1 from the surface to 4 km for 

the 8- 14 pm window resulting in a net change (i.e. deficit) of 

about 8°K atm-I. 	The deficit is about equal to the net change 

from the surface to 4 km because almost all window absorption 

occurs in that layer. 	The aircraft flew a rectangular course 

centred on 32°N and 129°E over the ocean about 100 km west of 

Kyushu (Japan) in July 1968. 	A radiosonde sounding during the 
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observation period indicated mixing ratios of 15 g kg
-1 near the 

surface, 12 g kg-1  at 2 km, and 8 g kg-1  at 4 km. 	The air 

temperature decreased from 23°C near the surface to 5°C at 4 km, 

and haze was reported in the area. 	Gorodetskii et al (1967) 

found a decrease with height of about 1.5°K km-1  in 8 - 12 pm 

radiance temperature of the Caspian Sea from the surface to 

about 4 km in December 1965. 	Their results indicate a deficit 

of about 6°K atm-1. 	Similar investigations were made by 

Combs et al (1965) from the surface to about 2 km over the ocean 

near the New Jersey (USA) coast in February 1962, and by 

Hashiguchi (1967) over the ocean near Japan in both the summer 

and winter. 	They found decreases with altitude for the 

8 - 13 pm window of about 1.3°K km-1  resulting in a deficit of 

about 5°K atm-1 (assuming an approximately constant decrease 

to 4 km). 	Lorentz (1967) found a value near 1.2°K km-1  from 

the surface to about 2Ih km over the Baltic Sea for the 7.5- 15 Pan 

region in August 1963, with a consequent deficit of about 5°K atm
-1.  

However his results seem too small because of the existence of 

strong water vapour absorption near 7.5 pm and significant 

carbon dioxide absorption at wavelengths >13.5p.m. 

The deficit is a result of absorption by water vapour, 

carbon dioxide, and aerosols. 	However, for the variation of 

D with respect to the quantity of intervening absorber the only 

important factor is the amount and distribution of water vapour. 

Absorption by aerosols is nearly always unimportant relative to 

that by water vapour (see however §4.2). 	A small contribution 

to the deficit caused by carbon dioxide absorption in the 4 pm 

window differs only slightly from place to place because it is 

a function only of the temperature profile which varies relatively 

little; there is no significant carbon dioxide absorption in 

the 11 pm window. 



In order to obtain values of D for air masses commonly 

found over the oceans we have selected cases, as far as is 

possible, which have humidity profiles typical of different 

oceanic atmospheres. 	A value of the deficit is found for a 

moist tropical atmosphere for the 4 gm and 11 pm windows. 

Another value for the 4 gm window is found for a dryer middle 

latitude atmosphere, but only a limited amount of data are 

available for this case. 

Deficits are computed for several model atmospheres and 

for both windows using new coefficients for continuum absorption 

by water vapour. 	Agreement with observations is good. 
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2. Description of data and techniques of analysis 

2.1 Limb darkening technique 

The 4 pm digitized maps used in this study are produced 

by NASA from data obtained by the Nimbus II High Resolution 

Infrared Radiometer (HRIR). 	Each map (in a Mercator projection) 

consists of averaged values of digitized data at gridpoints 

1.25°  apart. 	The average listed for each gridpoint is derived 

from many (up to about 430) individual measurements or scan spots. 

The averaged data are either listed as radiances or converted 

into equivalent black body temperature, OB, as on the maps used 

for this study (see Nimbus II User's Guide, 1966). 

Selected isotherms are drawn on the 0B maps in order to 

identify those areas which are likely to be cloud-free, partly 

cloudy, or cloud covered. 	Where the secant of the zenith angle, 

sec z, < 2.0 (an area covering most of each HRIR map) areas 

inside the 298°K isotherm are almost certainly cloud-free or 

nearly so. 	Temperatures lower than 290°K in the tropics over 

the oceans indicate the presence of cloud, although not necessarily 

so if sec z > 2.0. 	Photo montages of the radiance data and 

ship reports are used to confirm the location of cloud-free areas. 

If the same area of the earth is observed on consecutive 

orbits of the satellite, the difference in the amount of intervening 

atmosphere is given by the difference in the secant of the zenith 

angle of the satellite as viewed from the area, as may be shown 

from simple trigonometric relationships. 	In general atmospheric 

conditions do not change significantly between satellite passes, 

which occur every 108 minutes. 

The relationship between 0B 
and sec z can be shown to be 

almost linear in the window regions of the real atmosphere. 
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With the assumptions noted in sections 4.2, 4.3, and 4.4, we 

can closely approximate the transfer equation for the real 

atmosphere by Eq.(1) of §4.3. 	A series of simple calculations 

with this equation shows that OB  decreases nearly linearly with 

sec z for 1.0<sec z< 3.0. 	Therefore the difference between 

two values of 6
B' LOB' 

for the same area observed on consecutive 

orbits is directly proportional to the difference between the 

two corresponding values of sec z, 0 sec z. 	In order to easily 

determine the path length through the atmosphere and the difference 

between two path lengths, expressed as sec z and Asec z respectively, 

isopleths of sec z are drawn on each map of OB  with the aid of 

an overlay (Fig.1) prepared from orbital data (see Figs. 2a,b). 

A similar procedure is applied to a set of 11 µm digitized 

maps of eB 
derived from data obtained by the Medium Resolution 

Infrared Radiometer (MRIR) carried on the Nimbus III satellite. 

Simultaneous television pictures are used as an aid in detecting 

cloud-free areas. 

In order to obtain the deficit, D, values of AOB are 

plotted against values of A sec z for all locations considered 

cloud-free within each overlapping area on the digitized maps 

of OB. 	The best line drawn from the origin determines D, 

the value of LO
B 
for a difference in path length of one atmosphere 

(!A sec z = 1.0). 	Figs. 3a,b show examples for both windows. 

The above method for finding D greatly reduces the problem 

of systematic errors in the data. 	A systematic bias does not 

affect the difference between two observations of 6B 
unless the 

bias changes from one orbit to the next. 	A change of that 

nature is an unlikely event, and for those cases studied no 

detectable sudden changes of, say, 1°K or more took place. 
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Fig.1 	Distances between isopleths of secz in terms of .degrees 
longitude for different latitudes on the 4 gm digitized 
maps of equivalent black body temperature. 	The intervals 

shown are half the scale of those on Fig.2 a,b. 
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Fig.2 a‘b 	Example of an overlapping area of two 4 inn digitized maps 

from consecutive orbits. 	Isopleths of sec z and of 

equivalent black body temperature, OB  ( ° K), are drawn on 

the maps. 	Hatching indicates areas where OB >,. 298°K and 

cross-hatching those where QH < 240°K. 	Values of @H < 240°K 

indicate areas covered by high, thick clouds, and those 

.>„ 298° K (.>: 297°  outside of the tropics or where sec z > 1.3) 
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show areas likely to be free of clouds. 	Clouds are likely 

to be found over the tropical oceans where 	290°K except 

where sec z > 2.0. 
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Fig.3 a l b 	The difference in OB  (LOB) plotted against the 
corresponding difference in sec z (Ls sec z) for 
observations of the same location on consecutive 
crbits of the satellite. 	The value of AOB  for 
ASec z = 1.0 is the deficit (D). 
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2.2 Direct comparison with ship data 

a) HRIR and MRIR 

The deficit may also be obtained by relating ship reports 

of es to values of eB for the same place. 	In practice the 

number of useful ship reports is limited by the condition that 

the location be free of clouds. 	Digitized maps of eB  and ship 

reports are studied in order to select areas that are cloud-free. 

Photo montages of the HRIR data are also used for the identification 

of cloud-free areas with the 4 pm cases; and satellite television 

pictures are for use with the 11 pm cases. 

Ship reports of es  are plotted on the digitized maps of 

eB  for both windows and the difference, es-0B, is plotted 

against sec z. 	The best line through the origin is then drawn 

and the value of the deficit read off where the line passes 

through the point where sec z = 1.0 (see Figs. 2+ a,b). Note 

that sec z = 0 represents the fictitious condition of a zero path 

length or a wholly transparent atmosphere. 

Unfortunately systematic errors can affect the values of 

eB listed on the digitized maps. 	Consequently the values of D 

deduced from the above technique are less certain than those 

from the method of §2.1. 

b) THIR 

The surface temperature of the sea beneath a cloud-free 

atmosphere may be inferred from radiance measurements (10.5- 12.51-tm) 

from the Temperature-Humidity Infrared Radiometer (THIR) carried 

on the Nimbus IV satellite if systematic errors are accounted for 

and the deficit is known. 
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Nimbus11,3.5-4.//im , 27-29 Aug. and 3/Augr2Sept./966 

I.0 
sec Z 
	2.0 
	

3.0 

Fig. 4a 

Nimbusiir,9.5-//..5purn, 4Jul.and SAug./96.9 

1.0 
sec Z 
	2.0 
	

3.0 

Fig. 4b 

Fig.4 a,b The difference between equivalent black body temperature 

inferred from satellite radiance measurements and 

sea surface temperature measured by shipboard 

techniques (OB  - Os) plotted against the corresponding 

value of-secz. The value of OB  -Os  for sec z 	is 

the deficit (D). 



The digitized data were provided by Dr. E.J. Williamsmof 

the Clarendon Laboratory, Oxford in the form of contiguous blocks 

of measurements along the sub-satellite track (centreline). 

Each block, a 7°  latitude square, contains 72 data points, 

each of which consists of one individual measurement giving the 

radiance in terms of the equivalent number of digital counts. 

The geographical coordinates, the date and time, the temperature 

of the radiometer housing in °C and digital counts, and the 

number of digital counts for a space view are listed alongside 

each block. 

The variation of digital counts with radiance is linear, 

allowing a graph of their comparison to be made based upon the 

space and housing values for one data block. 	Having the radiance 

of the housing (RH), 
and the digital counts produced by a yvieu' 

of the housing and of space (H and S respectively), we can 

determine the radiance of an earth view (RE) from the following 

formula: 
E- S R = R 

E 	H H- S 

where E is the number of digital counts produced by an earth view 

(one data point on'the digitized maps). 	Once the radiance is 

known its equivalent black body temperature (6B) is computed 

from the Planck equation for a wavenumber of 870 cm
-1 

(11.5 pm). 

The total or net deficit (DN
) equals the difference 

between the sea surface temperature (Os) and 6B, and consists 

of the deficit (D) for continuum absorption by water vapour and 

the contributions (d.) to the net deficit by any other cause 

(e.g. clouds in the field of view of the radiometer). 

n  

DN = D + > 	
= 

	

di 	6s  - eB 
i=1 
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Observations of Os  from ships on or near the centreline 

were compared with the 6B  derived from an average of the highest 

digital counts from cloud-free areas. 	Although a cloud cover 

1 greater than 4 — (mostly small cumulus) was reported by two of 

the seven ships that were near the centreline of either of the 

two available orbits (2085 , 10 Sep. and 2112, 12 Sep. 1970), 

apparently cloud-free areas were located within 80 km of every 

ship. 	It was assumed that the highest digital counts within 

an apparently cloud-free area represented a view of the sea 

surface. 	The THIR photo-montages, the digitized centreline 

data, and the available ship reports were used to determine 

cloud-free regions, and to avoid interference by land. 
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3. Effects of error 

3.1 Systematic errors in satellite data 

The observed values of 0
B may contain a systematic 

instrumental error (see below), but it would not affect the 

determination of D by the limb darkening method since such 

systematic error would not be likely to change over the period 

of the data. 	However the results from a direct comparison of 

8B with conventional shipboard measurements of es 
 may be 

altered. 	The susceptibility of this method to systematic error 

arises from the comparison of measurements from two entirely 

different systems. 	The magnitude of the error is important 

since one of, say, more than 1°K may seriously impair the 

determination of D. 

Warnecke et al (1971) found the temperatures derived from 

the HRIR (4 p.m) measurements to be about 0.5°K warmer than those 

observed from an aircraft, in a direct comparison of aircraft 

radiometer measurements with HRIR measurements from Nimbus II. 

This error indicates a systematic bias of about 3° to 4°K when 

atmospheric absorption is included; it may arise from sunlight 

scattered into the radiometer, systematic errors in the data 

processing, cr both. 	However Smith et al (1970) found a 

systematic bias of only about 1°K (too high) in the HRIR data 

from the comparison of sea surface temperatures inferred from 

satellite data by their statistical method with those obtained 

by ships. 	Sea surface temperatures from the limb darkening 

method in the present work are 1 to 2°K higher than ship 

observations, suggesting the possibility of a systematic 

instrumental error of this size in the HRIR data. 	The discrepancy 

can not be attributed to error in the value of D used in 

20 



correcting the data, because D has been derived by a method 

which eliminates such systematic error. 	A systematic bias is 

further suggested by the fact that in some tropical cases where 

both satellite and ship data are available for comparison, the 

uncorrected satellite temperatures are only slightly lower 

(1 to 2°K) than those from ships, whereas it is known that the 

temperature and humidity structure of the intervening atmosphere 

must cause a greater deficit. 	Close agreement between the 

direct and indirect methods for finding D, and with theoretical 

calculations, is obtained if it is assumed that the satellite 

6B values are 1°K too high. 

For the MRIR (11 gm window) data a comparison of the 

deficit (about 4°K atm-1) from the limb darkening method with 

that (about 5°K atm-1) from the direct comparison of satellite 

with ship data suggests a possible systematic error of 1 to 2°K 

(too high), about the same magnitude as the likely bias in the 

HRIR (4 gm window) data. 

3.2 Random errors in satellite data 

The possibility of random error remains. 	Implausible 

values of 6B 
occurred in only one of the HRIR maps, and that 

one was discarded. 	The large number of scan spots, or 

individual measurements, averaged for each grid point value 

eliminates noise errors. 	Noise becomes a problem when the 

number of scan spots for one grid point decreases to fewer than 

about ten (Warnecke et al, 1971); but for the data on both the 

4 gm and the 11 gm digitized maps for this study the number of 

scan spots per grid point varied from 20 or 30 near the edges 

to over 400 along the subsatellite track. 

21 
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3.3 Gridding errors 

Errors in grid orientation, or in geographical positioning 

are within 0.5° of great circle arc, because actual orbital 

parameters are used to produce the HRIR maps (Warnecke et al, 1971). 

It is assumed that the same holds for the MRIR maps. 

The satellite may tilt away from the vertical by a maximum 

of 1° in nadir angle (Nimbus II User's Guide, 1966). 	This 1° 

error in pitch or roll causes a positioning error of about 20 km 

at the subsatellite point for a satellite height of 1100 km. 

The error in the position of a grid point increases with 

increasing zenith angle, and for an err or in roll of 1° it 

becomes significant for values of sec z > 2.5. 	When sec z 	2.5 

a 1°  error in roll would cause a deviation of about 0.1 in sec z 

(0.2, 0.3 for sec z 3.0, 4.0) from the values plotted on the 

HRIR maps. 	An error in sec z greater than 0.1 could seriously 

affect the determination of D, but nearly all the data are 

extracted from areas where sec z 	2.5 (about 85% of the data 

from areas where sec z 2.0). 	Errors in pitch.$ 1° do not alter 

the value of sec z from the plotted value. 	Errors in yaw may 

reach 3° (Nimbus II User's Guide, 1966), but they will not 

cause any significant errors in sec z. For the accuracies 

required by this study (values of 6B  to within ± 1. K) the 

above values of the errors in roll, pitch, and yaw will not 

seriously impair the data. 

3.4 Sea surface 'skin'  effect 

A further complication arises because of the existence 

at the sea surface of a microlayer, or "skin", about one 

millimetre thick. 	It regenerates in tens of seconds after 

having been disturbed by intense mixing. 	Experiments by 

Ewing and McAlister (1960) have shown this microlayer to be 



approximately.  0.6°K colder than the layer underneath, at a 

depth of about 15 cm, and Saunders (1967) calculates a value 

of 0.5°K based upon considerations of the kinematic stress and 

the sum of the sensible, latent, and long-wave radiative heat 

fluxes. 	This difference from the temperature of the water 

from which conventional measurements are taken (a depth of 

decimetres to metres) does not affect the determination of D 

by means of the comparison of 60B  to L sec z. 	However the 

difference will affect the results from the method of comparing 

OBwith values of es  reported by ships, but its sign tends to 

slightly offset the systematic error noted above. 

23 
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4. Theory and calculation of deficits in terms of atmosphericprofiles 

4.1 Specification of model atmosphere 

In order to compute values of D on a theoretical basis 

a model atmosphere is constructed using a number of simplifications. 

The model also serves as a means of investigating the mechanisms 

causing the decrease in the upward radiation, and therefore 

the decrease in the observed temperature, as well as determining 

the relative significance of each one. 	The same model is used 

for computing the deficit for both the 4 pm and the 11 pm windows. 

The primary data consist of eight points extracted from 

actual radiosonde soundings. 	The first point lies at 1000 mb 

and the fourth through the eighth occur at 850, 700, 500, 300, 

and 100 mb. 	The second and third points may occur at any pressure 

level, in ten millibar units,: between 1000 and 850 mb. 	For 

example the second may be at 920 mb and the third at 890 mb. 

These two points are included in order to take care of any 

inversions which may occur at pressures greater than 850 mb but 

less than 1000 mb. 	The resultant seven layers are further 

subdivided into smaller homogeneous layers, 32 in all. 	These 

smaller layers have a 10 mb thickness from 1000 to 850 mb and a 

25 mb thickness from 850 mb to 500 mb. 	The three upper layers 

are 500 to 400 mb, 400 to 300 mb, and 300 to 100 mb. 	The 

atmosphere is considered transparent to infrared radiation, 

within the window regions, above the 100 mb level. 	The midpoint 

values between each of the 33 pressure levels represent the 

values of the various quantities (pressure, temperature, and 

humidity) within each of the 32 homogeneous layers (see Fig.5). 
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The temperature and humidity profile of each case is 

based upon data from the eight primary points which in turn are 

taken from radiosonde soundings of representative atmospheres. 

These soundings, which are recorded on ESSA micro-filmed data 

cards, are chosen for areas suggested as being cloud-free by 

satellite data and by the synoptic reports for the radiosonde 

stations or ships. 	Four tropical North Pacific and two middle 

latitude North Atlantic soundings provide the data for the 

computer model. 

4.2 Principal window absorbers 

The upward radiation is assumed to be monochromatic at 

the wavelengths 3.8 µrn and11.0 pm, representing the 3.3-4.1 pm 
(4 pm) and the 9.3-11.5 pm (11 pm) window regions. 	A numerical 

integration of the transfer equation is performed for homogeneous, 

horizontal layers where the transmission (T) is close to one 

and the radiation is monochromatic. 	The incident upward radiation 

to any layer is the sum of the radiation emitted by, and that 

transmitted through the previous layer. 	The surface is assumed 

to radiate as a black body (a good assumption for a water surface 

emitting infrared radiation in the regions of the spectrum 

considered here). 

Absorption by carbon dioxide is significant in the 4 pm 

window but not in the 11 pm window since wings of CO2 
absorption 

bands extend into the former, but not the latter, region. 	A 

method for computing this absorption uses the work of Elsasser (1942) 

and Goody (1964). 	A number of assumptions are made in order 

to simplify the calculations. 	Carbon dioxide absorption is 

assumed to arise from evenly spaced lines of equal intensity 

whose half-widths are very small compared with their separation. 
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cm 2  

The absorption is also assumed to be 	strong so that 

line centres are fully absorbed. 

Water vapour absorption in the continuum regions appears 

to occur by means of two main processes. 	One causes absorption 

by means of foreign broadening of water vapour lines, dependent 

upon the total pressure, and the other gives rise to absorption 

dependent on the partial pressure (e) of water vapour, herein 

called 'e-type' absorption (see Bignell, 1970). 	This latter 

type, which may result from the formation of dimer molecules, 

becomes especially important in the lower, damper layers of the 

troposphere. 

Recent work by Bignell (1970) suggests a new value for 

the mass absorption coefficient (k) which differs from that 

employed by previous investigators. 	k is considered to consist 

of two parts, one with coefficient k
1 

and the other with k
2 

where k
1 is the coefficient concerned with absorption by foreign 

broadening and k2  is that for 'e-type' absorption. 	A range 

of values of these coefficients is used in the computations of 

the deficit, selected on the basis of the values given by 

Bignell (1970). 	Typical values of k1  and k2  are 0.04 and 6g-I  

for the 3.8 µm computations, and 0.10 and 10 g-1 cm2 for the 

11 pm computations (see however §5.2 and Appendix). 

Absorption by aerosols is neglected because it is generally 

small and no information on aerosol content is available. 

Aerosols have a wide spacial and temporal variation in concentration; 

and except under very dry and hazy conditions (unlikely over the 

oceans), aerosol absorption is small relative to that by water 

vapour (Bignell et al, 1963). 
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4.3 Transfer equation 

The general solution of the transfer equation is given by; 

M 	 /41 	M 

i

I ( v)m  = I ( v). exp - k(v,m)dm + 	k(v,m)B(v,m)exp- k(v ,m' )dm ' dm 

m=0 	m=0 	m'=m 

1/4---------v------i  
(i) 	(ii) 	 (iii) 

(i) Emergent beam = (ii) Transmitted part of incident beam 

+ (iii) Emission by slab 

where v =wave number and m= mass of water vapour. 

This equation may be solved for a horizontally stratified 

atmosphere by dividing it into sufficiently thin layers that 

appropriate mean values can be inserted for all variables. 

The equation for each such layer can then be written; 

In = n-1 exp -knMn + Bn(1 - exp-knMn) 

(i) 	(ii) 	(iii) 

where M= (h2  - h1  )pv ( pv = water vapour density and (h2  - h1) = layer 

thickness) and n refers to the layer and n-1 the previous one. 

With the addition of a term for carbon dioxide transmission, 

Tc, we have; 

In = In-1 Tcexp-knMn + Bn(1 	Tcexp-knMn ) 

For the 11 pm computations Tc  is set equal to 1.0, but for the 

3.8 pm computations Tc 
is calculated as shown below in .54.4. 

If we insert the numerical values of the appropriate 

constants into the wave number form of the Planck equation 

and approximate dv by Av (=1 cm-1) we get for each layer 

(1) 
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Rn = 1. 188 x 105v3  / (exp(1.44 v/en) - I) 

where v= 2632 cm-1.  (3.8 pm computations) or v=909 cm-1  (11 pm). 

The new absorption coefficient (k) found by Bignell (1970) 

consists of two parts (see §4.2). 	The first part (with coefficient 

k
1) is modified by changes in atmospheric pressure from the 

standard value of 1000 mb and the second part (k
2
) is altered by 

changes in the partial pressure of water vapour. 	The dependence 

of k on temperature is not considered for' reasons given' below. 

The absorption coefficient for a layer of atmosphere can be Written; 

kn  = k1(pn/1000) + k2(en/1000) 

where n refers to the mean value for the layer. 

The mass absorption coefficient (k) used in the computations 

for this thesis is assumed to be independent of temperature. 

However, as stated by Bignell (1970), 'the absorption by 

foreign broadening of water vapour lines has a positive temperature 

dependence of about 0.5 per cent per 00, while the le-type' 

absorption has a strong negative dependence of about 2 per cent per Oc.  

The small change in the former type (with coefficient k1) will 

only partly compensate for the change in the latter (k2). 

For the range of temperatures found over the ocean in the 

lower troposphere, where most 'e-type/ absorption occurs, the 

consequence of the temperature dependence of k should be small. 

TO test this assumption two deficits for"the same tropical 

atmosphere, for the 4 gm window, were calculated, one with a 

k dependent upon temperature and another with a k independent 

of temperature. 	The computed deficits (carbon dioxide absorption 

not included) were 3.1 and 2.8°K atm-1  respectively, representing 

a difference of about 10%. 	A slight increase in the value of 
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the k that is independent of temperature would account for this 

difference in D, which is of an equal or smaller magnitude 

than the likely error from ignoring aerosol absorption. 

A similar set of computations for the 11 pm window with 

ki  ,k2  = 10,5 g-1 cm2 (as suggested by work in Appendix) gave 

deficits of 5.0 and 4.8°K atm-1  respectively for values of k1
k 

with and without the dependence on temperature. 	This difference 

of about 4% is less than that likely to result from ignoring 

aerosol absorption. 	Also k1  and k2 
are not yet known to an 

accuracy greater than about 10 to 20%. 

Therefore the temperature dependence of the absorption 

coefficient is not considered because the resulting error lies 

within acceptable limits for the accuracy required for the 

computations of this thesis. 

4.4 Absorption by carbon dioxide in 4 pm window 

The transmission of carbon dioxide is set equal to 1.0 

for computations at 11 pm. 	A method for calculating Tc  for 

the 3.8 pm computations uses the work of Elsasser (1942) and 

Goody (1964). 	A number of assumptions are made in order to 

simplify the calculations. 	Carbon dioxide absorption is assumed 

to arise from evenly spaced lines of equal intensity whose 

half-widths are very small compared with their separation. This 

absorption is moderately strong so that line centres are fully 

absorbed. 	With the above assumptions we have the mean transmission 

x= Sm/270, , and m  = half width of a line 

d = separation of lines 

S = line intensity 

m = mass of absorber 

where = 2naid 

T
c 	

exp 	
tal 1 - cos 

- 21p 	de 

In  



The above equation may be expressed in terms of an error function 
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7c = 1. - erf 	2 when x> 3, f3  <-1  2 

where z 
erf z = 2 „Fru exp(-y2) dy 

0 

If is small or 7c is close to 1.0 we can use 

erf z = 2  z-33 + 	 

and with 	z< 1 
2 or 

7 eNJ 1. —..— 
Sm 1. - 2172- -( 2 ) 

The value of Sa,/d2  was calculated by assuming a transmission 

through the entire atmosphere of about 0.99 (Stull, 1964). 

This quantity is treated as a constant which is used with a 

value of m that varies as the thickness of the homogeneous 

layers. 	The relative mass of carbon dioxide in the atmosphere 

is assumed to be 0.031 per cent of the total atmospheric mass. 

The value of TITc derived from Eq. (2) gives Tc for use in Eq.(1) 

above. 

4.5 Conversion of radiance to radiative temperature 

The value of In  when n= 32 is the radiance leaving the 

topmost layer of the model, and denotes the radiance that 

would be read by a radiometer on a satellite at the particular 

wave number. 	This final value of In is used in the computation 

of 6B• 	
eB  = 1.44 v/ 1n[ (1.188 x 105  v3/In ) + 1. ] 

where v = 909 cm-11 (or the wavelength= 11 lAm). 	The same equation, 

but with v = 2632 cm-/  is used for the 3.8 p.m computations. 



The theoretical value of the deficit is the calculated 

value of OB  subtracted from the temperature (es) of the surface, 

which is assumed to be at 1000 mb. 

D = 0 - s 	B. 

*Figure 5 shows some of the computed quantities for the 

1200 sounding of 25 September 1966 launched from weather ship 'T' 

in the tropical western Pacific (29°N,135°E). 

32 
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5. Results 

5.1 613 from satellite data, 4 pm and 11 pm windows: comparison with 
ship data 

The comparison of the changes in eB  with the corresponding 

changes in sec z on the 

. orbits indicate 

4 pm window and 

*Figs. 3a and 3b 

digitized maps of 6B  between consecutive 

a value of the deficit of 3 ± 7  °K atm-1 for the 1 

a value of nearly 4°K atm-1  for the 11 pm window. 

illustrate the method and show the deficit for 

one case of each of the two windows. 

The comparison between values of OB  at their corresponding 

values of sec z and the available ship measurements of 65  within 

cloud-free areas suggests a deficit of about 22  °K atm-1 for the 

4 pm window and a value near 5°K atm-1  for the 11 pm window. 

** Figs. 4a and 4b illustrate the method and the results for both 

windows. 

When a correction of 1°K is 

of eB on the 4 pm digitized maps, 

possible systematic 

1 about 3-
4 
 °K atm-1. 

11 pm digitized maps came from the region of the North Atlantic 

extending from 5°N to 37°N, enclosing an area that in the 

summer is largely covered by tropical or semi-tropical air masses. 

Therefore the 11 pm results from this method will tend towards 

those computed for tropical regions. 

5.2 Comparison of observation with theory 

The deficits calculated using the computer program for 

the model atmosphere for one particular temperature and humidity 

*p.15; "p.17 

added to the observed values 

in order to correct for the 

bias mentioned in §3.1, D increases to 

Nearly all the ship data used with the 
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profile (tropical profile of Fig.9 ), but with varying values 

of the absorption coefficient, are shown in Table 1. 	The 

values of the two parts of the coefficient, k1  and k2, are 

shown along with the values of the radiance leaving the top 

of the model atmosphere (R). 	Also shown are the equivalent 

black body temperatures (eB) and the deficits (D). 

k1  
/ 	.1 	2x kg 	cm ) 

k
2 

/ 	1 	2. kg 	cm ) 

0B  

( ° K ) 

D 

(°K atm-1) 

R 

(erg cm 2s 1  steil(cnrin 

0.02 4.00 298.64 1.76 0.67 
0.02 6.00 298.05 2.35 0.65 

0.02 8.00 297.49 2.91 0.63 
0.04 4.00 298.24 2.16 0.65 
0.04 6.00 297.67 2.73 0.64 
0.04 8.00 297.13 3.27 0.62 
0.06 4.00 297.84 2.56 0.64 
0.06 6.00 297.29 3.11 0.63 
0.06 8.00 296.77 3.63 0.61 

Table 1  

Computed values of ev  D, and R for the given values of k1  and k2. 

The table shows the 3.8 pm results for a tropical atmosphere. 

Carbon dioxide absorption is not included. 	Os  equals 300.40°K. 

Table 1 indicates that a difference of about 1Z °K atm
-1 

exists between the highest and the lowest values of D as a 

result of the different values of the absorption coefficient. 

The median values for k1  and k2'  0.04 and 
6 g-1cm2  respectively, 

are those suggested by Bignell (1970). 

Table 2 lists the average deficits that are calculated 

using three different values of the absorption coefficient. 

The values of D for the tropics are averages of the results from 



four temperature and humidity profiles based upon four radiosonde 

soundings from the western part of the tropical area of the 

North Pacific Ocean. 	Those values of D fcr the northern portion 

of the middle latitudes are averages of the results from two 

profiles based upon two soundings launched from weather ships 

A and I in the North Atlantic Ocean. 	All six soundings were 

chosen from cloud-free areas as determined by the digitized 

maps, the corresponding photo-montages, and the corresponding 

synoptic reports. 
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k1  = 0.02 0.04 0.06 

k2  . 4. 6. 8. 
h 

Tropical 2.2 3.2 4.2 

Northern 
Mid-latitudes 0.7 0.8 1.0 

3.8 gm radiation. 

k
1 

= 0.08 0.10 0.12 

k2 = 8. 10. 12. 

Tropical 4.8 5.8 6.7 

Northern 
Mid-latitudes 0.7 1.0 1.1 

11. pm radiation 

Table 2 

The average computed deficits for the given values of ki  and k2 

for the 11. gm and 3.8 tm windows. 	The contribution to the 

deficit by carbon dioxide absorption in the 3.8 gm window is 

about 0.5°K atm-1. 	D is in °K atm-1, and k1 
 and k

2 
are in g 1 cm2. 

The value of D determined by the two methods of observation 

compares favourably with the computed deficit for each window 

region, generally to within 1°K atm-1  (see Table 3). 

In the case of the 11 gm window, the computed D agrees 

with that determined from the comparison of 63  with es  derived 

from ship reports. 	However the result from the method whereby 

cleB is compared to\t,sec z differs from the computed value of D 

by almost 2°K atm
-1
. 	This difference may arise from an overestimate 
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of the absorption coefficient (k), since neither k1  nor k2 are 

exactly known, especially k2 . If k1  and k2  are equal to 

0.10 and 5. g-1cm 2 respectively instead of 0.10 and 10. g-1cm2 

the computed D (4.4 ° K atm-1  ) would lie between the two deficits 

determined by the two methods of observation. 	Platt (1972) 

found values of k 	0.14 ± 0.04 g-1cm 2 for e 	10 mb, 

0(air temperature) ti  11° C, and p 	= 1000 mb ; 

k N 0.24 ± 0.04 g-1cm2 for e ti  20 mb, 	18° C, and p 	p. = 1000mb. 

If k1  = .10 g -1cm2 for k defined in §4.3 then k2  has values 

from 4 to 7 g-1cm2 (about 10% less when account is taken of the 

dependence of k on 6 noted in §4.3). 	Furthermore the work 

described in the Appendix supports a value of k2  near 5 g-1,cm2. 

Another possibility involves the geographical area from 

which the observations are taken. 	The data for the method of 

comparing /1633  with A sec z come from an area which includes the 

middle latitudes as well as the tropics. 	Therefore a bias 

towards the theoretical value of D for the northern middle 

latitudes could be expected, and in fact the two observational 

methods disagree by slightly more than 1° K atm-I. 

The following table summarises the results from the two 

observational methods and from the numerical computations. 

Windows 
Computed 

(Tropical atmospheres) 

Observed 	values 

Ship Os  to 0B  
(uncorrected) 

,LO B  to 6sec z 

3.5 - 4.1 pm 

9.5 -11.5 pm 

3.2 

4.4 (5.8) 

2.8 

5.0 

3.0 

4.0 

Table 3  
- 

Mean observed and computed values of the deficit ( 01(atin I 0.2°K atm 1  ) 
for a tropical atmosphere in the 4µm (3.5 - 4.1 t.trn) and 11 pm (9.5 -11.5pm) 
windows. k1 ,k2  = 0.04, 6 g-1 cm2 for the 3.8 pm (4 tim window) computations 
and .10, 5 g-1cm2 for the 11pm computations. The value of D (11pm) 
in parentheses is computed with k2 = 10 g-1cm2. 



5.3 Results and interpretation of 11.5 pm  THIR data 

Values of OB  inferred from 11.5 Pm  digitized data were 

compared with ship observations of es  for two latitude regions 

of the North Atlantic. 	Five such comparisons showed a net 

deficit (DN) of about 13°K atm-1  for the region 34 to 39°N, 

42 to 48°W, and two comparisons gave a DN of about 11 °K atm
-1 

for the area 56 to 60°N, 50 to 58°W. 	The computed value of 

the deficit (D) for typical atmospheres is about 4°K atm-I  in 

the former and about 1°K atm-1  in the latter area. 	Subtracting 

D from DN for each area leaves a contribution to the net deficit 

of 9 or 10°K atm-1 to be accounted for, which may partly be 

explained by the presence of scattered clouds in the field of 

view (8 km across). 

By adding the upward radiance from the surface to that 

from the cloud tops we obtain the net upward radiance, as viewed 

by the satellite, which can be expressed in terms of its 8B. 

To determine the resultant 8B 
we assume that any clouds are small 

1 cumulus, as reported by the ships, and that no more than -4- of 

the viewed area is covered. 	We further assume that the cloud 

bases (tops) are at 500 m (2 km), and that the lapse rate is 

dry (moist) adiabatic to 500 m (from 0.5 to 2 km) in the cloud 

covered areas. 	With the above assumptions we may now estimate 

the effect of scattered clouds upon the observed OB. 	If es  is 

298°K, the radiance temperature 'seen' by the satellite is 

about 2941/4°K. 

Adding D to the contribution (3%4°K) from the postulated 

cloud cover, and including the decrease in D (about °/4°K°K atm
-1 

 ) 

resulting from the reduction in the absorbed radiance caused by 

1  LT ofthe radiating surface being at 2 km, we are left with 

6 or 7°K atm-I  as yet unexplained. 	This extra amount may in 

37 
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part arise from a possible underestimate of D resulting from 

weak absorption lines of water vapour and carbon dioxide near 

or just inside the 12.5 gm end of the THIR window. 	However 

this extra absorption would not account for more than about 1°Katm
-1. 

The remaining 5 or 6°K atm
-1 may be a consequence of 

systematic errors, as for example the calibration of the instrument, 

the processing of the data, the geographical positioning of the 

satellite, or a combination of two or more errors. 

Verification of the results of this section must await the 

availability of more data. 	However the results so far indicate 

the existence of unknown errors in the 10.5- 12.5gm window data. 

5.4 Discussion: observations from different latitudes 

Further work with 4 gm digitized data from the Nimbus II 

satellite shows that the deficit becomes smaller at higher 

latitudes, as indicated by the results from the computer model. 

The observations were extracted from four overlapping areas 

on HRIR maps from four pairs of consecutive orbits between 23°N 

and 47°N latitude. 	For this work aB is compared to L1 sec z. 

The decrease in the size of D with an increase in latitude is 

expected since the troposphere at higher latitudes contains 

less water vapour as well as having a generally lower temperature. 

The results of the observations indicate a D slightly less 

than 21h °K atm-1  for latitudes greater than 41°N, and slightly 

greater than 3'4 °K atm-1  for latitudes less than 41°N (see Figs.6a, 

6b). 	These results nearly lie within the range of values of D 

1 (3 ± 7  °K atm-1 ) derived from the 4 gm data studied prior to 

this section, for which the area of observation extended from 

about 10°N to 45°N. 	However the comparison between the deficits 

for the different geographical regions on the set of HRIR maps 
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Fig.6 a,b The difference in OB (A0B ) plotted against the corresponding 
difference in sec z (A sec z) for two distinct latitude 
regions for observations of the same location on consecutive 
orbits of the satellite using 4 gm digitized data. 	The 
value of LOB for sec z = 1.0 is the deficit (D). 



used for this section shows a 1°K atm-1  difference that suggests 

a real decrease in D with an increase in latitude from a tropical 

to a middle latitude area. 	When data are obtained for the 

region north of 50°N, where the air should be considerably 

colder and dryer, the decrease in D with latitude should be 

more apparent. 

4o 
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6. Working approximations  for estimating  deficit: uncertainty 

in window absorption coefficients 

6.1 Window absorption coefficients 

The transfer equation used in the computations employs an 

absorption coefficient having two parts, as proposed by Bignell (19701 

The transmission for this version of the transfer equation is 

given by: 

T = exp(-kM) 	(1) 

where M is the mass of water vapour in a column with a cross 

section of 1 cm2 through a homogeneous layer of atmosphere, 

and k is the mass absorption coefficient. 

The absorption coefficient consists of two parts in the 

following form: 

k = k1 1  + k2  p. 
	po 

where N=1000 mb, i is the average pressure of the layer in 

millibars, and ; is the average vapour pressure of the layer 

in millibars. 	k
1 
 and k

2 
are the constants suggested by Bignell(1970). 

The mass of water vapour, M, in a column through a layer 

of atmosphere is directly related to the mean vapour pressure of 

the layer. 	The term kM from Eqs. (1) and (2) may be separated into 

its two parts: 

kM = k1p M + k2-5  M . o 	Po 

The first term on the right of Eq.(3) is proportional to the 

product of the total pressure and the vapour pressure while the 

second part is proportional to the square of the vapour pressure. 

The second part is therefore more sensitive to changes in the 

(2)  

(3)  
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vapour pressure of the layer. 

The contribution to kM from the second term (with coefficient 

k2 ) outweighs that from the first term (k1 ) on the right hand side 

of Eq.(3) when the atmosphere becomes sufficiently moist. 	If 

, k2  = 0.10, 10 g-1cm2  (11 µm computations) and the mean 

pressure of the layer is 1000 mb, then the second part of kM 

has a greater magnitude than the first when the vapour pressure 

of the layer exceeds 10 mb. 

6.2 Deficits for typical atmospheres for various window 

absorption coefficients 

Figs. 7 a,b and 8 a,b summarize the results of the 

and the 11. tim computations, for one tropical and one 

middle latitude atmosphere, for various combinations of k1 and 

k2' since the exact values of these coefficients are as yet 

unknown. 	Only continuum absorption by water vapour is considered. 

The deficit may be read off these graphs for any k1 , k2  when 

more accurate estimates of these coefficients become available. 

Similar graphs may be prepared for other atmospheres. 

From these graphs, and others for similar atmospheres 

(see for example Table 1), simple empirical formulae give an 

approximate value of the deficit in terms of k1, k2 for representative 

atmospheres. 	The constant quantity, a , serves to make these 

formulae dimensionally correct and equals 1°K g cm-2  atm-1  . 

For the 4 pm window D 7k1a + 0.03 k2a in an atmosphere typical 

of the poleward side of the mid-latitude belt, and 

D 	25 k1a + 0.3 k2a in a tropical atmosphere; for the 11. [Am 

window D flt 9k1a + 0.04 k2a and D 30k1a + 0.35 k2a for the 

same two atmospheres. 	Carbon dioxide absorption causes a 
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further 0.5 °K atm-1  in the 4 pm window. 

The above empirical formulae illustrate the increase in 

the importance of the k2  term relative to the k1 
 term as the 

lower atmospheric layers become wetter and warmer. 	For the 

two representative soundings the average vapour pressure and 

temperature increased from 12.5 mb to 23. mb and from 286°K to 

296.5°K for the 1000 to 900 mb layer (see Fig. 9). 	With the 

4 pm formulae a near doubling of the vapour pressure is associated 

with a change of the ratio of the numerical coefficients from 

- 2.3 x 102  to Z2  o 83x 102 . 0.03 	 .3 	• 

ratio 

Estimates of the 4 pm deficit may be obtained through the 

	

use of techniques which do not require a computer. 	A simple 

empirical formula serves to compute a rough estimate of D using 

only information contained in a surface synoptic report (see ,4prehdixB). 

D 	0.8 x 10-2 °K atm-1 r2 	C 

The quantity r is the mixing ratio at the surface and C is akili/Lude 
dependorf- 
/constant for the effect of carbon dioxide absorption. 	C has 

a value of 0.5 °K atm-1  for atmospheric temperature profiles 

typical of the tropics and 0.3 °K atm-1  for those profiles 

typical of the middle latitudes. 

A comparison with the computed results using the model 

atmosphere for the computer for six cases shows formula (4) to 

have an accuracy of 0.5 °K atm-1  or better for five of the six 

examples. 	In one of the tropical cases, with a relatively 

low surface mixing ratio, the formula underestimated D by 

0.6 °K atm-1. 

6.3 Deficit in terms of the surface humidity mixing 

(4 ) 
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Fig.9 Profiles of temperature (solid lines) and vapour pressure 

(dashed lines) used in the calculations of §6.2 (results 

shown in Fig.7 a,b and Fig.8 a,b) and §6.4 (Fig.12). 

These profiles are extracted from the 12CC GET, 25 Sept 1966 

ascent' from station 91131 (141°E, 25°N) for the tropical 

case and the 1200 GET, 22 July 1966 ascent from weather 

ship 'I' (19°W, 59°N) for the middle-latitude case. 
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6.4 A graphical method 

The following graphical method improves the accuracy of 

the 4 µm deficit to about 0.2°K atm-I  as compared with the 

results from the computer calculations. 	The transmission is 

computed from the common meteorological parameters of pressure 

and mixing ratio for each of four or five layers of a model 

atmosphere. 	The method employs a graphical solution of the 

transfer equation given the temperature and the transmission 

of the atmospheric layers. 	The resultant radiance leaving the 

topmost layer has an equivalent black body temperature which 

is then compared with the observed surface temperature. 

Each radiosonde sounding is used to construct a model 

atmosphere consisting of four or five homogeneous layers with 

respect to temperature (A) and mixing ratio (r). 	Each layer 

represents a section of the sounding with a roughly constant 

lapse rate of e and r. 	The small amount of water vapour in 

that portion of the sounding where r < 1.0 g kg-1 is taken to be 

transparent in the 4 p.m window. 

The transfer equation for the graphical method is based 

upon that of §4.3. 	We begin with the equation for continuum 

absorption by water vapour for each layer; 

In = In-iTn  + Bn(1 - Tn) 	exp -knMn  + Bn  (1 	exp -knMn) 

where n refers to the layer and n-1 to the previous one. 

We then consider k to consist of two parts with coefficients 

k
1 
 and k

2 as in Eq.(2). 

n 	n-1 
I 	I 	exp - (k1  Li3n.  + k2  f-rip.)Mn  + Bn  1 - exp 	—pPno  + k2  -e-tipo)Mn) 

6 where po  = 1000 mb and k
1 
 , 

k2 - - 	'  0.04cm2 g-1  . 
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The transmission, T, of each layer can be computed using 

a form of Eq.(1) (see also Eq.(2) )which has pressure (mb) and 

mixing ratio (g kg-1 ) as independent variables. 	Solutions of 

Eq.(1) for 100 mb thick layers (i.e. values of 7100  ) are plotted 

on Fig.10 for various mean values of p and r. The transmission 

	, 	,7 of layers of thickness 6p (L 100 mb) is given by logeT - 100 loge1-10 • 

The upward radiance at the top of the model atmosphere is 

evaluated graphically by means of a radiation chart (Fig.12) 

with transmission plotted against Planck function (ordinate 

labelled in terms of equivalent temperature, 0). 

The area under the curve represents the upward radiance 

leaving the top of the atmosphere. 	The value of 6
B 
inferred 

from this computed radiance is read off the Planck curve of Fig.11. 

The curve on the right of Fig.11 with the larger scale provides 

more accurate determinations of 6B' or B, for the more frequently 

encountered temperatures above 280°K. 

An additional contribution to the deficit is added to 

the value of D obtained from the graphical method for water 

vapour in order to account for the effect of carbon dioxide 

absorption. 	For an atmosphere having a temperature profile 

typical of the tropics a contribution of 0.5°K atm
-1  is used 

while for a temperature profile typical of polar or the poleward 

side of the middle latitude regions one of 0.3°K atm
-1 suffices. 

The above values are sufficiently good for the accuracies required 

by the method of this section (to about 0.2°K atm-I, as compared 

with the computer value of D). 

The value of the contribution to the deficit for the effect 

of water vapour absorption in the continuum region (DO equals 

the sea surface temperature (6s) less the computed OB. 	The 
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Fig.10 	Values of transmission (T) for 100 mb thick layers as a function of mean pressure CO and mixing ratio (F). 

Only continuum absorption by water vapour at 4.0 t.tm (2500 cm-1) is considered. 



Fig.11 Curves of monochromatic radiance at 4.0 iim (2500 cm-1) 

for a black body (134.011m) plotted as a function of 

temperature (6). The curve on the right gives a 
better resolution of B4.0 p.m  for e > 280°K, temperatures 
more frequently encountered. 
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Fig.12 Radiation chart showing transmission (T) against 

Planck function (equivalent temperature, 0) for 

the example of '56.4. The hatched area is a 

measure of the deficit and the area below the 

stepped curve represents the radiance detected 

above the atmosphere. The letters on the right 

hand side are for use in §6.4. Fig.9 shows the 

surface to 700 mb portion of the tropical 

sounding used for this example. 
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addition of the correction for carbon dioxide absorption (C) to 

the above value of Day gives the final value of the deficit, 

D=Dw +C where w refers to water vapour and Dw = es  - OB. 

The following example illustrates the use of the graphical 

method. 	The data are based upon the 1200 sounding from ship T 

of 25 Sep. 1966, and they are listed in Table 4 (see also*Fig.9). 

Layer p(mb) 
of boundaries T (mb) Ap (alb) 3:.  (g kg-1  ) 6 (°K) 

n 	N(03 at the (300.5)  (e 
1000 

1 950 100 15.8 296.0 
900 

2 875 50 13.0 290.7 
850 

3 775 150 7.2 288.1 
700 

4 600 200 2.0 279.5 
500 

Table 4  

Model atmosphere for use in the example. 

() indicates the mean value for a layer. 

Values of T are found according to the method noted above 

as illustrated in the following table which lists values of T for 

each layer and the corresponding values of T100. 

Layer Y 100 
AP 	T 7 Log

el-100x  100 -u°geY 

1 0.75 0.75 

2 0.83 -0.1863x 0.5= -0.0932 0.91 

3 0.94 -0.0619 x 1.5 = -0.0930 0.91 

4 0.992 -0.0080 x 2.0= -0.0160 0.985 

Table 5  

Transmission (T) of each layer of the model atmosphere. 	Values 

of p are given in Table 4 and values of Tioo are extracted from 
*Tig.10 using values of p and r from Table 4. 

10.49; *p.46 
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The values of T and 0 for the fourth layer are plotted 

at their intersecting point, D, on*Fig.12. 	The black body 

radiance absorbed by and re-emitted from the fourth layer at its 

average temperature e4 is represented by the rectangular area 

ABCD of Fig.12. 	The value of T plotted at the point E is the 

product of the values of T for layers three and four. 	The 

area GDCEF represents the radiance absorbed by and then emitted 

from the third layer, at its average temperature, 03, which 

passes through the fourth layer and out of the moeel atmosphere. 

The values of T for layers one and two are found in a similar 

manner. 	Table 6 lists the values of T for the model atmosphere 

of Table 4. 

Layer Formula Net Transmission( t o nearest 0.005) 

(Surface) To  = 0 = 0 

1 T
1 

= T4 T3 T2  T1 0.815 x 0.75 = 0.610 

2 T
2 

= T4 T3 T2 0.895 x 0.91 = 0.815 

3 T
3 

= Y4 T3 0.985 x 0.91 = 0.895 

4 T
4 

= T4 = 0.985 

(Top) T
5 

= 1.00 = 1.00 

Table 6 

Net transmission (T) of each layer for the example shown on Fig.12. 

The procedure for using the chart of Fig.12 involves a 

simple integration performed with the variables of the average 

temperature and net transmission for each layer, and the surface 

temperature. 	For the example, first draw a line along 04=279.5°K 

from T5=1.00 to T4=0.985. The area within the rectangle, ABCD, 

represents the radiance emitted by the topmost layer. 	As the 

second step draw a line from T4=0.985 to T3=0.895 along the 

line of -0-3=288.1°K. Connect the two lines by drawing another 

*p•51 
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one between 64= 279.5° K and 63. 288.1°K along the line of 

T4. 0.985. The area ABEiGD represents the radiance emitted by 

layers three and four that leaves the top of the model atmosphere. 

Continue the process until the line along T.= 300.5°K, the 

surface temperature, reaches To= 0,0 from T1= 0.610. =  The total 

area under the line represents the 4.0 pm upward radiance leaving 

the atmosphere that would be measured by a radiometer on a 

satellite orientated vertically downwards. 	The area under the 

line of 60  = surface temperature, from To = 0.0 to T5= 1.00, 

represents the 4.0 t.tm black body radiance of the surface or that 

observed by a radiometer outside the atmosphere if there was no 

atmospheric absorption at 4.0 pm (2500 cm-1). 	The difference 

between the two areas, the hatched area of ''Fig.12, represents 

the radiance absorbed by the atmosphere at 4.0 F.tm (2500 cm-1 ) 

as a consequence of the continuum absorption of water vapour. 

The hatched area of *Fig. 12 has a value of about 

0.125 erg cm-2 s-1 ster-1(cm-1)-1 (± 0.0025 erg cm-2 s-1 ster-1  (cm-1  ) 1  

The curve of **Fig. 11 shows that the surface temperature of 300.5°K 

produces a black body radiance, B, of 1.165 erg cm- 2  s-ister-1( cm-1)-1 

at 4.0 pm (2500 cm-1 ). 	Subtracting the first value from the 
- second leaves a net upward radiance of 1.040 erg cm-2 s-1 ster (cm-1 )-1  

Furthermore Fig.11 shows that black body radiance at 4.0 pm of 

1.040 erg cm-2  s-1  ster-1( cm-1  )-1  occurs at a temperature, 0B' 

of 297.7°K. 

For water vapour absorption; 

Dw  = es  - eB  = 300.5°K - 297.7°K 

= 	2.8°K (for one atmosphere) 

and including the contribution to the deficit from carbon dioxide 

absorption (for a tropical temperature profile) we have; 

*P•51 **p.50 
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D = 

= 2.8°K atm-1  + 0.5°K atm-1  

= 3.3°Katm-1  

Computations on the computer give a deficit of about 3.2°K atm-1 

for the same atmosphere. 

Linear interpolations between plotted values of the various 

quantities an*Figs.10 through 12 are sufficient for the accuracy 

required by the above method. 	If a representative sounding 

for a cloud-free area is available, then this graphical method 

should provide a D to about 15% of the actual deficit of the 

real atmosphere. 

6.5 Accuracies and limitations of the proposed approximations 

Several advisory and precautionary notes are mentioned 

as an aid to the user of the graphical method. 

One or more layers may be safely eliminated under certain 

conditions. 	Any layer having a mixing ratio of less than 

1.0 g kg
-1 may be considered transparent, T=1.00, as regards 

the effect of continuum absorption by water vapour. 	For example 

if the mixing ratio above 8o0 mb is less than 1.0 g kg-1  then 

that part of the atmosphere is considered transparent for continuum 

absorption, and only one or two layers may be needed for the 

computations. 	In the extreme case of the whole sounding with 

r less than 1.0 g kg-1 , D = C. 

The deficit will in general have a value less than 5.0°K atm
-1
. 

Therefore any computed value exceeding 5.0°K atm-1  by any great 

amount indicates an error in the computation of D rather than 

any real physical cause (also valid for the method of §6.3). 

The method tends to be more inaccurate for lower surface 

*pp.49-51 
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temperatures since a small error in the final value of the upward 

radiance becomes more significant at lower temperatures. 	For 

example, the curve of*Fig.11 near a 03  of 300°K shows that an 

error in B. of 0.01 erg cm-2s-1 ster-1(cm-1)-1 causes an error 

in 0B of 0.2°K. 	However near the region of the curve at 275°K 

the same error in B causes an error in 6B of 0.5°K. 	In fact 

the more complex graphical method produces only a slight 

improvement over the simpler method of §6.3 for dryer, cooler 

atmospheres. 

The schemes of ';6.2, 6.3,and 6,4 apply only to observations 

of the sea surface, and not in general to observations 

of the land surface. 	For example, when 4.0 lam window measurements 

are taken during the night, large temperature inversions may 

occur over land under clear skies. 	The radiometer will in part 

measure the warmer temperature of the inversion layer possibly 

causing a significant error in the estimation of the surface 

temperature. 	This error may lead to a large overestimate of 

the surface temperature of, say, 2 or 3°K. 	In clear oceanic 

areas inversions near the surface are almost always of a smaller 

magnitude, resulting in a relatively small error, if any, of 

that nature. 

A further and even more important complication in measuring 

land surface temperatures arises from the emissivity of the land 

not being close to 1.0 (i.e. not being similar to a black body). 

The sea surface at infrared wavelengths radiates nearly as a 

black body, but different land surfaces have widely different 

emissivities. 	A moist ploughed field may emit nearly as a black 

body, but a barren sandy area may have an emissivity as low as 0.7. 

Since the methods of this thesis depend upon the surface radiating 

as a close approximation to a black body, they would fail for 

land areas of an emissivity not close to 1.0. 	*p.50 



57 

7. Summary and conclusions 

Values of the deficit were found for a moist tropical and 

a dryer middle latitude atmosphere using satellite observations 

in the 4 pm and 11 pm windows. 	Deficits for both windows were 

also computed for atmospheres with different amounts and distributions 

of water vapour. 	In general the computed values agreed quite 

well (to within 1 °K atm-1 ) with those observed using the two 

methods of section 2. 

The deficit for the 4 pm window (about 3 °K atm-1  for a 

warm, moist atmosphere) can be predicted to within ± °K atm-1  

provided that the viewed area is cloud-free. 	With a deficit of 

that accuracy we can study changes in the sea surface temperature 

of, say, 1 or 2 °K when sec z for the observed area is not too 

large. 	However care is needed whenever sec z > 3.0, since the 

linear approximation of the relationship between 6B 
and sec z 

is less valid than for sec z < 3.0. 

The deficit for the 11 pm window (about 5 °K atm-1 for a 

warm, moist atmosphere) is less well known, having an accuracy 

of about ± 1 °K atm-1 when the viewed area is free of clouds. 

The field of view of the 11 pm radiometer is much larger than 

that of the 4 gm instrument; and consequently the chance of 

interference by clouds is greater. 	This investigation with 

11 pm data was hampered by a lack of data despite repeated efforts 

to acquire more from NASA. 

Deficits, of some 13 °K atm-1  near 37°N, were derived 

from the 11.5 Pm window data from Nimbus IV by comparing OB  values 

in cloud-free areas with measurements of 8s  from ships. 	Even 

when the possible contribution to the deficit caused by undetected 

scattered clouds is accounted for, 5 to 6 °K atm-1 remain 
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unexplained, possibly a consequence of one or more systematic 

errors. 	Further study is necessary in order to give more 

reliable results. 

The deficit, D, may be calculated without numerically 

integrating the equation of radiative transfer, as shown in 

section 4. 	Values of D can be computed using different 

values of k
1' 

k
2 
for each of a series of typical atmospheric 

soundings. 	We can then find D in terms of these absorption 

coefficients when they are more accurately known, but such a 

technique would be misleading for non-representative atmospheres. 

The simple formula of §6.3 for the 4 p.m window gives the 

deficit in terms of the square of the surface mixing ratio. 

This formula provides a quick and easy means of computing D when 

an accuracy of between 14 and 1 °K atm-1  is required. 	The more 

'accurate graphical method of section 6.4 
	

employs sounding 

data, but gives values of the deficit tc ±)a °K atm-1. 

The deficit is a consequence of absorption by water vapour, 

carbon dioxide, and aerosols. 	Aerosol absorption is neglected 

because it is small relative to that by water vapour except under 

very dry and hazy conditions (see §4.2). 	Continuum absorption 

by water vapour alone accounts for nearly all the attenuation in 

the 11 pm window, but absorption by carbon dioxide is significant 

in the 4 pm window. 	For the latter window the variation in the 

water vapour content of the lower troposphere is the primary 

cause of the large difference between the deficit for a representative 

tropical atmosphere (about 3 °K atm
-1 ) and that for a sub-polar 

one (about 1 °K atm-1 ), especially as the contribution to the 

deficit by carbon dioxide absorption in the 4 um window (about 

0.5 °K atm-I) varies only slightly. 
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Sea surface temperatures may be inferred from satellite 

measurements of radiance to an accuracy of t 	°K at the subsatellite 

point, t 1 °K at a zenith angle of 60°, if all systematic errors 

have been accounted for. 	Even with an unknown systematic bias 

(estimated to be 1 or 2 °K in the data used for this study) changes 

in the sea surface temperature of 1 °K at the subsatellite point, 

2 °K at a zenith angle of 60°, are detectable. 	The above 

accuracies are obtained with a deficit correct to ± 	°K atm 1
. 

In order to compute the deficit to an accuracy of t 0.2 °K atm-1  

aerosol absorption and the temperature dependence of continuum 

absorption by water vapour must be taken into account. 

Short period changes may be detected through the use of 

satellite data. 	A short period in this context means the time 

between consecutive passes of a satellite (less than two hours) 

if the cloud-free area to be observed lies within the overlapping 

region between two maps of 613  from consecutive orbits. 	For 

those areas outside of the overlapping region this period is about 

a day, again so long as the area remains free of clouds. 

Two profitable directions for future research would be 

to deduce more accurate values of D for representative atmospheres 

with the use of radiance data gathered by higher resolution 

radiometers, and to compute more accurate estimates by taking 

into account aerosol absorption and the temperature dependence of 

continuum absorption by water vapour. 



II Use of satellite measurements of SST to study changes caused 

by the passage of a tropical storm 

1. Introduction and survey of previous work 

The best value of the deficit for a representative tropical 

atmosphere is selected on the basis of the results of Chapter I. 

This value is applied to an investigation of the changes in sea 

surface temperature caused by an intense tropical storm in the 

western Pacific. 	Both satellite and ship data are used, and 

useful results are obtained although other disturbances in the 

area before and after the arrival of the specified storm restrict 

the period of study to about two weeks. 	The features deduced 

from the satellite data are compared with those deduced from 

ship reports. 

In earlier investigations of the changes in sea surface 

temperature, Os, data were gathered by observers on specially 

equipped research vessels or extracted from standard synoptic 

ship reports. 	The former means of observation limits the area 

of study while the latter restricts the area to regions near 

the usual shipping lanes. 	However valuable results have come 

from investigations which employed these methods of observation. 

Landis and Leipper (1968) studied the changes in es  caused 

by Hurricane Betsy as it passed from the Atlantic Ocean to the 

Gulf of Mexico in 1965. 	Data were extracted from standard 

synoptic reports from ships. 	They found decreases of nearly 

2 °C over an area about 300 km wide along the storm track. 	They 

concluded that upwelling induced by the storm produced the largest 

contribution to the cooling of the sea surface, as compared 

with that resulting from vertical mixing or evaporation. 
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Leipper (1967) observed sea conditions prior and subsequent 

to the passage of Hurricane Hilda through the Gulf of Mexico 

in 1964. 	Data were obtained during four crossings of the storm 

track by the research ship Gus III and from standard synoptic 

reports. 	Leipper observed a general decrease in the sea surface 

temperature of some 2 to 3 °C over a strip along the storm track 

which varied in width from 200 to 500 km. 	The sea surface 

temperature was 5 to 6 °C cooler eight days after the storm 

passed within a narrower region 50 to 60 km wide which lay just 

to the left of the storm track in the northern half of the Gulf 

of Mexico. 	He concluded that upwelling, observed to a depth 

of 60 m, was primarily responsible for the cooling of the 

sea surface. 
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2. Treatment of data 

2.1 Adoption of an appropriate constant value for the deficit 

4 pm digitized (HRIR) maps of equivalent black body 

temperature (AB), derived from infrared radiance data from the 

3.5-4.1 mm instrument carried on the Nimbus II satellite, are 

used for the study of changes in sea surface temperature. 	A 

constant value of the deficit (D) of 3°K atm-1  is used in the 

reduction; 1 this is thought to be accurate to about ± 2 — °K atm-1 

for the area studied, considering the results of Chapter I. 

The assumption here is that the atmospheric profiles of temperature 

and humidity do not vary greatly over the area and over the 

period studied which is as good as any other in the absence of 

actual data. 	Only cloud-free areas are considered. 	Sea surface 

temperature (Os) is derived from As  = AB + D sec z. 

2.2 Analysis of HRIR maps 

The HRIR maps are prepared in much the same way as in 

Chapter I, §2.1. 	The accompanying data population maps show 

the location of the centrelines of individual satellite passes. 

Each centreline is checked against several computed positions 

along the orbital track and then traced on the corresponding 

6B  map. 	Isopleths of sec z are drawn on these maps as in 

Chapter I, §2.1. 

An analysis of the data on each 8B map is used to separate 

those areas considered cloud-free from those which are partly 

or wholly filled with clouds. 	Any 298°K isotherms almost 

invariably indicate cloud-free areas; the 297°K (or an even lower) 

isotherm serves this purpose where secz is greater than 1.5 
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or in more northerly latitudes, say poleward of 35°N. 	Generally 

temperatures less than 290°K indicate regions largely covered 

by clouds except north of about 40°N, or where sec z is greater 

than 2.0. 	The 240°K isotherm encloses regions of high, thick 

cloud associated with a dense cluster of cumulonimbus or with 

an intense storm of a larger scale. 

2.3 Location of cloud-free areas and storm track 

The digitized maps of 6B and published data from Nimbus II 

Data Catalogues provide information for locating the daily 

positions of the centre of the tropical storm. 	Usable data 

(cloud-free areas not close to land where secz < 3.0) from the 

digitized maps cover a portion of the western Pacific Ocean 

extending from about 20 to 40°N and from about 125 to 152°E. 

Storm centre positions and cloud-free areas are drawn on small, 

semi-transparent charts of the area covered by the digitized 

maps. 	One small chart is prepared for each day, on which the 

useful area that is observed on each orbit is outlined (one or 

two orbits per day) with overlapping regions between consecutive 

orbits indicated by a light crosshatching. 	A map drawn on the 

same scale as the small charts shows those land features that 

could interfere with the observation of es  by the satellite. 

Persistent cloud-free areas are located easily by the use 

of these small charts. 	Locations near the storm track that 

remain cloud-free from before to after the passage of the storm 

are especially sought. 	Six such positions appear on the sequence 

of charts from 25 August through 4 September 1966, although 

each position may not be cloud-free for the entire period. 	In 

this context a location is considered to be cloud-free if, within 

300 km,a value of 6B from an apparently clear area is observed. 
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This procedure is justified by the fact that the sea surface 

temperature is rarely observed to change by more than about 

I ± 7  K over distances <300 km in the area studied. 

2.4 Summary of processed data 

A very large amount of data is involved, and because 

inevitable gaps appear several techniques of analysis have been 

devised in an attempt to obtain as complete a picture as possible. 

Most of the data is presented in the form of charts of sea surface 

temperature (es) derived from both satellite and ship measurements. 

In an effort to extract as much information as possible relating 

to the change in Os  caused by the tropical storm, composite 

charts are prepared showing conditions relative to the storm centre. 

A summary (Table 7) of the charts of basic and derived data is 

presented below in order to assist in the discussion. 



Composite 
e s  change 
(Fig.17) 

Before storm 
21 - 26 Aug 
(Fig. 16) 

Composite 
27 Aug - 2 Sep 

(Fig. 15 ) 

Composite 
27 Aug - 2 Sep 

(Fig. 14) 

I 	Mean sea surface 

A SATELLITE 

temperature charts 

B SHIP 

Bef ore storm Bef ore storm 
21 - 26 Aug 21 - 26 Aug 
(Fig. 16) \Cooling (Fig. 24) Cooling 

/1 (Fig. 20) (Fig. 22) 
Just after Just after 

30 Aug - 1 Sep 30 Aug - 1 Sep 
(Fig. 18 ) Warming (Not presented) Warming 

(Fig. 21) (Fig.23) 
After After 

2-4 Sep 2-4 Sep 
(Fig. 19 ) (Not presented) 

II Composite charts (relative to storm centre) 

A SATTTT,LITE 	 B SHIP 
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Table 7  

Summary of the processed data. 	The arrows show which sea surface 
temperature (es) charts were used to derive each chart of the 
change in es  . Note that Fig. 16 (mean es ) was used for both 

IA and II A . 



3. 	Results 
--------- 

3.1 Day-to-day changes in SST  

Six areas remained cloud-free throughout most (1) or 

all (5) of the period 27 August through 2 September 1966, as 

indicated by the digitized maps and the 4 pm photo-montages. 

The values of es  derived from values of OB  for these seven days 

show a definite cooling of the sea surface at these locations 

following the passage of the tropical storm. 	The daily values 

of Os  are shown in Tables 8a and 8b for two locations 100 km 

and 550 km respectively north of the storm track. 	The average 

of the values of es  before and just after the closest approach 

of the storm suggest a slightly greater (140K) cooling at the 

point nearer the storm track, but this may not be significant 

because it is no greater than the likely error of the data. 

The onset of the cooling is earlier at the point nearer the 

storm track. 	This difference in time is consistent with the 

assumption that the cooling of the sea surface progresses outwards 

from the moving storm (Leipper, 1967). 

For the same two locations, two values of 6B were obtained 

from consecutive orbits of the satellite on 31 Aug. 	The two 

values of es  derived from these should agree closely with each 

other if the area is actually cloud-free and the assumed value 

of D is correct. 	In Table 8 for the point nearer the storm 

track the two values are the same, but for the other point the 

values of es  differ by 1°K. 	These two examples indicate that 

while 3°K atm-1 for D near latitude 30°N in the western Pacific 

Ocean is reasonable, care must still be taken in working with 

the 4 pm digitized data. 

66 
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Date Data 
Orbit secz eB( °K) es ( °K) 

27 Aug 1956 1388 1.4 299 303 

28 u 11  1402 1.8 298 303' 
29 r? II 1415 1.0 30o 303 

CPA 	3o " IT 1428 1.5 297 301'h 
) 31  ,, II 1441 1.9 295 301. 
1. 31 71 ?I  1442 1.7 296 301 

01 Sep if 1455 1.25 297 301 

02 " tt 1468 1.25 298Y2 302 

Table 8 a 

Location: 138-139° E, 27° N 100 km north of the storm track 

Date Data 
Orbit secz eB ( °K) ei s( °K) 

27 Aug 1966 1388 1.5 298 3021 

28 	u 	u 1402 1.6 297 302 
29 	It 	TT 1415 1 • 0 299 302 

CPA 	30 	" 	" 1428 1.4 299 303 
f  31 	U 	U 1441 2.2 295 3011/4  

1 31 	, 	" 1442 1.5 296 3001 
01 Sep 	" 1455 1.0 298 301 
02 	" 	" 1468 1.4 299 303 

Table 8 b 

Location: 137° E, 31° N 	550 km north of the storm track 

Sea surface temperature (es ) derived from 4 p.m digitized maps of 
equivalent black body temperature (0B) for two persistently cloud-free 
(see §2.3) areas. A constant value of 3°K atm-1  is assumed for the 
deficit (D) and es  is derived from es  = 0B+ D sec z. CPA refers to 
the closest point of approach of the storm centre. Note the 
decrease in es  on the day of (8 a), or the day after (8 b), the CPA, 
and the subsequent increase several days later. 

Fig. 13 summarises the results for the six cloud-free areas 

and supports the results from Tables 8 a and 8 b. 	Note that the 

cooling initially occurs on the day of the closest approach of 

the storm at location IV but not until the day after at I, II, V 

and VI, and that the cooling is about .  K more at III and IV. 

Cloud obscures location III when the storm is nearby. 
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3.2 Composite charts of SST 

Two charts showing 86  relative to the storm centre, 

derived from 4 pm satellite and ship data, exhibit many similarities 

in the patterns of the sea surface temperature (see Figs.15 and 14). 

In both cases the coldest regions lie to the north of the storm. 

Warm water covers a large area mostly south of the. storm and 

another smaller area lies about 500 km to the north of the storm, 

but the observations for the latter region may be influenced by 

the warm Kuroshio current. 	About 350 km to the northeast of 

the typhoon a relatively small area of warm water nearly bisects 

the generally cooler region north and east of the storm. 

The analysis of patterns of sea surface temperature in 

Fig.14 (derived from ship data) and those in Fig.15 (satellite data) 

is hampered in some fairly large areas of no data. 	Few satellite 

observations of the surface exist in the immediate vicinity of 

the storm because of the presence of a thick cloud cover. 

Within a radius of 300 km from the centre there was only one 

value of Os  that could be inferred from the 4 pm data. 	In regions 

of no data the patterns shown on the maps of 86  are therefore 

questionable, but elsewhere the patterns of 86  from satellite 

and ship data fit together fairly well. 

3.3 Change in SST; composite and mean charts 

The charts of the change in mean values of 06  derived 

from satellite and ship data exhibit the same large scale features. 

The change in mean Os from before to just after the passage of 

the tropical storm is shown in*Fig.20 (satellite data) and 

*`Fig. 22 (ship data); both figures show a large area of cooled 

water covering most of the region near and to the right of the 

storm track. 	A general recovery of 86, following the cooling 

**p.81; *p.79 
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Fig.14 	Sea surface temperature (°K) extracted from standard 

synoptic reports from ships plotted relative to the 

centre of the tropical storm. 	Coordinates are latitude 

and longitude relative to the storm centre. 	Cnly a 

limited area can be compared with Fig.15 derived from 

satellite data as a result of the two areas of no data 

coinciding with much cf the cloud-free region of Fig.15. 
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Fig.15 	Similar to Fig.14 except that sea surface temperature is 

inferred from 4 gm digitized data and dashed isotherms are 
drawn for each WK. 	Cnly a limited area can be compared 

with Fig.14 derived from ship data as a result of areas 

obscured by cloud coinciding with much of the region of 

useful data of Fig.14. 
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just after the passage of the tropical storm, is shown in 

*Fig.21 (satellite data) andFig.23 (ship data). 	Both charts 

show that areas of strong warming replace areas which had strongly 

2°K) or moderately (1 to 2°K) cooled just after the passage 

of the storm. 

The large scale features in the charts cf the change in 

mean es are also evident in the composite chart *(Fig.17) of the 

change in eis  relative to the storm centre. 	In Fig.17 (satellite 

data) an extensive area of cooling covers much of the region to 

the right and behind the storm, which can be identified as the 

same feature as the large cooled area along and to the right of 

the storm track in Figs.20
-I+ 
 and 22. 

The composite chart can also be used to obtain an estimate 

of the duration of the perturbations in es. 	Cooled or warmed 

areas on the chart that are greatly elongated in an east-west 

direction indicate perturbations of long duration, whereas 

areas of a limited east-west extent denote perturbations of a 

shorter duration. 	Note, for example, the extensive cooled area 

mostly north of the storm lasting 4-6 days compared with the 

much smaller warmed area east and slightly south of the storm 

lasting 1-2 days (see Fig.17). 	In addition perturbations of 

short duration that appear on the composite chart are unlikely 

to show up on the chart of change in mean O s  (Fig.20) which is 

derived from averages over 3 or more days. 

3.4 Discussion 

Some observed changes in es  may be a consequence of 

other disturbances near the area studied. 	The strongly cooled 

area in Fig.17 south of the tropical storm of this study (Typhoon 

Alice from 31 Aug) may be caused by Typhoon Cora which maintained 

*p.80; **p.82; +p.76; 44-p.79; 444-p.81 
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a position about 8° south and 2°  west of Alice on 31 Aug and 

1 Sep 1966. 	The position of the latter cooled area (bottom of 

*Fig.17) relative to Cora is similar to that of the large cooled 

area (top of Fig.17) relative to Alice. 

The values of es  derived from satellite data are generally 

about 2°K higher than those from ship data, suggesting the 

existence of a systematic bias of about this magnitude in the 

satellite data (see also Chapter I, §3.1). 	However for some 

smaller areas the satellite-inferred temperatures are 3 to 4°K 

higher than the ship values. 	Note the area 300 to 400 km across 

just north of the storm which is much colder in*Ing.14 (ship data) 

than in+Fig.15 (satellite data). 	This greater difference in Os 

(?, 4°K) could be a result of an overestimate of the value of the 

deficit (D) in that area. 	If D was actually 2°K atm-1 (a reasonable 

value for the dry subsiding air often found near a tropical storm) 

instead of 3°K atm-1 as assumed in this study, es  inferred from 

satellite data would be lower by 1 to 2°K (sec z 2.0 for most 

observations). 	Furthermore if D is actually smaller immediately 

to the rear of the tropical storm (drier air over the cooled 

sea surface near the storm) than in front, then the cooling 

inferred from satellite temperatures near the storm centre would 

be underestimated (see Fig.17, in -which a slightly cooled region 

is seen near the storm centre). 

Local variations in D from the mean value of 3°K atm-1 

could account for some of the differences in the position of 

smaller scale features and in the magnitude of es  between the 

chart of mean es (Fig.16) derived from satellite data and that 

441Fig.24) from ship data. 	However the scarcity of data in certain 

areas of both charts makes the comparison of smaller scale 

features very difficult. 

*p.76; 4*p.70; +13.71; +f10.75; +1+p.83 
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The deficit (D) could have been estimated from the surface 

humidity mixing ratio (see Chapter I, §§6.3 and 7), had this 

been available but the accuracy is only about 71zto 1 °K atm-1  , which 

is of the same order as the likely variation in D from place to 

place. 	There seemed to be little prospect, therefore, of improving 

on the assumption of a constant value of D in tho absence of the 

required data.(seeAppendb(C). 

A further difficulty in the interpretation of the data is 

the probable slight underestimate in es  as a consequence of the 

sea surface not radiating exactly as a black body. 	Buettner 

and Kern (1965) made laboratory measurements of the emissivity 

of a smooth water surface in the 8-12 pm window. 	They found 

emissivities of .99 for angles of incidence < 48° (equivalent 

to secz < 1.5), .98 for secz .L-41.8, and rapidly decreasing 

values for secz >1.8. 	Emissivities of .99 and .98 would cause 
1 	1 

2
. es  to be underestimated by about IT  and — K respectively in the 

11 pm window for a typical atmosphere; these differences in es  

are about 30% less in the 4 pm window. 	If we assume that the 

emissivities are about equal in both windows, the probable 

2°K underestimate in es  is likely to be about 1 	. to -a- K since about 

75% of the data are for secz z 1.5 (88% for secz 1.8). 	For 

the work of this thesis the sea surface has, therefore, been 

assumed to radiate as a black body because the data is tabulated 

1 to the nearest °K, i.e. t 
2  
--°K. However for any future attempt to 

find Os  to a greater accuracy the effect of emissivity will have 

to be considered. 



Fig.16 Sea surface temperature (°K) inferred from 4 pm 

digitized data for 21-26 Aug 1966, just before 

the passage of the tropical storm. The large 

area of cloud persisted for the entire period. 

A comparison with Fig.24 derived from ship data 

shows a possible systematic bias of about 2°K. 
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Fig.17 Change in sea surface temperature (°K), the 

difference between data for Fig.15 and those for 

Fig.16, from ahead to behind the tropical storm 

derived from 4 µm digitized data plotted relative 

to the storm centre. Negative values indicate 

a cooled sea surface. The areas of cloud persisted 

from 27 Aug through 2 Sept 1966. 

Vertical (horizontal) hatching denotes regions 

cooled (warmed) by an amount ?„1.0°K. Coordinates 

are latitude and longitude relative to the centre 

of the storm. 
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Fig.18 Sea surface temperature (°K) inferred from 4 pm 

digitized data for 30 Aug - 1 Sept 1966, just after 

the passage of the tropical storm. Note the 

general cooling compared with Fig.16. 
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Fig.19 Similar to Fig.18, but for 2-4 Sept 1966, well 

after the passage of the tropical storm. Note 

the general warming compared with Fig.18. 
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Fig.20 Change in sea surface temperature (°K), the 

difference between Fig.16 and Fig.18, derived 

from 4 pm digitized data from before (21-26 Aug1966) 
to after (30 Aug- 1 Sept 1966) the passage of 

the tropical storm. A general cooling of the 

sea surface is shown. Daily reported positions 

and the track of the storm are shown. Negative 

values indicate a cooled sea surface. 

Vertical (horizontal) hatching denotes areas 

cooled (warmed) by an amount ?.1.5°K (?,1.0°K). 

Compare with Fig.22 derived from ship data. 

The general extent and magnitude of the cooling, 

and warming, is similar despite the possible bias 

of 2°K in the satellite data. 
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Fig.21 Similar to Fig.20, but showing the difference 

between Fig.18 (30 Aug- 1 Sept 1966) and 

Fig.19 (2-1+ Sept 1966). The recovery to 

conditions similar to those before the passage 

of the tropical storm is shown. 

Vertical (horizontal) hatching denotes areas 

cooled (warmed) by an amount ?..1.0°K (1.5°K). 

Compare with Fig.23 derived from ship data. 

The general extent and magnitude of the 

warming, and cooling, is similar despite the 

possible bias of 2°K in the satellite data. 
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Fig.22 Change in sea surface temperature (°K) derived from ship 

data from before (21-26 Aug 1966) to after (30 Aug-1 Sept1966) 
the passage of the tropical storm. 	A general cooling of 

the sea surface is shown; negative values indicate a cooled 

sea surface. 	Compare with Fig.20 derived from satellite data. 
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Fig.23 Similar to Fig.22, but from 30 Aug- 1 Sept 1966 to 

	

2- 4 Sept 1966. 	The recovery to conditions similar to 
those before the passage of the tropical storm is shown. 
Compare with Fig.21 derived from satellite data. 
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Fig.24 	Sea surface temperature (°K) for 21 — 26 Aug 1966 extracted 

from standard synoptic reports from ships. 	Compare with 

Fig.16 derived from satellite data. 	Note a possible 

systematic bias of about 2°K in the satellite data. 
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4. Summary and conclusion 

In Chapter II we studied the changes in the sea surface 

temperature caused by a severe tropical storm through the use 

of satellite and ship data. 	A number of charts and tables 

show the changes in the sea surface temperature in fixed and 

relative frames of reference. 

The most notable feature was a wide wake of cooler water 

behind the storm. 	This area along and to the right of the 

storm track was 2 to 3°C cooler than before. 	Furthermore it 

correlates satisfactorily with the results from the study of the 

same area using ship data. 

A constant value of 3°C was used for the deficit (D); a 

value varying with the amount and distribution of water vapour 

in the atmosphere would have been preferable, but sufficient 

radiosonde soundings were not available. 	However the results 

of Chapter II indicate that a constant value of D is adequate 

since the same type of air mass (tropical oceanic) covers most 

of the area both before and after the tropical storm. 	However 

for some smaller regions, as for example cooled areas under the 

clear dry subsiding air often found near a tropical storm, the 

actual deficit would be smaller than the average so that the 

sea surface temperature of these areas would probably be over-

estimated as a consequence of our assumption, and the cooling 

of the sea surface at these localities would be underestimated. 

As shown in Chapter I, §6.3 the deficit for various air 

masses can be estimated from surface values of the humidity 

mixing ratio. 	Unfortunately the gain in accuracy possible from 

this technique would have been almost nil for nearly the entire 

area studied in this case (see §3.4). 	However in a similar study 
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of an extratropical storm the above technique would be useful 

since each of the distinct air masses around this type of storm 

has a distinctly different water vapour content, and the profiles 

of temperature and humidity would normally be available. 
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Appendix A  

Infrared cooling due to proposed water dimer absorption in the  

8-12 pm window  

Cox (1969) observed infrared cooling rates 1 to 2°K day-1  

greater than expected on the basis of all available previous 

calculations. If our inference about absorption by water dimers 

is correct, cooling rates in damp tropical atmospheres should 

be greater than hitherto expected and, furthermore, the excess 

cooling would be expected to arise mainly in the 8-12 pm window. 

Simplified calculations of infrared cooling in this window have 

been made for various assumed values of absorption coefficients 

for monomeric (k1) and dimeric (k2) water. 

Previous computations (whole spectrum) of infrared cooling 

rates of about 11/2  °K day-1 were made by Elsasser (1942), London (1952), 

and Rodgers and Walshaw (1966) for a tropical atmosphere below 

the 700 mb level. Yamamoto (1952) calculated values of about 

2°K day-1  below the 700 mb level for a tropical atmosphere, and 

Brooks (1950) computed cooling rates of about 11/2 to 2 °K day-1  

below 700 mb for a moist middle-latitude sounding. The single 

fast value of about 4°K day-1 computed by Brooks at 957 mb is 

probably a consequence of the sharp (about 3°K warmer than surface) 

inversion centred at that level. 

In the computations (8-12 pm) here it is found that the 

observed excess cooling can be most closely accounted for by 

the proposed dimer absorption with the same value of absorption 

coefficient (k1 	2 .10, 5 cm2 g-1 ) as that which best explained 

the magnitude of the deficit (11 pm) in satellite-inferred 

sea surface temperatures (Chapter I). 	Data for this investigation 

are three tropical soundings from Christmas Island (lat. 2.0°N, 

long. 157.3°W) in Spring 1967 (Cox, private communication). 
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The temperature and mixing ratio profiles from each sounding 

are divided into homogeneous layers about 50 mb thick (except 

the surface-1000 mb layer). 	The upward and downward infrared 

fluxes in the 8-12 µm region are computed by a numerical integration 

of the transfer equation and cooling rates are calculated from 

the divergence of the net flux. 	Fig.A1 shows the computed 

values of the above quantities for one sounding along with the 

simultaneous temperature and mixing ratio profiles, and Fig.A2 

shows the computed and observed cooling rates for the same 

atmosphere. 	Cooling rates computed with the use of new and 

commonly accepted (monomeric water only) absorption coefficients 

are presented in Fig.A3 for one atmosphere. 

Flux divergences were calculated using the Elsasser (1942) 

diffusivity factor approximation of 5/3 for the flux transmission 

function and averaging appropriately over the 8-12 µm (1250-835 cm
-1
) 

region. 	Absorption by carbon dioxide was ignored since it is 

negligible in this window compared with that by water vapour. 

For each of the three soundings, calculations were made for a 

range of values of k1  and k2  centred on the most likely value 

suggested by laboratory work; when improved values become 

available it will, therefore, be easy to assess changes in the 

calculated cooling rate by inspection. 

The results of the above computations are shown in Figs.A4 

and A5. 	The most noticable effect of increasing k2  at a constant ki  

is to increase the computed cooling rates at higher levels and 

decrease them at lower levels (see Fig.A4). 	The level at which 

maximum cooling rates (3 to 4°K day-1 ) occur rises from about 

900 mb when k2= 10 g-1 cm2 to about 800 mb when k2= 20 or 30 g
-1

cm
2
. 

Proportional variations in k1  with k2  constant result in changes 

in computed cooling rate similar to those above, but they are 
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of a smaller magnitude (see Fig.A5). 

Cox noted the possibility of the faster cooling rates 

inferred near the surface being caused by a rise in the temperature 

of the underlying surface filling the field of view of the 

instrument during the lower portion of a slanting ascent. 

Initially the sensor views only land (cold, under night sky), 

but as it moves vertically and horizontally from the launch point 

warmer ocean increasingly fills the field of view below, until 

at some height (Cox supposed the 800 mb level) the instrument 

views only the sea. 	The inferred flux divergences in the layer 

from the surface to say, 800 mb might therefore have values 

between those for ascents over land and ocean, leading to greater 

estimates of cooling rates in that layer in this case. 	Cox's 

data suggested a possible increase in inferred cooling rate of 

1 
1°K day

-1 at 950 mb (-
2  °

K day-1 at 900 mb) if the land surface 

was assumed to be 4°K cooler than the sea. 	At pressures 800 mb 

there is no such increase in inferred cooling rate because 

sea surface fills the entire field of view. 	Calculations (8-12 pm) 

for the case of Fig.A2 show an increase of only 0.3°K day-1 at 

950 mb (< 0.2°K day-1 at 900 mb) for the same difference in 

surface temperature. 	Therefore any increase in the inferred 

cooling rate resulting from a trajectory over a warmer surface 

should be small, and become insignificant above the 900 mb level 

because the sensor then views almost entirely uniform ocean. 

Figs.A4 and A5 indicate that the excess cooling of about 

11/2  °K day-1 of Cox's inferred values over previous calculations 

in the lowest 3 km of atmosphere can be accounted for on the 

hypothesis of absorption by dimeric water. 	We can write the 

dimer transmission function Td  = exp - kdmd where and is the mass 

of dimer per unit area of path length. 	It is not yet possible 
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to assign a value to kd since the abundance of dimer is not 

presently known or measurable. 	However, since md  is related 

to the mass (m) of monomeric water per unit area of path by an 

expression of the form md  = Aef(e)m where e is the monomeric 

vapour pressure, f(0) is a function of temperature, and A is 

a constant, we can write 

Td 	= exp - kd A e f (0 ) m 

= exp -k2  em 

where k2  = A kd f (0 ) . 

Recent laboratory measurements by Bignell (1970) give a 

direct estimate of k2 , which is the parameter required for 

calculations of atmospheric transmission, and suggest that 

k =5 to 10 per g cm-2 of monomer water vapour at e = 1 atm 

in the 8-12 pm window. 	The best agreement between the measurements 

of Cox (see Fig.2) and the calculations of cooling rate summarised 

in Figs.A4 and A5 is obtained with k2 = 5 g-1 cm2 (per atm), in 

good agreement with the laboratory results and with the value 

inferred from analysis of the deficit (Chapter I, §5.2). 	Water 

vapour lines account for only a further 1/4  to 1°K day-1  throughout 

the layer below 700 mb, but they become dominant at higher levels 

where continuum cooling is negligible. 
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Appendix B 

Correlation between the deficit and the surface mixing ratio 

A good representation of the profiles of temperature and humidity in the 

troposphere should be obtainable in terms of the surface temperature and 

humidity mixing ratio because the profiles depart relatively little and only 

occasionally from characteristic shapes. 

EXamination of a large number of tropospheric soundings suggests convenient 

profiles, amenable to simple analytical treatment in the transfer equation, 

as follows: 

15 The hUmidity mixing ratio (r) at a pressure P (atm) may be written rp= rtsPn 

where rs is the surface mixing ratio and n is close to 3; we can, however, 

investigate the effect of varying the pressure weighting exponent. 

2) The tropospheric temperature profile is commonly such that the source function J 

(Planck function) at pressure P can be written Jp=i1sPla  for P;about 0.5 atm 

where Js  is the surface value and 4 -I for X=fizarm andt-i- 2 for X= VIM 

Because we are concerned with very weak absorption a further convenient 

simplification is that the transmissivity for a column containing M g cm-2  of 
4 water vapour can be written Tie" j rm km  dm where km  is the absorption coefficient 

under the total and partial pressure conditions prevailing at the level specified 

by m (see Eq.(2), p.41). 

Making use of the graphical method described in 6.4 (pp.47-55) and 

referring to Fig.12 (p.51), the hatched area is a measure of the deficit (D), so 

Da f (Js  JT)dT 
T=0 

Expressing all variables in terms of P, we have; 

dM 	 r 	r iosPn dT = k (P)dP dP = (k, P k2  Pn+  )-g----dP 

where E = 0.622, ps  = surface pressure ( 1000 mb), and g = acceleration due to gravity; 

and, 
D a 	J8(1 P4  ) (k P 15-2-aPn+1 	 dP / 

PrO 	
g 
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A further useful approximation for evaluating the constant of proportionality 

in the above expression is; Ba  a 
= Nx—n, where 	5° K, es ."' 295 or 300'K, 

'Offs 

and N,, re- 12 for X = 4 	and N,„--r- 4 for X 

Integrating we have, 

D 	rsPs 	k. S 	 ) Pri+1  dP 
r Pn 

ea 	= 	(I-P ▪ ) 	 4' 
6 Nag 0  

PS 	Ps  11 
• g(n+2) (n+ +2) k, rs 	Nx  se (2n42) (2n+ +2)  kzrs' 

or, 	D = Bs  (cr,(X,n,4)k,rs  +13(X,n,-,4)k2r;) 	 (1) 

In Fig.A6 below values of D(4„44.) computed from the numerical integration 

of the transfer equation (see § 4, pp.24-52) are compared with curves of Eq.(1) 

for different values of n for the 4 /40, window. 

Solutions of Eq.(1) for the 4,a window (es = 300'K) for various values of n0,1k,-,..0,6g14). 
Circled points are values of D (water vapour only) computed by the method of § 
(pp.24 -32) and the equations shown on the graph are Eqs.(2) and (3) below for 
water vapour only. The numerical values of D(circled points) were computed from 
the 6 soundings of § 5, p.35 and from '3 soundings from the island of Eachij8 
(station 47978) near Japan. 
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	 Substituting values of a and p in Eq.(1) for 4/44n (for commonly observed 

values ofes) we have (including the contribution fromCp.), 

D 	kurs  + 10-3  kar; + C 	 (2) 

were D is in *K atm-' 	rs  in g kg" k, and k. = .04 and 6 g"" cmz respectively, and 

C is a latitude dependent constant fbr the contribution to D from carbon dioxide 

absorption (see § 6.3, p.45). The first term on the right is smaller than the 

second for larger values of rskand is in any case small for small r,. 
7 	 - 

'A sufficient approximation (t 0.2°K atm' ) to the value of D from Eq.(2) may be 

obtained from: 

D 	itz  x 10-3  r; c = 8 . 10-3 	(3) 

4 for values of rs  < 25 g kg' where the 3  is introduced to allow for the term k, rs  . 

in Fig.A7 below Eqs.(2) and (3) are compared with values of D computed by 

,numerical integration of the transfer equation using actual sounding data. The 

scatter in the numerically computed values from the curves of Eqs.(2) and (3) is 

a result of the variation in the profiles of r and J from those of the model 

atmosphere (see also Fig.A6).  

7 
Curves of Eqs.(2) and (3) 

compared with numerically 

computed values of D 

Note that C = 0.5°K atm' for 

tropical oceanic atmospheres 

and 0.3°K atm' for middle 

latitude or near polar oceanic 

atmospheres (where rs  < about 12) 

200 	100 	400 	800 
	/000 

( 1kr) 
8  . A 7 

Eq.(3) gives values of D to about ± 1 to °K atm-1  for oceanic atmospheres when 

	

rs < 25 g kg' for the 4 	window. 

3 

2 
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Substituting the values of a and p for 11/4411(for commonly observed values 

• of &,) we have, 

D 0.8 k,rs  + 1.8 k2r; 

where k, and k 2  have values for 1144... (= 0.10 and 5 fr' 

Again as for the 4/44,f window we may approximate Eq.(4) by 

D 2.8 x lo 3  k,r; 	 (5) 

The two values of D (11/44411) agree to ±2  K for rs  .4: 22 g kg-8  . In Fig.A8 below 

values of D computed numerically are compared with curves of Eq.(1) for various 

values of n and with Eqs.(4) and (5). 

5 

3 

2 

zoo 400 6'00 800 /000 

r
s (iv) 

Fig. A f3 

Curves of Eq.(1) for various values of n (a = 300.K) and curves of Eqs.(4) and (5) 

compared with values of D (11,44 computed numerically from actual sounding data 

(see § 5.2, p.35). 

Eq.(5) gives values of D (lleft) to about .....E /eK ate' for oceanic atmospheres 

when r S 22 g kg-i. 
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Appendix C 

Comments on the adoption of a constant value of the deficit 

The constant value (3°K atm-') of the deficit (D) for use in Chapter 2jp79.)  

1 44"' agrees to IlrKAof the values computed from the square of the surface mixing ratio 

-(see Ch.1,§6.3 and Appendix B) for about 70% of reported surface values of 

Viewpoint (01); about 90% of the values give 23< 	°K atm-1  (see Fig.A9). 

Furthermore about half of the ships reporting al A% 19-21°K lay within 100 km of 

the coast of Japan. Three of the six ships reporting le, =26"K were within 
150 km of 34.5°N, 143*E (Cb in area) on 1-2 Sept.19661  near an area of cooling 

within a large area of warming on Fig.21. The above observations suggest that 

the assumption of a constant value of the deficit is good for the area studied 

An Ch.2 except for relatively small local areas or those regions near land. 
*I> 

• , ,,,,, 	/77; 	 4 I 

15 It-  /5 14 	it It AO AI 2A 23 a ss Air It/
I 
 At` 3-1I 	 s  

PI •Ga  oc) 
if is 16 hao 11,6  4 okr9 

Fi A9 
Frequency of surface reports of dewpoint (al) for the observed area of Ch.2 
for 24 Aug - 4 Sept 1966. Median values of ee (and their equivalent values of r.) 

are listed for each interval of 1°K. The shaded area indicates the frequency 

of reports from ships more than 100 km from the coast of Japan and not within 

the area of Cb near 34.5 N, 143 E on 1-2 Sapt.1966. 
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