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Abstract

An atmospheric radiative transfer model is used to calculate surface spectral ul
traviolet irradiance under cloud-free conditions, and com pared with m easurem ents 
made at Lauder, New Zealand (dS0^ , 170° I?) before and after the eruption of M t. 
Pinatubo, and including a snow-covered surface. The ratios of diffuse to direct irra
diance depend critically on solar elevation, surface albedo, and aerosol extinction. 
Ozone changes have pronounced effects on the global UVB irradiance, but have 
only a m inor effect on these ratios. The comparison suggests that the ultraviolet 
radiation exposure can be com puted with confidence for clear sky conditions, if 
the appropriate atmospheric pressure and tem perature profiles, ozonesonde data , 
surface albedo, and aerosol optical properties are available.

The total ozone abundances are derived by using ground-based UV irradiance 
measurements and compared with TOM S in A ntarctica and the  Arctic from 1990 
to 1994. The comparisons show th a t they are generally in good agreement. Pos
sible reasons for the discrepancies between the two m ethods are discussed. T he 
equivalent cloud optical depths are also inferred from these data.

Ozone depletion can also increase the penetration of ultraviolet radiation into 
the aquatic system. A coupled atm osphere-ocean radiative transfer model is used 
to investigate the effect of ozone depletion on UV penetration through the atm o
sphere and into the underlying w ater column. Comparisons between model com
putations and in situ m easurem ents of irradiances made in A ntarctic water show 
good agreement in the UV spectral range between 300 and 350 nm. The ratio  of 
UVB (280 - 320 nm) to total (280 - 700 nm) irradiance also compared well. For a

iii
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given ozone reduction the largest relative increase of UVB radiation arriving at the 
surface and penetrating to various depths in the  ocean occurs at large solar zenith 
angles. At high latitudes the  most pronounced increase in UVB exposure due to 
an ozone depletion occurs in the early spring, when ozone depletion is expected to 
be the  most severe.

T he sensitivities of irradiance reflectance and diffuse attenuation  coefficients 
to  solar zenith angle, sky conditions, and chlorophyll concentration are discussed 
by using a  coupled atmosphere-ocean radiative transfer model. The irradiance 
reflectance is sensitive to solar zenith angle, cloud cover, and chlorophyll concen
tra tion ; the diffuse attenuation  coefficient is sensitive to solar zenith angle and 
chlorophyll concentration, but less sensitive to sky conditions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents

A bstract iii

List of Figures viii

List of Tables xvii

Acknowledgments xviii

1 Introduction 1

2 Measured UV Spectra Compared with Discrete Ordinate Method 
Simulations 16
2.1 In tro d u c tio n .......................................................................................................  16
2.2 UV Measurement D a t a ...................................................................................  18
2.3 Model Description ...........................................................................................  21
2.4 Sensitivity Tests of the M o d e l ......................................................................  24

2.4.1 Comparison of irradiances and r a t i o s ..........................................  24
2.4.2 Sensitivity to solar elevation, aerosol loading, and surface 

a lb e d o ...................................................................................................  27

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.4.3 Sensitivity to model atm osphere u s e d ........................................  29
2.5 Application of the Model to O ther S p e c t r a ............................................  32

2.5.1 Im pact of changes in ozone a b u n d a n c e ...................................... 33
2.5.2 Im pact of changes in solar zenith a n g le ......................................  33
2.5.3 Im pact of changes in surface a lb e d o ............................................. 36
2.5.4 Im pact of changes in aerosol loading .........................................  37

2.6 Model versus M easurement Comparisons for All S p e c t r a ........................39
2.7 Summary of the C h a p te r ..............................................................................  43

3 Comparative Study of the Antarctic and Arctic UV Radiation 
Environment and the Impact of Clouds 46
3.1 In tro d u c tio n ......................................................................................................  46
3.2 Total Ozone A b u n d a n c e ..............................................................................  47

3.2.1 Effects of random variability on cloud th ic k n e s s ........................ 54
3.2.2 Effects of errors during m easurem ents........................................... 57
3.2.3 Effects of spherical g eo m etry ............................................................ 60
3.2.4 Effects of other u n certa in ties ............................................................  62

3.3 Cloud Effect and Equivalent Cloud O ptical D e p th ...............................  63
3.4 Summary of the C h a p te r ............................................................................... 71

4 Ozone Depletion and UV Penetration to the Earth’s Surface and 
into the Underlying Water 73
4.1 In tro d u c tio n ....................................................................................................... 73
4.2 Coupled Radiative Transfer Model for UV and Visible Radiation . . 75
4.3 Comparison of Computed and Modeled I r ra d ia n c e ................................. 82

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.1 Downwelling irra d ia n c e ....................................................................... 82
4.3.2 Underwater UVB d is t r ib u t io n ......................................................... 88
4.3.3 Factors th a t affect subm arine UV p r e d ic t io n ............................. 89

4.4 UV Penetration to the Earth Surface and into the  O c e a n ...................  90
4.5 UV and Visible Radiation Penetration into +he O c e a n ...........................  96
4.6 Summary and D iscussion.................................................................................... 104

5 Apparent Optical Properties in the Water Body 107
5.1 In tro d u c tio n ............................................................................................................107
5.2 Spectral Irradiance R e f le c ta n c e ...................................................................... 108
5.3 Diffuse A ttenuation Coefficient ...................................................................... 113
5.4 Summary of the C h a p te r ....................................................................................118

6 Summary and Suggestions for Future Studies 120

References 126

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

1.1 Action spectra  used in com putations of effective UV doses. All
spectra are norm alized to unity a t 300 nm. From Madronich  (1992) 6

2.1 (a) Solar flux a t the top of the atm osphere, (b) absorption cross
section for molecular oxygen (dotted  line) and ozone (solid line) . . 22

2.2 O ptical depth for (a) ozone (for different column ozone abundances
as indicated), (b) Rayleigh scattering, tropospheric aerosol, and 
stratospheric a e r o s o l .......................................................................................  23

2.3 Irradiance comparison for spectrum  5 (Jan. 12, 1991): (a) global 
irradiance, (b) direct beam  irradiance, (c) diffuse irradiance, and
(d) ratio of diffuse to  direct .......................................................................... 26

2.4 Spectrum  5 (sza  =  23.3°): sensitivity of diffuse/direct irradiance
ratios to (a) solar zenith angle, (b) aerosol optical depth, and (c) 
surface a lb e d o .....................................................................................................  28

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IX

2.5 Spectrum  5: (a) sensitivity of diffuse/direct to ozone abundance 
(clear sky), (b) effects of density profile changes on computed spec
tra  for aerosol loaded atmosphere and to ta l ozone am ount of 270 DU. 
‘S tandard’ refers to com putation using U.S. standard atmosphere 
with ozone amount scaled to 270 DU, and ‘actual’ to com putation 
using density profile from balloon sounding (270 D U ) ........................  29

2.6 Sensitivity to changes in ozone and relative increase of total irradi
ance (direct +  diffuse) from 301 DU to 270 DU (all other param eters 
are th e  same). Spectrum 4 (Dec. 2, 1990): sza  =  23.2°, to tal ozone 
content of 301 DU; spectrum 5 (Jan. 12, 1991): sza  =  23.3°, to
ta l ozone content of 270 DU. (a) and (c): measured, (b) and (d): 
c a lc u la te d ..........................................................................................................  34

2.7 Sensitivity to changes in solar zenith angle (all other param eters 
are the  same). Spectrum 2 (Jul. 1, 1990): sza = 68.2°, total ozone 
content of 325 DU; spectrum  3 (Oct. 28, 1990): sza  =  32.1°, total 
ozone content of 322.5 DU. (a) measured, (b) c a lc u la te d ......... 35

2.8 Sensitivity to changes in surface albedo (all other param eters are
the same). Spectrum 2 (Jul. 1, 1990): sza =  68.2°, total ozone
content of 325 DU; spectrum 8 (Oct. 28, 1990): sza = 68.4°, to tal 
ozone content of 342.5 DU. (a) v  :asured. (b) calculated .................  36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



X

2.9 Sensitivity to changes in aerosol extinction (all other param eters
are the same). Spectrum 4 (Dec. 2, 1990): sza  =  23.2°, to ta l ozone 
content of 301 DU; spectrum 9 (Dec. 4, 1991): sza  =  22.9°, total 
ozone content of 307 DU. (a) measured, (b) calculated with tro
pospheric aerosols in spectrum  4 and both tropospheric and strato
spheric aerosols in spectrum  9 .....................................................................  38

2.10 Comparison between measured diffuse/direct ratios and calculated
ratios given the ozone column, solar zenith angles, surface albedo, 
and realistic aerosol for all spectra. Note the changes of scale in the 
y-axes between panels ..................................................................................  41

2.11 Comparison of measurements and model calculations. Tropospheric 
aerosols are involved in the calculation of spectrum  5; both tropo
spheric and stratospheric aerosols in spectrum  9. (a) diffuse/direct 
(spectrum 5), (b) deviation between model and measurem ent (spec
trum  5), (c) diffuse/direct (spectrum 9), and (d) deviation between 
model and measurement (spectrum 9 ) .......................................................  42

3.1 Tim e history of total ozone abundance derived from ground-based 
measurement (solid lines) compared w ith TOMS (dotted lines) at 
Barrow, Alaska in (a) 1991, (b) 1992, and (c) 1993. The breaks 
appear in these curves when da ta  are unavailable. D ash-dotted lines
are the  corresponding solar zenith angles ( s ^ a ) ......................................  49

3.2 As Figure 3.1 but for Ushuaia, Argentina in (a) 1990-91, (b) 1991-92,
(c) 1992-93, and (d) 1993-94 ........................................................................  50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xi
3.3 As Figure 3.1 but for Palm er Station in (a) 1990-91, (b) 1991-92,

(c) 1992-93, and (d) 1993-94 .......................................................................  51
3.4 As Figure 3.1 bu t for M cM urdo Station in (a) 1990-91, (b) 1991-92,

(c) 1992-93, and (d) 1993-94 .......................................................................  52
3.5 As Figure 3.1 but for South Pole S tation in (a) 1991-92, (b) 1992-93,

and (c) 1993-94 .................................................................................................  53
3.6 Derived to ta l ozone abundance (solid lines) by using different pairs 

of measured global irradiance ratio at selected wavelengths com
pared w ith TOMS (dotted lines) at Palm er S tation in 1992-93 sea
son. (a) for the ratio a t 313.5 nm and 300 nm, (b) for the  ratio at 
340 nm  and 320 nm, (c) for the ratio a t 320 nm  and 305 nm, and
(d) for the ratio at 340 nm  and 305 n m ................................................... 56

3.7 Percentage changes of m easured irradiance a t 305 nm  required to 
achieve correct derivation of to tal ozone abundance relative to the 
measured irradiance a t 340 nm  a t the four m easurem ent sites in 
A ntarctica from 1992 to  1993. The solid lines were calculated by the 
assum ption of plane-parallel atm osphere, the do tted  lines including 
the effects of spherical geometry. The dash-dotted  lines are the 
corresponding solar zenith a n g l e s ............................................................... 58

3.8 Total ozone abundance derived from ground-based irradiance mea
surements at 305 and 340 nm  by using a radiative transfer model 
including the  effect of spherical geometry (solid line) com pared with 
TOMS (dotted line) a t M cM urdo Station in 1992-93. Dash-dotted
line is the corresponding solar zenith a n g l e .............................................  61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xii
3.9 Calculated UVB w ith clear sky conditions (solid lines) (left pan

els) compared w ith  ground-based m easurem ents (do tted  lines) (left 
panels) and the  corresponding equivalent cloud optical dep th  (right 
panels) at Barrow in th ree spring m onths, March, April, and May, 
from 1991 to 1993. The surface albedo used in th e  m odel calcula
tions was 0 .8 5 ...................................................................................................... 66

3.10 As Figure 3.9 but for Ushuaia in three austral spring m onths, Septem 
ber, October, and November, from 1990 to  1993. T he surface albedo 
used was 0 . 0 5 ...................................................................................................... 67

3.11 As Figure 3.9 bu t for Palm er in th ree austral spring m onths, Septem 
ber, October, and November, from 1990 to  1993. T he surface albedo 
used was 0 . 6 5 ...................................................................................................... 68

3.12 As Figure 3.9 b u t for M cM urdo in three austral spring m onths, 
September, O ctober, and November, from 1990 to  1993. T he surface 
albedo used was 0 . 7 5 ........................................................................................ 69

3.13 As Figure 3.9 but for South Pole in three austral spring m onths, 
September, O ctober, and November, from 1991 to  1993. T he surface 
albedo used was 0 . 9 7 ........................................................................................ 70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xiii

4.1 Schematic illustration of the atmosphere-ocean interface indicating 
the  region of to ta l reflection in the ocean and the region which ‘com
municates’ with the  atmosphere. Refraction a t the interface allows 
photons to move from region I  (the atmosphere) into region I I  in 
the  ocean and vice versa. Photons in region I I I  are totally  reflected 
a t the interface; scattering processes allow these photons to  move 
back and forth between regions I I  and I I I  as in d ic a te d ......................  76

4.2 (a) The absorption and scattering coefficients for pure sea water;
(b) Specific spectral absorption coefficients for phytoplankton . . .  79

4.3 Comparison between model computations and m easurem ents (Smith  
et al., 1992b); solid lines are modeled and dotted lines are measured.
(a) Downwelling spectral irradiance from 300 to  350 nm  a t selected 
depths of water a t 65°5 at solar zenith angle of 50° w ith to ta l ozone 
abundance of 320 DU. The chlorophyll concentration in the  water 
was 0.4 mg m ~ 3. (b) Same as (a) but for spectral range from 300
to  700 n m ..........................................................................................................  83

4.4 Comparison of diffuse attenuation coefficients K j  between model 
computation and measurement. Solid line presents modeled and 
dotted line m e a s u re d ...................................................................................... 85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5 Comparison between model computations and measurem ents (Smith  
et ai, 1992b): depth versus Q u v b - Q t o t a l • Solid lines are modeled 
and dotted lines are measured. Inside the ozone hole, the ozone 
abundance is 150 DU, the solar zenith angle is 56°, and the vertical 
distribution of chlorophyll concentration is: 0.57 m g  m ~ 3 from the 
surface to 20 meters, 0.47 mg  m -3 below 20 meters. O utside the 
ozone hole, the ozone abundance is 350 DU, solar zenith angle is 
57°, and the vertical distribution of chlorophyll concentration is:
1.9 mg m ~ 3 from the surface to 10 m eters, 1.6 m g  m ~ 3 from 10 to
20 meters, and 1.5 mg m ~ 3 below 20 m e t e r s .......................................... 87

4.6 Changes of surface and underwater UVB irradiance with solar zenith 
angle in total ozone abundance of 350 DU and 175 DU (left panel)
and the corresponding relative changes (right p a n e l) ........................... 91

4.7 Relative decrease in UVB irradiance at selected depths as compared 
to that at the sea surface. Solid lines are for a chlorophyll concen
tration of 0.5 m g m ~ 3 and dotted lines for 1.0 m g m ~ 3 .....................  93

4.8 Temporal variations of surface and underw ater UVB irradiance for 
total ozone abundance of 350 DU (dotted lines) and 175 DU (solid 
lines) (left panels) and the relative increases of UVB irradiance due 
to ozone reduction from 350 DU to  175 DU (right panels), (a) and
(b) are for 65°N,  (c) and (d) for 45°N ,  (e) and (f) for 25°N ,  and
(g) and (h) for 5° N .........................................................................................  95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



XV

4.9 Temporal changes of UVB, UVA, and PAR surface irradiance at 
70° N  at local noon in ozone abundance of 350 DU and 250 DU, and 
their corresponding relative changes from norm al level (350 DU).
(a) and (b) are for UVB, (c) and (d) for UVA, and (e) and (f) for 
PAR. Note the ordinate scales are different in each p a n e l .................  98

4.10 Temporal changes of downwelling UVB at 0.5 m (upper panels), 3.0 
m (middle panels), and 10.0 m (lower panels) at 70°N  a t local noon 
in ozone abundance of 350 DU and 250 DU. F irst column is for pure 
sea water (a, d, and g); second column (b, e, and h) for chlorophyll 
concentration of 0.4 m g m ~ 3; and the third  column (c, f, and i) for 
chlorophyll concentration of 1.5 m g  m - 3 ................................................  99

4.11 As in Figure 4.10 but for 35°N  ................................................................... 101
4.12 As in Figure 4.10, but for the ratios of UVB to PAR irradiance . . . 102
4.13 As in Figure 4.12 but for 35° N  ................................................................... 103

5.1 Sensitivity of irradiance reflectance a t selected depths to changes
in solar zenith angle (sza).  The solid curves are the irradiance 
reflectances right above the water surface, dotted lines are for 4 
meters below surface, dashed lines for 10 m eters below surface, and 
dash-doted lines for 30 meters below s u r f a c e ............................................ 109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.2 Sensitivity of spectral surface albedo to  chlorophyll concentration 
under clear and cloudy skies. The left panels are the  surface albedos 
under clear sky in different chlorophyll concentrations (a) and their 
corresponding relative increases to  those in pure sea w ater (c); the 
right panels (b) and (d) are for cloudy sky w ith cloud optical depth
of 50. The solar zenith angle of 45° is used in the  m odel calculations 112

5.3 Sensitivity of spectral surface albedo to chlorophyll concentration 
a t different solar zenith angles under clear sky. T he left panels are 
the surface albedos a t solar zenith angle of 25° in different chloro
phyll concentrations (a) and their corresponding relative increases 
to those in pure sea w ater (c); the  right panels (b) and (d) are for 
solar zenith angle of 65° .................................................................................... 114

5.4 Sensitivity of diffuse a ttenuation  coefficients for upwelling (left pan
els) and downwelling (right panels) irradiance to  solar zenith  angle 
(sza),  chlorophyll concentrations, and sky conditions, (a) and (b) 
show the upward and downward diffuse a ttenuation  coefficient for 
solar zenith angles of 25° (solid lines) and 65° (dotted  line); (c) and
(d) for different chlorophyll concentration: pure sea w ater (solid 
lines), c =  0.1 (do tted  lines), c =  0.5 (dashed lines), and c =  1.5 
(dash-dotted lines) m g  m ~ 3; and (e) and (f) for different sky con
dition: clear sky (solid lines) and cloudy sky (dotted  lines) w ith 
optical depth of 5 0 ...............................................................................................115

XVI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

1.1 W avelength distribution of solar irradiance prior to attenuation by
the earth ’s atmosphere. (After Frederick et al., 1 9 8 9 ) ........................  2

2.1 Observing conditions of spectral irradiances investigated in this study.
In the column labelled ‘Tot Ozone (DU)’, the label ‘Dobs’ means the 
to ta l ozone abundance m easured by Dobson spectrom eter, and ‘De- 
riv ’ means the ozone column derived from the ratio  of 305 nm to 340 
nm irradiance measured by the UV spectroradiom eter. The column 
labelled ‘Balloon Flight-dates’ gives the closest dates of available 
balloon sounding data, which were used to calculate the  correspond
ing s p e c tra ..........................................................................................................  20

3.1 Longitude and latitude of the five measurem ent sites and their in
stallation time. ‘Noon (G M T)’ is the approxim ated local noon in 
Greenwich Mean Time for each site th a t used in the comparison . . 48

xvii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgments

I would like to give my most sincere gratitude to Dr. Knut Stamnes for en
couragement, understanding, support, and patien t guidance; Dr. David Eslinger 
for tutoring me in biological oceanography, encouraging me to explore the colorful 
oceanic world, and spending long hours reading my writing; Drs. Richard Benner, 
Sue Ann Bowling, Koji Kawasaki, and Brenton W atkins for constructive discus
sions and criticism of this work; Dr. Richard McKenzie of NIWA, New Zealand 
for taking time out of his heavy schedule to respond in well thought out E-mail 
to my sometimes half formed and unclear analysis, and for teaching me rigorous 
scholarship in forming a scientific paper; Drs. C.R. Booth, Tim  B. Lucas, and 
John H. Morrow of Biospherical Instrum ents Inc. for kindly providing me the 
N SF/U V  data and useful discussions. I would also like to thank Dr. Si-Chee 
Tsay, all my friends and fellow graduate students, too many to mention, for criti
cism, discussions, and cooperations; the National Science Foundation for financial 
support.

Thanks goes to my beloved parents who live far away in China for their un
derstanding and endless supporting during my pursuit of Ph.D. at the  University 
of Alaska Fairbanks. It is to them that I dedicate this dissertation. Final thanks 
goes to my dear husband and lovely daughter for their encouragement and under
standing.

xviii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Introduction
Ozone is produced when molecular oxygen absorbs solar ultraviolet energy and 
breaks up into oxygen atoms. The oxygen atoms then react with molecular oxygen 
to form ozone. Ozone itself absorbs both visible and ultraviolet light to produce 
an oxygen molecule and an oxygen atom . Oxygen atom s react rapidly with oxygen 
molecules to form ozone. Some of the oxygen atom s, however, react with the  ozone 
to reform two oxygen molecules, thus causing a loss of ozone. Through this process, 
called the  Chapman mechanism, a balance of ozone concentration is established 
which is greatest in the lower stratosphere between about 15 and 30 km of altitude. 
This ozone layer prevents much of the sun’s ultraviolet radiation from reaching the 
e a rth ’s surface although ozone constitutes less than  one part per million of the 
gases in the atmosphere.

A sum m ary of the solar flux at the top of the atm osphere is provided in Ta
ble 1. Most of the radiative energy is in the infrared and visible regions. Emission 
a t wavelengths shorter than 280 nm  (UVC) accounts for only 0.5% of the  to ta l ir-

1
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T able 1.1 Wavelength distribution of solar irradiance prior to attenuation by the earth’s atmosphere. 
(After Frederick et al., 1989) .

W avelength region Irradiance
( W /m ? )

Percent 
of to ta l

UV-C (<  280 nm) 6.4 0.5
UV-B (280-320 nm) 21.1 1.5
UV-A (320-400 nm) 85.7 6.3
Visible (400-700 nm) 532 38.9
Infrared (>  700 nm) 722 52.8

radiance, while the  UVB (280-320 nm ) and UVA (320-400 nm ) regions constitute 
1.5% and 6.3% of the  to ta l solar irradiance, respectively. A bsorption by molecular 
oxygen and ozone prevents essentially all UVC radiation  from  reaching the surface 
of the earth.

Farman and his coworkers (1985) first reported  th a t significant ozone depletion 
had been occurring over A ntarctica since th e  la te  1970s. M easurem ents m ade w ith 
balloon-borne sensors (Hofmann et al., 1987) showed th a t the  m axim um  ozone 
depletion occurred between 14 and 22 km a ltitude , indicating th a t ozone depletion 
occurs a t the a ltitude of m axim um  ozone concentration. Satellite m easurem ents 
from Nimbus  7 showed th a t over the years the  depletion from  austral spring to 
austral spring has generally worsened. A bout 70% of th e  ozone above A ntarctica, 
which equals about 3% of the total stratospheric ozone, is lost during September 
and October. The dram atic loss of so m uch ozone over such a short tim e demon
strates th a t global-scale atm ospheric changes can occur very rapidly. Although 
rem otely located, the  ozone “hole” in A ntarctica  is nonetheless cause for concern: 
shifting circulation patterns carry masses of ozone-depleted air north. It may thus
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forebode widespread ozone depletion throughout the  stratosphere.
Significant ozone reduction in the stratosphere has already been reported from 

the re-analysis of the Total Ozone Mapping Spectrom eter (TOMS) observations 
with a new retrieval method based on internally self-consistent calibration (Her
man et al., 1991). Measurements m ade by the Stratospheric Aerosol and Gas 
Experim ent (SAGE) have shown that the most im portant decreases are occurring 
in the  lower stratosphere (McCormick et al., 1992). The TOMS total ozone data 
from November 1978 to March 1991 indicate a seasonally averaged decrease of 
4% per decade in the Southern Hemisphere around 40° S, the reduction becoming- 
larger when moving southward. In the N orthern Hemisphere, the 4% contour line 
varies from 30° N in the winter to 60° N in the sum m er (Stolarski et al., 1992). 
The largest decrease in A ntarctica occurred in O ctober during the Austral spring, 
reaching more than a factor of 2 in 1992 as com pared to th e  value observed in the 
1960’s. In the Northern Hemisphere, the maxim um  reduction took place during 
the w inter and spring, at high latitudes.

Scientists have advanced a number of theories to explain what causes the 
A ntarctic ozone hole. The most convincing one is the PSC (polar stratospheric 
clouds)-chlorofluorocarbon theory.

Chlorofluorocarbons (CFCs) are useful substances, which are excellent for re
frigeration, insulation, and cleaning of sophisticated electronics and instrum ents. 
They contain only carbon and a selection of chlorine, fluorine, and hydrogen atoms. 
O ther manufactured chemicals, such as halons, which also contain bromine, are 
used to  extinguish fires where people and electronic equipm ent are likely to be 
present. These chemicals are virtually nonreactive, noncorrosive, and nontoxic.

3
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CFCs may survive 50 to 100 years in the atm osphere. In only a few years, 
winds throughout the troposphere uniformly distribute CFC molecules released 
from a single point. Over the decades, the molecules eventually reach the middle 
stratosphere, about 30 km or higher. They are harmless to ozone until they have 
been photolysed in the stratosphere into chlorine, which is capable of depleting 
the ea rth ’s protective shield of ozone. Each Cl  atom  can destroy 100,000 ozone 
molecules through catalytic cycles. The agreement already obtained between atm o
spheric observations and com puter simulations provides strong scientific evidence 
th a t CFCs released at the surface are linked to  ozone depletion in the stratosphere 
( WMO , 1985). It is now believed (Anderson et al., 1991) th a t at least 95% of the 
chemically catalyzed ozone loss can be a ttribu ted  to  two chemical schemes: About 
75% of the  ozone loss results from reactions involving the CIO  dimer, and most of 
the rem aining ozone is destroyed in reactions involving bromine (McElroy et al., 
1986).

The release of CFCs from human activities, m ainly in the N orthern Hemisphere, 
is responsible for depleting ozone in the Southern Hemisphere because the long 
atm ospheric lifetime of CFCs causes them  to be uniformly distributed  throughout 
the atmosphere. The ozone hole occurs near A ntarctica during spring because the 
formation of the hole requires the  presence of stratospheric clouds, which form only 
during the  coldest times of the year. The first rays of spring sunlight initiate the 
chemical reactions tha t deplete ozone.

The ozone loss is more severe over A ntarctica than over the  Arctic because 
the A ntarctic stratosphere is colder, enabling more polar stratospheric clouds to 
form. More clouds produce additional reactive chlorine atom s and remove nitrogen
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compounds, leading to greater ozone loss. A more im portant difference between 
the two poles concerns the longevity of the A ntarctic vortex, which rem ains intact 
throughout the polar winter, well into midspring. In the Arctic, where circula
tion patterns differ significantly from those in A ntarctica, the vortex has usually 
disintegrated long before the polar spring arrives.

All other factors being constant, depletion of stratospheric ozone implies in
creased transmission of solar ultraviolet radiation to the  surface of the earth. For
m oderate ozone changes, the radiation most likely to be affected falls in the  UVB 
range, and to a much lesser extent in the UVA range (as shown in Figure 2.1b). 
Many biological processes are sensitive to the radiation at these wavelengths from 
280 to 400 nm.

The biological response to UV radiation is generally a function of wavelength. 
A few of these response functions, term ed biological action spectra, are shown in 
Figure 1.1. Typically, sensitivities are greatest at the shortest wavelengths, and 
fall rapidly with increasing wavelength. The biological effect of UV radiation may 
be expressed in term s of the effective UV-dose defined as a convolution of an action 
spectrum  with the irradiance spectrum. The dose ra te  and the daily (yearly) dose 
D  are given by (cf. e.g. Dahlback et al., 1989)

^  =  J  A (\ )F (\ )JX  ( 1 . 1 )

D =  J d t J  A(X)F(X)dX (1.2)

where the time integral is over one day (year), A(A) is the action spectrum  of
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Action spectra

W a v e le n g th ,  n m

Figure 1.1 Action spectra used in computations of effective UV doses. All spectra are normalized to 
unity at 300 nm. From Madronich (1992).
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th e  particular biological response studied, and F ( A) is the irradiance per unit 
wavelength interval reaching the  biosphere. For different biological responses, UV 
irradiance [F'(A)] varies w ith atm ospheric conditions. Therefore, we will focus in 
th is study on investigations of the changes in UV radiation reaching the  biosphere 
in response to ozone depletion.

The radiative transfer equation (c/. e.g. Thomas and Stamnes, 1995), which 
includes both scattering and absorption of the medium, may be w ritten  as

dI{Ts, SI) = ^  +  (1 _  a)B {T )  + a r  ^  ^
drs 47r J4it

where the  radiance (or intensity) / ( r s, Cl) and Plank function B ( T )  at tem perature 
T  are the  functions of the  frequency of the photon. t s is the optical path of 
the  m edium  along the ray, and it a dimensionless quantity, drs =  -kp d s , where k 
\m 2 ky ~x] is the  mass extinction coefficient, p [kg m -3] is the density of th e  medium, 
and ds [?n] is the m edium  thickness the photon traversed; a is the single-scattering 
albedo which can be interpreted as the probability tha t a photon will be scattered 
in a  given extinction event, w ith a perfect scatterer having a =  1 and a perfect 
absorber a =  0. The second term  on the right hand side is the therm al emission 
which increases the radiation along the ray. p(Cl',Cl) is the phase function which 
is the probability of scattering in the  angle (0 )  between the incoming (fl')and the 
outgoing (O) directions, and dw' is a  small solid angle around the incoming beam 
direction. So given th a t a scattering event has occurred, the probability th a t a 
photon is scattered from direction Cl’ within solid angle do/ into the direction Cl 
is p(Cl', Cl)du>'/4n. Therefore, the th ird  term  on the right hand side represents the
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m ultiple scattering from all incoming directions to the direction of propagation Cl.

In all atmospheres, the force of gravitation imposes a density stratification, so 
th a t the principal direction of variation of properties is in the vertical. This means 
tha t in most situations we can ignore the horizontal variability of the  atmosphere, 
and take the variation to be only in the vertical direction. If we also ignore the 
spherical nature of the  atmosphere, we call these assum ptions plane-parallel, or 
slab, geometry. In this geometry it is convenient to m easure the  optical depth 
along the vertical ra ther than along the slant ray path. We choose to measure 
optical depth vertically downward from the ‘top’ of the atm osphere. Then we have

too T
t = kpdz' = s—  (1.4)Jz cos 9

where 0 is the polar angle of the ray path. The following convention is adopted to 
express the zenith angle

u = cos9 : — 1 <  u  <  1 (1.5)

and
p  =  \u \ : 0 <  p  <  1. (1 .6 )

The radiative transfer equation 1.3 becomes

u—̂ j ’̂  = 7(r,u,0) — (1 - a)B(T) — f d(j>' f du'p(u',<?!/; u,d>)/(r,u',d/) 
d r  47r Jo J - i

(1.7)
where <f> is the azimuthal angle. It is convenient to deal with half-range intensities 
in a slab geometry, such tha t
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I +{r,d,<j>) = I(T,9<n/2,<f>)  (1.8)

/ - ( r , M )  =  / M > j r / 2 , $ .  (1-9)

Substituting the above expression into equation 1.7 one obtain the half-range 
intensities

V d I  =  I+(TiVi<P) ~  S{r,fi,4>) (1.10)

- H dI  =  r{r,n,(t>)  -  S(T,fi,4>) (1.11)

where 5'(r,^,d>) called source function

S{r,n,(j)) = { l - a ) B { T )  + - ^ J o d<fj J   ̂du'p(u', 4>'\ u, 0 ) / ( r ,  u ;, cjJ). (1.12)

Note tha t the independent variable is now the vertical optical depth, measured
downwards from the ‘to p ’ of the medium. This accounts for the difference in sign 
of the left hand side of equation 1.11. We can also rewrite equations 1.10 and 1.11
as

d / + (r ,0 )  
d r

=  / + ( r , n )  - ( 1  - a ) B -  f  d u ; ' p ( 0 ' , f 2 ) / + ( r , n ' )
A n  J +

/  d J P{ - n ' , n ) r { T , h ' )
An J -

(1.13)

, =  / - ( t , J ] ) - ( 1  - a ) B - ^ ~  f  d u / p ( r r , - n ) / + (r ,f i ')
d r  An  j +

~ J  d u ' p { - n ' , - £ i ) r { T , t i ) .  ( i .i4 )
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We have used the notation I ~ { t ,  p,cj)) = I~(r,Cl) = I ( r , —Cl), whereas the 
notation p(—fl ',f l)  (for example) indicates th a t a  photon is m oving downward 
before the scattering ( —Cl),  and upward (fi) after th e  scattering.

There are two distinctly different com ponents of the  solar rad iation  field. The 
first one is the  direct or solar component Is which is th a t p art of the  solar radiation 
field which has survived extinction, i.e.

I~ { t, Cl) =  F se~T̂ °5(C l -  Cl0) =  F se~T̂ ° 5 ( f i  -  p 0)6(<j> -  4>o). ( 1 . 1 5 )

The second part of the  radiation is the diffuse com ponent, Id, which consists
of light th a t has been scattered a t least once. Therefore,

/ - ( r , n )  =  / d- ( r , f i )  +  / , - ( T , f i )  ( 1 . 1 6 )

/ + ( r , n )  =  / j - ( r , n )  +  / + ( r , f i )  ( 1 . 1 7 )

where we have ignored therm al radiation em itted  from the surface. T he in tensity  of 
attenuated  direct (solar) radiation, th a t has been diffusely reflected a t th e  surface 
in direction Cl and subsequently propagated to  level r ,  is

/ + ( T , f i )  =  ( 1 . 1 8 )

where r* is the to ta l optical depth of the  m edium  from top to  th e  lower boundary, 
fio is the cosine of solar zenith angle, and p(—f2o> Cl') is th e  bidirectional reflectance 
function, or in short the  reflectance, of the lower boundary which is the  ratio  of 
the  reflected intensity to the energy in the  incident beam .
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Now substitu ting  for the total intensity  field and using equation 1.15, we obtain 

“ 5  I- -fyId(T, O') (1.19)

where

s *(t , - f t )  = ±  [  du'P( - n ' ,  - n ) F se~T/M5 { f t  -  n„)
47T J -

+ a.̂ oF! l . T /w> f  n ')e - tT*-T)/ '̂ ( i .20)
47r «/+

=  A p ( - f i 0, - n ) F se- T̂
47T

+ a^°Fl e T /M° f  dcuV(Q',-fl)/9(-Q o ,f2')e_(T,~T)/M' (1.21) 
47T */+

and

/ 7^ , n )  = / / ( t ,  A )  -  (1 -  c t ) ^  -  S '-c-r, + n ) -  n ) / j - (r , n #)

- ^ J _ d u ' P( - t i , c i ) i j ( T , n ' )  (1.22)

where

S*(r,+S2) =  f  d u ' p ( - n ' ,C l ) F se - T̂ 0S(n '  - f i „ )
47T J -

+ - f  d o j ' p { h \ + ( l ) p { - % , i l ' ) e - (T' - T^ '  (1.23) 
47T 

=  ^ p ( - £ l o , n ) F se - r ^ °
47T

+ a^°F *e T /W f  dil;,p ( ^ ',+ f l ) p ( - f lo ,^ i ') e '(T‘' Tl/'‘, (1.24)
477 J +

The first term  of 5*(r, ± f i)  presents single-scattering source function which 
“drives” the diffuse radiation field. W ithout this term  there would be no diffuse
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radiation. Therefore, both the direct and the diffuse radiation are proportional to 
F s, the solar flux incident at the  top of the medium.

If the reflected intensity from a diffuse surface is completely uniform with angle 
of observation, it is called a Lambert surface. The reflectance of a Lam bert surface 
is independent of both the direction of incidence and the direction of observation, 
but may depend upon frequency, i.e.,

P( v , - h ' , n )  = PL(v ) .  ( i . 2 5 )

W ith this assumption the implementation of the lower boundary condition is some
what simplified.

Downward and upward vertical fluxes (or irradiance) are defined as the  normal 
component of the radiance integrated over the downward and upward hemisphere, 
respectively (Liou, 1980). The downward, upward, and net fluxes can be written 
as

/ A r27r r\
dw cosOI~(£l) = d<f> d{j,/jI~(T,0,<f)) (1.26)

- JO JO
r  a /•27T r lF +{ t ) =  d u c o s 6I +(£l) = dcj) d/j.fj,l+( r , 8 ,(j)) (1-27)J+ Jo Jo

F ( t ) =  J  d w c o s e r { h ) +  J  d u c o s 81+{(l) = F+(t ) -  F~{ t ). (1.28)

From the equations 1.19 and 1.22, and boundary conditions 

l~ (0 , t l )  = F s8 (p — p 0 )5(d) — cj)0) (equation 1.15 lulien r  =  0) (1.29)

; | ( r * , n )  =  J  duj'cos8 ' p ( - h ' , n ) i j ( T * , f t )  ( 1 .30)

and
7^(0, -D )  =  0 (all{l) (1.31)
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combined with definition 1.26 to 1.28, we can solve for downward solar, downward 
diffuse, upward solar, and upward diffuse irradiances. For the biologically effective 
radiation, we are interested in downward irradiance which is the sum m ation of 
downward solar and downward diffuse fluxes.

Equation 1.15, which is the source driving diffuse radiation, shows tha t de
creases in optical depth which could be caused by ozone depletion will increase 
radiative transmission. Research has indicated tha t reduction in stratospheric 
ozone will increase UVB radiation penetration through the atm osphere and into 
the ocean. Such radiation can affect the growth and reproduction of land-based 
plants as well as phytoplankton, which constitutes the base of the m arine food 
chain, and may be detrim ental to various forms of m arine life in the upper layers 
of the ocean. In humans, excessive ultraviolet exposure has been im plicated as a 
cause in skin cancers, cataracts and im m une deficiencies.

The spectral distribution of solar radiation reaching the earth ’s surface depends 
on the irradiance em itted by the sun, the earth-sun distance and the transmission 
properties of the atmosphere. The modification of UVB by known changes in 
stratospheric ozone is, in principle, well understood, because the ozone absorp
tion spectrum  has been measured with sufficient accuracy (DeMore et al., 1990). 
Geometric parameters, such as variations in the earth-sun distance and the angle 
of incidence of solar radiation at the top of the atm osphere (a function of tim e 
of day, year, and latitude) are easily calculated. Due to the changing earth-sun 
distance, the irradiance received at the top of the atm osphere varies with an an
nual cycle, being 3.3% above and below the yearly mean in January and July, 
respectively (Nicolet, 1975; Frederick et al., 1989). O ther environm ental factors
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known to affect the UVB levels include surface reflections, clouds, aerosols, and 
various tropospheric gases. These factors tend  to  be highly variable in bo th  space 
and tim e, and may account for some of the conflicting trends in the few available 
long-term observational records of UVB radiation. It is likely tha t, in areas rem ote 
from anthropogenic sources of aerosols and other precursors of tropospheric ozone, 
the  calculated UVB changes due to  stratospheric ozone decreases would be only 
partially  compensated by the  possible effect of clouds (UNEP,  1991).

Unfortunately, we presently lack a coordinated, world-wide program  to  m ea
sure the corresponding changes in UVB surface radiation tha t would be implied 
by the observed ozone layer depletion. Only a few m easurem ent sites around the  
world have indicated the UVB change th a t would be expected. In the  absence 
of an organized world-wide m easurem ent program , the  changes occurring in UVB 
radiation may currently be best evaluated through the calculations using theoret
ical radiation models th a t account for all o ther factors th a t affect UV penetration  
besides to ta l ozone abundance.

The purpose of this work is to investigate the  effects of ozone depletion on UV 
penetration through the atm osphere and into the underlying aquatic system . In 
C hapter 2 a discrete ordinate m ethod radiative transfer m odel (DISORT) for the  
atm osphere is used to explore the  effects of atm ospheric ozone, aerosol loading, 
solar zenith angle, surface albedo, and atm ospheric pressure on the penetration  
of UV radiation arriving to  the  earth  surface, and the model results are com
pared w ith ground-based m easurem ents m ade in Lauder, New Zealand. Next, in 
Chapter 3 ground-based UV spectrom eter m easurem ents m ade in A ntarctica and 
in the Arctic, and satellite da ta  on ozone abundance are utilized in conjunction
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with radiative transfer modeling to  investigate the  UV radiation budget in the 
polar regions. In C hapter 4 a coupled atm osphere-ocean radiative transfer model 
is used to calculate UV radiation into the  aquatic  system  for comparison with in 
situ underw ater UV light measurements. T he im pacts of ozone depletion on the 
subm arine UV light field are presented and discussed. C hapter 5 discusses the  sen
sitiv ity  of two apparent optical properties, the irradiance reflectance and diffuse 
a ttenua tion  coefficients, in the  w ater body to environm ental param eters such as so
lar zenith angle, sky condition, and chlorophyll concentration. Finally, in Chapter 
6 a sum m ary of this work and suggestions for fu ture  research are provided.
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Chapter 2 

Measured UV Spectra Compared 
with Discrete Ordinate Method 
Simulations

2.1 Introduction
Ozone depletion, which was initially confined to the Antarctic region, is now appar
ent over much of the globe. Further depletion is expected, as atmospheric chlorine 
levels continue to rise ( WMO,  1992), and even with full compliance to  the M ontreal
Protocol and its amendments, ozone levels will remain below unperturbed levels 

o
This chapter is based on material previously published as Jun Zeng, Richard McKenzie, Knut 
Stamnes, Mary Wineland, and James Rosen, Measured UV spectra compared with discrete 
ordinate method simulations, J. Geophys. Res., 99, 23019-23030, 1994.
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(pre 1970) until the middle of the next century. These ozone reductions are ex
pected to lead to increases in biologically damaging UV irradiance, and changes in 
im portant photochemical reaction rates in the biosphere. M easurements as well as 
modeling studies have already investigated the  increases in biologically damaging 
UV irradiance at the surface tha t results from these reductions in ozone ( WMO,  
1992; UNEP, 1991).

UV irradiance is also affected by clouds, aerosols, and tropospheric trace gases 
(e.g. S O 2 , O3 ). The spectral measurements required to evaluate the reasons for 
changes are available only a t a small number of sites. Even with the best instru
ments available, it will be difficult to detect changes in UV of less than the 5-10% 
level because of difficulties with measurement calibration and instrum ent stability. 
Such changes, however, could have serious implications for the biosphere, including 
hum an health. Future changes in UV may also result from changes in aerosol and 
cloud patterns.

Therefore, we need to improve our understanding of the factors th a t affect 
UV irradiance, through the use of radiative transfer models. Earlier param etric 
models th a t have been used to calculate UV irradiances, such as the  “Green” 
model (Schippnick and Green, 1982), do not explicitly solve the radiative transfer 
equation. The values of the free parameters are determ ined by constraining them  
to give agreement with available UV measurements (e.g. measurem ents by Bener’s 
(1972)). Consequently, good agreement between model and measurem ent can be 
achieved with such models for clear-sky conditions. However, because the  physics 
in the models is incomplete, they are inadequate for modeling UV during cloudy 
conditions.

17
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Since m ultiply-scattered light forms a large percentage of UV radiation at the 
surface, a more rigorous treatm ent of scattering processes is required. One such 
model, which explicitly solves the radiative transfer equation, is the Discrete Or
dinate M ethod. This model has already been used to study effects of ozone and 
clouds on UV irradiance ( Tsay and Stamnes, 1992). Ozone column am ounts de
rived from it using spectral data as an input are in good agreem ent w ith those 
m easured using Dobson spectrom eters (Stamnes et al., 1991; 1992). Here we in
vestigate th e  performance of the model by com paring calculated results from it 
with clear sky spectral UV irradiances measured a t Lauder, New Zealand.

2.2 UV Measurement Data
UV spectral irradiance m easurements have been m ade from Lauder, New Zealand 
(45° S, 170° E, altitude 370 m), since December 1989 (McKenzie et al., 1992). 
The spectral range covered is from 290 to 450 nm , and the spectral resolution is 
1.15 nm . During clear days, a shadow band can be used to block direct radiation 
from the sun, so that the scattered component can be m easured separately. The 
small correction which is applied to account for scattered  radiation blocked by the 
shadow band is determined experimentally by m easuring the  reduction in signal 
when a region of the sky in the vicinity of the solar direction is obscured. Sequences 
of m easurem ents made with the shadow band near local solar noon on several days 
during 1990 and 1991 were used to deduce the  direct beam  com ponent as well 
as the scattered component. In these sequences, the  shadow band m easurem ent 
was interposed between two global m easurem ents. The to ta l tim e for the three
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scans was approxim ately ten  m inutes, and it was assum ed th a t the  signal changed 
linearly w ith time. Near solar noon, when th e  solar zenith angle changes only 
slowly, this is a good approxim ation. Instrum ent details, including calibration 
procedures and an analysis of uncertainties have been described in McKenzie et 
al. (1992). For the spectral m easurem ents presented here, the  absolute accuracy 
is b e tte r  th an  10%, and relative errors are b e tte r than  5%.

T he value of the Lauder da ta  is increased by the  availability of ancillary data 
such as ozone m easurem ents. In addition, cloud cover is routinely  logged. It is 
im portan t th a t cloud conditions are known in com parisons w ith models, because 
one cannot assume th a t th e  highest irradiances are from cloud-free conditions. 
Generally, th e  highest irradiances are m easured during partly  cloudy conditions 
when th e  sun is not obscured.

For the  comparison, spectral d a ta  were provided, giving cosine-weighted irradi
ances, ou tp u t in 0.2 nm  intervals, from 290 to  450 nm . O u tpu t variables included 
(1) the  direct sun com ponent, (2) the diffuse skylight com ponent, and (3) the  global 
irradiance (direct +  diffuse). Excluding possible errors in the  calibration standard 
used (a 1000 W lam p traceable to  NIST), th e  estim ated  absolute uncertainty  in 
calibrations is ±  5% (larger for A <  300 nm).

Details of the set of m easured spectra  selected for th is investigation are listed 
in Table 2.1. Ozone column m easurem ents were available from the  Dobson spec
tro m eter a t Lauder, and from the  UV global irradiance ratio  of 340 to 305 nm 
(Stamnes et al., 1991). Ozone profiles m easured by balloon sondes launched on 
th e  dates shown in Table 2.1 were also used. T he spectra  were selected to  investi
gate sensitivities of the  UV irradiance to the following param eters: (i) solar zenith
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T able 2.1 Observing conditions of spectral irradiances investigated in this study. In the column labelled 
‘Tot Ozone (DU)’, the label ‘Dobs’ means the total ozone abundance measured by Dobson spectrometer, 
and ‘Deriv’ means the ozone column derived from the ratio of 305 nm to 340 nm irradiance measured by 
the UV spectroradiometer. The column labelled ‘Balloon Flight-dates’ gives the closest dates of available 
balloon sounding data, which were used to calculate the corresponding spectra.

No Year Day Date Solar Zenith 
Angle (.sza)

Tot 0  
Dobs

zone(DU)
Deriv

Surface
Albedo

Balloon
Flight-dates

1 1990 087 MAR. 28 48.0 277 260.5 0.05 MAR. 27
2 1990 182 JUL. 01 68.2 — 325.0 0.05 JUL. 02
3 1990 301 OCT. 28 32.1 341 322.5 0.05 NOV. 01
4 1990 336 DEC. 02 23.2 306 301.0 0.05 DEC. 07
5 1991 012 JAN. 12 23.3 268 270.0 0.05 JAN. 16
6 1991 069 MAR. 10 40.7 258 254.0 0.05 MAR. 11
7 1991 144 MAY. 24 65.7 291 294.5 0.05 MAY. 27

S* 1991 177 JUN. 26 68.4 343 342.5 0.90 JUN. 24
g ** 1991 338 DEC. 04 22.9 310 307.0 0.05 DEC. 05

* 100% fresh snow cover on ground. 
** Post-P inatubo aerosol near 23 km.
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angle (sza), (ii) ozone abundance, (Hi) surface albedo (e.g. fresh snow compared 
with grass), (i v ) aerosol (pre-Pinatubo versus post-P inatubo conditions).

2.3 Model Description
In this study we have used the discrete-ordinates radiative transfer model which 
has been shown to be com putationally efficient and reliable (Stamnes et al., 1988). 
The model includes all orders of m ultiple scattering and is valid for vertically in- 
homogeneous media. Since the earth ’s atmosphere consists of a m ixture of various 
radiatively active gases and cloud/aerosol particles th a t have variable mixing ra
tios, the optical properties (i.e., single scattering albedo and phase function) vary 
with altitude or optical depth. To account for this inhomogeneity, we divide the 
atmosphere into a series of adjacent, homogeneous layers in which the scattering 
and absorbing properties are taken to be constant within each layer but are allowed 
to vary from layer to layer.

The model allows the use of an even number of discrete angular quadrature 
points (streams), and choices of asym m etry factor and single scattering albedo for 
aerosol particles. In the calculations reported here we used an asym m etry factor 
of 0.75 and a single scattering albedo of 0.99, and employed 8 stream s which yield 
an accuracy in computed irradiances better than 1%. Plane-parallel geometry is 
assumed, which is adequate for the  solar zenith angles considered. The spectral 
resolution of the model is 1 nm.

The extra-terrestrial solar spectrum  adopted is shown in Figure 2.1a (Nico- 
let, 1989). Recent modifications to the model include corrections to the extra-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

10.000

sa 1.000

E
~  0.100X3k.
I  0.010
oCO

0.001
200 300 400 500 600 700 200 300 400 500 600 700

Wavelength (nm ) W avelength (nm )

F igure 2.1 (a) Solar flux at the top of the atmosphere, (b) absorption cross section for molecular
oxygen (dotted line) and ozone (solid line).

terrestrial solar spectrum in which the ellipticity of the e a rth ’s orbit about the  sun 
is considered. In this study, we focus on cloud-free conditions for which Rayleigh 
scattering, gaseous absorption by ozone and oxygen, and aerosol extinction  domi
nate the radiative transfer. The absorption cross sections for oxygen ( W M O , 1985) 
and for ozone (Molina and Molina, 1986) are shown in Figure 2.1b.

The optical depth for ozone, for various column abundances, is shown in Fig
ure 2.2a. Rayleigh extinction by air molecules follows a  well-known analytic  func
tion (Nicolet, 1984). The Rayleigh optical depth is com pared with aerosol optical 
depths in Figure 2.2b. Both ozone and Rayleigh optical depths, derived from  US 
Standard Atmosphere (1976), increase rapidly towards the  UV end of the  spectral 
range. Below 320 nm, the optical depth is influenced by ozone absorption, whereas 
above this wavelength Rayleigh scattering dominates. T he effect of aerosols is rel
atively small.

The specification of aerosol extinction is possible from balloon flights of backscat-
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F ig u re  2 .2  Optical depth for (a) ozone (for different column ozone abundances as indicated), (b) 
Rayleigh scattering, tropospheric aerosol, and stratospheric aerosol.

tersondes (Rosen and Kjome,  1991). A lthough these have been flown regularly at 
Lauder since February 1992, there  were no flights during the period of this study. 
Figure 2.2b shows the estim ates of aerosol optical depths (tropospheric and stra to 
spheric) derived from a balloon flight on October 29, 1992 (day 303). The predicted 
stratospheric  optical depth from  P inatubo  aerosols present a t this tim e is only 
weakly dependent on wavelength, a feature also seen in the Northern Hem isphere 
(Russell et al., 1993) and after the  El Chichon eruption ( DeLuisi et al., 1983). An 
alternative  estim ate of the  optical dep th  of P inatubo  aerosol can be obtained by 
com paring spectral d a ta  obtained a t sim ilar sza  and ozone amounts before and 
after the  eruption, assum ing th a t the  tropospheric optical depth remains constant. 
T he results of this analysis gave optical depths th a t were sim ilar to those given here 
below 390 nm, but were 40% higher above 400 nm  (McKenzie , 1994). Given the 
range of uncertainty  in the wavelength dependence of Rayleigh optical depth ( Teil- 
let, 1990) and tropospheric aerosols, it is reasonable to assume that the relatively
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small contribution of stratospheric aerosol scattering is independent of wavelength. 
D ata from the SAGE II instrum ent indicate that the  aerosol optical depths over 
Lauder on October 29, 1992 were similar to those on December 4, 1991 when spec
trum  9 was obtained (L . Thomason, Private communication, 1993). Although the 
height distribution of aerosol was much lower at the  later date, this would have 
only a minor effect. From our lim ited experience, the tropospheric aerosol optical 
depth shown in Figure 2.2b is typical. To a good approxim ation, this measured 
extinction varies with wavelength as A-1 . In the following model calculations we 
use this tropospheric aerosol optical depth, and include the stratospheric aerosol 
optical depth to model th e  situation after the P inatubo eruption.

2.4 Sensitivity Tests of the M odel
2.4.1 Comparison of irradiances and ratios
Inputs to  the model allow for specification of the atm ospheric density profile, solar 
zenith angle, total ozone abundance and profile, cloud and aerosol layers, and sur
face albedo. Relevant optical scattering param eters (optical depth, single scatter
ing albedo, and asym m etry factor) are com puted layer by layer from these inputs. 
Although extinctions due to aerosols are uncertain, they are minimized at clean 
air sites such as Lauder. The measurements covered the  range 290 to 450 nm, but 
because signal levels were generally small and the d a ta  noisy below 300 nm (except 
for smaller sza), the comparison was restricted to the range 300 to 450 nm. In the 
sensitivity tests tha t follow, we first compare calculations with the measurements
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in spectrum  5 (Table 2.1). This measurement was obtained at a small sza before 
the P inatubo eruption, on a day in which the surface albedo was low.

Figure 2.3 shows the comparison of (a) global, (b) direct, (c) diffuse, and (d) the 
ratio of diffuse/direct irradiance between measurement and model calculation. A 
surface albedo of 0.05 was used in the calculations. There is reasonable agreement 
between model and measurement for the  diffuse and direct components. However, 
in the wavelength range 310 to 370 nm, the measured values are smaller than the 
modeled values. Although other trace gases, including N O 2 and S O 2 , have ab
sorption bands in this region, their absorptions for these observing conditions are 
less than 1%. The discrepancy may be due to calibration errors in the measure
ments or in the extra-terrestrial reference spectrum . M easurements of the solar 
UVA spectrum  from SUSIM instrum ent ( Van Hoosier et al., 1988) also show dis
crepancies of this order compared with earlier ground-based estim ates of solar UV 
(e.g. Nicolet, 1989). In Figure 2.3d the ratio of diffuse/direct irradiance shows very 
good agreement between measurement and calculation. Because the direct and the 
diffuse irradiance are both proportional to the extraterrestrial solar irradiance, the 
model calculated ratio of diffuse to direct irradiance is independent of the input 
solar spectrum  at the top of the atmosphere. Therefore, we focus our attention 
on comparing ratios of diffuse to direct irradiance, which eliminates systematic 
error associated with the adoption of a particular solar spectrum  a t the top of the 
atmosphere, or calibration errors in the measured spectra a t the surface. In these 
ratios, random  measurement errors are more apparent. For example, a spike in the 
data a t 306 nm is a measurement artefact, arising from noise when the gain was 
switched during the scan.

25
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F igure 2.3 Irradiance comparison for spectrum 5 (Jan. 12, 1991): (a) global irradiance, (b) direct 
beam irradiance, (c) diffuse irradiance, and (d) ratio of diffuse to direct.
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2.4.2 Sensitivity to solar elevation, aerosol loading, and 
surface albedo

Figure 2.4 shows th e  sensitivity of surface diffuse/direct ratios of spectrum  5 (Jan. 
12, 1991) to changes in solar zenith angle, aerosol optical dep th , and surface albedo 
(with cloud-free conditions in the  th ree  panels). In the  calculations, we allowed 
only one param eter to vary in each panel and used th e  m easured density profile 
from the  balloon sounding on January  16, 1991 and a  to ta l ozone abundance 
of 270 DU. Although there are sometimes significant differences in to ta l ozone 
abundance m easured by the Dobson instrum ent com pared w ith th a t derived from 
the  spectroradiom eter d a ta  (Table 2.1), the two m ethods agree well for spectrum  
5. The ratio  is particularly  sensitive to changes in solar zenith  angle (Figure 2.4a), 
a  point previously noted in a  modeling study by Frederick et al. (1989). For small 
sza  (high sun) the ratio  is sm allest, b u t has a local m axim um  near 310 nm . For 
larger sza  (low sun) the ratios increase, especially a t shorter wavelengths.

T he sensitivity of the  diffuse/direct ratios to  changes in tropospheric aerosol 
loading is shown in Figure 2.4b, where the tropospheric aerosol optical depths 
in Figure 2.2b have been scaled and used as inputs to  th e  model. The surface 
albedo was set to 0.05. Aerosols scatter the  solar UV rad iation  entering into 
the  atm osphere so th a t they decrease the  direct rad iation  and increase th e  diffuse 
com ponent reaching the surface. W hen realistic aerosol optical dep ths are included, 
the  calculated and m easured diffuse/direct ratios are in good agreem ent.

T he sensitivity of th e  diffuse/direct ratios to  changes in the  surface albedo is 
shown in Figure 2.4c. Surface albedo does not im pact th e  d irect beam  com ponent,
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Figure 2.4 Spectrum 5 (sza =  23.3°): sensitivity of diffuse/direct irradiance ratios to (a) solar zenith 
angle, (b) aerosol optical depth, and (c) surface albedo.
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Figure 2 .5  Spectrum 5: (a) sensitivity of diffuse/direct to ozone abundance (clear sky), (b) effects of 
density profile changes on computed spectra for aerosol loaded atmosphere and total ozone amount of 
270 DU. ‘Standard’ refers to computation using U.S. standard atmosphere with ozone amount scaled to 
270 DU, and ‘actual’ to computation using density profile from balloon sounding (270 DU).

but the diffuse component is increased when the surface albedo is high. The 
effect of surface albedo on the diffuse/direct ratios is wavelength-dependent, with 
maximum effects here in the range 310 to 320 nm. For the same surface albedo, the 
diffuse/direct ratio increases markedly at shorter wavelengths. The best agreement 
between model and measurem ent is achieved when a surface albedo of 0.05 is used. 
In reality, the albedo is probably wavelength-dependent, with lower albedos at 
shorter wavelengths.

2.4.3 Sensitivity to model atmosphere used
Changes in the penetration of solar UV-B radiation through the atmosphere are 
determ ined prim arily by changes in stratospheric ozone. A reduction in ozone 
abundance will result in an increase of both the direct and diffuse components.
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Calculated impacts of changes in ozone on diffuse/direct ratios are shown in Fig
ure 2.5a. The effects are most apparent at wavelengths shorter than  330 nm, where 
ozone absorptions are largest (Figure 2.2a). The effect on diffuse/direct ratios de
pends on the solar zenith angle. At small s za , the path  length through ozone is 
greater for the diffuse beam than for the direct beam, while the opposite is true 
at large sza. Thus, increasing the ozone column should decrease the  diffuse/direct 
ratio a t small sza  (as in Figure 2.5a), and increase the ratio at large sza.

Figure 2.5b compares the measured diffuse/direct ratio for spectrum  5 (Jan. 
12, 1991), with those calculated for two different assumed air density profiles. 
In this calculation we used the measured tropospheric optical depth shown in 
Figure 2.2b, and a surface albedo of 0.05. The ‘actual’ air density profile used 
da ta  from the balloon-sounding on Jan. 16, 1991 (270 DU ozone), whereas the 
‘standard’ air density profile used was the  US Standard Atmosphere (1976) with 
the ozone abundance scaled to  270 DU. The com putations show th a t use of the 
density profile from the standard atmosphere over-estimates the com puted ratios. 
This shows that even for observation sites as low as 370 meters it is necessary to 
use correctly truncated air density profiles in the  model calculations.

Although the profile of ozone can im pact the UV irradiance a t the  surface 
(Bruhl and Crutzen, 1989; Tsay and Stamnes , 1992) the above sensitivity tests 
(Figure 2.5a) have shown that changes in ozone am ount have only a small impact 
on the  diffuse/direct ratios. Day-to-day changes in the density profile can impact 
the Rayleigh scattering optical depth significantly. At the Lauder measurement 
site, natural variations in atmospheric density lead to day-to-day differences in 
Rayleigh optical depth of ±  3%. This corresponds to an uncertainty of ±  6% in
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the diffuse/direct ratios. Therefore it is necessary to  use actual m easured profiles 
of air density in these comparisons.

Uncertainty in the correct choice of asym m etry  factor of th e  phase function used 
in the  com putation is another source of error. T he diffuse/direct ra tio  changes by 
approxim ately 1% in the  UV range for realistic changes in th e  asym m etry fac
tor. Therefore, to  make a  rigorous com parison accurate to  w ithin a few percent, 
between m easurem ents and model com putations, we need to  know th e  molecular 
density profile and ozone abundance, the  aerosol scattering  and absorption coeffi
cients, the correct surface albedo, and the  asym m etry  factor of th e  phase function. 
The density profile, ozone abundance, and the  aerosol optical dep th  can be ob
tained from balloon soundings, but the  o ther factors (asym m etry  factor, surface 
albedo, etc) are unknown. Differences between the  m easurem ent and the compu
ta tion  may therefore be caused by m easurem ent errors, or by m odel errors arising 
from inadequate knowledge of input param eters such as the  asym m etry  factor and 
surface albedo.

Additionally, there are fundam ental differences between m odel and measure
m ent in the way th a t light scattered from  the vicinity of the  sun direction is 
interpreted. The direct-sun m easurem ents inevitably include a contribution from 
forward scattered light within the  effective field of view of the  direct sun m ea
surem ents, whereas th e  model calculation does not. A lthough th is field of view is 
small, it may lead to  im portant differences particu larly  for large air masses and 
for turbid  conditions. The proper trea tm en t of th is error requires inputs which are 
not generally available.
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2.5 Application of the M odel to Other Spectra
In Section 2.4 we investigated the sensitivity of the model to variations in solar 
zenith angle, aerosol loading, surface albedo, ozone, and atmospheric profiles. We 
found that despite the  lim itations discussed at the end of Section 2.4.3, we could 
obtain good agreement between model and measurem ent using the best available 
input parameters.

In this section we assess the ability of the  model to simulate actual measure
m ents made over a range of different conditions, as listed in Table 2.1. For all 
of these spectra, atm ospheric profiles of tem perature, pressure, and ozone were 
available, within a few days of the m easurem ent. These profiles were used in the 
calculations th a t follow.

The m easurements in Table 2.1 were selected so th a t the model could be tested 
by changing only one variable at a tim e, while leaving all others constant.

(1) Spectrum  4 (December 2, 1990) and spectrum  5 (January 12, 1991) with 
similar sza but different ozone abundances,

(2) Spectrum  2 (July 1, 1990) and spectrum  3 (October 28, 1990) with similar 
ozone abundances but different sza.

(3) Spectrum  2 (July 1, 1990) and spectrum  8 (June 26, 1991) with similar sza  
and ozone abundances, but the la tter spectrum  was obtained on a  day with fresh 
snow cover.

(4) Spectrum  4 (December 2, 1990) and spectrum  9 (December 4, 1991) with 
similar sza and ozone abundances, but the  la tte r spectrum  is after the Pinatubo 
eruption.

32
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The effects of these changes are discussed in th e  following subsections.

2.5.1 Impact of changes in ozone abundance
Figure 2.6 illustrates the sensitivity of the diffuse/direct ratio, and the sensitivity of 
to tal irradiance (direct +  diffuse), to changes in ozone abundance, by comparing 
spectrum  4 (Dec. 2, 1990, ozone 301 DU, sza  =  23.2°) with spectrum  5 (Jan. 
12, 1991, 270 DU, sza = 23.3°). Figure 2.6 a and c are from measurement, and 
Figure 2.6 b and d are from model calculation. Although the calculated ratio is not 
strongly dependent on ozone amount, the m easured ratios do not overlap even at 
wavelengths longer than 330 nm. This may be caused by unmeasured differences 
in surface albedo and aerosol amount. The largest difference between the two 
measured ratios occurs for wavelengths shorter than  330 nm , where ozone influences 
are largest. The relative increase in total irradiance caused by the decrease of ozone 
abundance from 301 DU to  270 DU is 28% at 300 nm both in measurement and 
calculation.

2.5.2 Impact of changes in solar zenith angle
Figure 2.7 shows the effects of changes in solar zenith angle, using spectrum 2 
(July 1, 1990; sza  =  68.2°) and spectrum 3 (Oct. 28, 1990, sza  = 32.1°). The two 
panels in this figure are sim ilar except for m easurem ent noise in spectrum  2 for 
wavelengths smaller than 360 nm, where the direct beam component is small. In 
the calculation of Figure 2.7b we used the same to ta l ozone abundance of 325 DU, 
the same surface albedo, and the same tropospheric aerosol loading (Figure 2.2b)
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F igure 2.6 Sensitivity to changes in ozone and relative increase of total irradiance (direct +  diffuse) 
from 301 DU to 270 DU (all other parameters are the same). Spectrum 4 (Dec. 2, 1990): sza =  23.2°, 
total ozone content of 301 DU; spectrum 5 (Jan. 12, 1991): sza  =  23.3°, total ozone content of 270 DU. 
(a) and (c): measured, (b) and (d): calculated.
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F igu re 2 .7  Sensitivity to changes in solar zenith angle (all other parameters are the same). Spectrum 
2 (Jul. 1, 1990): sza = 68.2°, total ozone content of 325 DU; spectrum 3 (Oct. 28, 1990): sza =  32.1°, 
total ozone content of 322.5 DU. (a) measured, (b) calculated.

in both  spectra. The ra tio  of diffuse to direct irradiance increases rapidly to
wards shorter wavelength for larger sza. We have seen in Figure 2.4a tha t the 
diffuse/direct ratio is very sensitive to  solar zenith  angle. T he direct beam  attenu
ated radiation and hence the  source of additional diffuse rad iation  are proportional 
to  ex p (-r//t) , where r  is the  optical depth of the  atm osphere and n  is the cosine 
of sza. We assumed th a t r  is the  same on both  days, so the  sm aller the  sza, the 
greater the  direct, diffuse, and hence the global irradiance through the  atmosphere. 
T he higher the sun, the  more direct as com pared to  diffuse UV radiation will pen
e tra te  through the atm osphere. However, if the  solar elevation is low enough, the 
radiation reaching the  surface in the UVB range will be m ostly diffuse (Figure 2.4a 
and Figure 2.7). The modeled and m easured differences due to  changes in solar 
zenith angle are in reasonable agreem ent, though the m odeled diffuse/direct ratios 
are larger than those measured in spectrum  2 a t the  shortest wavelengths .
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F ig u re  2.8 Sensitivity to changes in surface albedo (all other parameters are the same). Spectrum 2 
(Jul. 1, 1990): sza  =  68.2°, total ozone content of 325 DU; spectrum 8 (Oct. 28, 1990): sza =  68.4°, 
total ozone content of 342.5 DU. (a) measured, (b) calculated.

2.5.3 Impact of changes in surface albedo
Figure 2.8 illustrates the effects of changes in surface albedo for spectra obtained 
w ith sim ilar solar zenith angle and ozone abundance. Spectrum  2 (July 1, 1990, 
sza  =  68.2°, 325 DU ozone), and spectrum  8 (June 26, 1991, sza =  68.4°, 342.5 
DU ozone) were obtained under similar conditions, except th a t there was 100% 
fresh snow cover when spectrum  8 was obtained. Since the  surface albedo was not 
m easured, we may use the model to find the albedo th a t gives the best consistency 
between model and measurem ent. We used the  param eters of spectrum  8 listed 
in Table 2.1 and assumed a constant (wavelength-independent) surface albedo to 
calculate the ratio of diffuse to  direct irradiance for comparison with the measure
m ent. The best agreement between model and m easurem ent for snow cover occurs 
when a large surface albedo (approximately 0.9) is used, as shown in Figure 2.10. 
We used a surface albedo of 0.05 for spectrum  2, and the  same sza  (68.2°) and
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same to ta l ozone amount (325 DU) for both spectra, in the com putation of Fig
ure 2.8b. In both spectra the diffuse component dominates. Although the direct 
beam component of the solar radiation reaching the surface is similar for these 
two spectra, the fresh snow leads to significant increases in diffuse and thus in 
global UV irradiance both in measurement and calculation. For these conditions 
the im pact of surface albedo on the diffuse component is largest a t wavelengths 
between 310 and 370 nm (Figure 2.8). Below 340 nm , the measured ratios of 
diffuse to direct irradiance due to albedo changes seem larger than  those calcu
lated, while above this wavelength the opposite is true, for this choice of albedo. 
However, the data are noisy below this wavelength. Also shown in Figure 2.8b 
is the calculation for spectrum  8 with surface albedo of 0.65. The sensitivity to 
changing albedo for smaller sza  has been shown in Figure 2.4c. It may be possible 
to obtain better agreement between measurement and model calculation by using 
a  wavelength-dependent surface albedo.

2.5.4 Impact of changes in aerosol loading
Volcanic eruptions may inject large amounts of gases and aerosols into the  stra to 
sphere. These aerosols can modulate UV penetration through the atm osphere. 
Simple theory suggests tha t non-absorbing stratospheric aerosols will tend to de
crease UV irradiances at small solar zenith angles, and increase it at large solar 
zenith angles (Stamnes, 1993). However, Michelangeli et al. (1992) showed th a t 
the shortest wavelength radiation reaching the surface can be increased even at 
small solar zenith angle by volcanic aerosol. They invoked a m ultiple scattering
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F igu re 2.9 Sensitivity to changes in aerosol extinction (all other parameters are the same). Spectrum 
4 (Dec. 2, 1990): sza  =  23.2°, total ozone content of 301 DU; spectrum 9 (Dec. 4, 1991): sza =  22.9°, 
total ozone content of 307 DU. (a) measured, (b) calculated with tropospheric aerosols in spectrum 4 
and both tropospheric and stratospheric aerosols in spectrum 9.

“photon trapping” mechanism to explain this increase, but it was later shown 
(Davits , 1993) th a t the relative enhancement of UV radiation reaching the sur
face due to scattering by stratospheric aerosols is consistent with single-scattering 
theory.

No changes in global irradiances due to P inatubo aerosols have been detected in 
the UV measurements from Lauder. However, large changes in diffuse/direct ratios 
have been observed (McKenzie , 1994). Figure 2.9 shows the effects of P inatubo 
aerosols on diffuse/direct ratios from spectra with similar solar zenith angle and 
ozone abundance. Spectrum  4 (Dec. 2, 1990, sza  = 23.2°, 301 DU ozone) is 
pre-Pinatubo and spectrum  9 (Dec. 4, 1991, sza  =  22.9°, 307 DU ozone) is post- 
Pinatubo. In the calculation, only tropospheric aerosols was included in spectrum  
4, but both tropospheric and stratospheric aerosols were included in spectrum  9. 
The optical depths of aerosol are adopted from Figure 2.2b. A single scattering
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albedo for stratospheric aerosol of 0.99 was used in the  model calculations. S trato
spheric aerosols scatter the UV, resulting in a decrease in the  direct component 
and an increase in the diffuse com ponent arriving a t the  earth  surface. Measured 
and calculated spectra show sim ilar sensitivities, and are consistent w ith our as
sum ption th a t the scattering due to  these stratospheric aerosols is independent of 
wavelength.

The good agreem ent between m easurem ent and model for an assumed single
scattering albedo of 0.99 also supports o ther evidence th a t scattering by the vol
canic aerosols dom inates over absorption, and th a t its optical depth was close to 
0.1 (McKenzie , 1994). The net change in global irradiance due to the aerosols was 
small, and their m ain effect was to  red istribu te  energy out of the direct beam into 
the diffuse component.

2.6 M odel versus M easurement Comparisons for 
All Spectra

Here we show comparisons between th e  model calculations and m easurem ents for 
all spectra listed in Table 2.1. A surface albedo of 0.05 was used in th e  calcula
tions of all spectra in Figure 2.10 except for spectrum  8 in which 0.9 was used. 
Tropospherical aerosol optical depths shown in Figure 2.2b were used in the cal
culations of all spectra. Real day-to-day differences in albedo and optical depth 
are expected, and further im provem ents in the  agreem ent between m easurem ent 
and com putation could be achieved by scaling these param eters. T he effect of
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stratospheric aerosol (Figure 2.2b) was also included for spectrum  9. The mea
sured and calculated diffuse/direct ratios are com pared in Figure 2.10. The solar 
zenith  angle, total ozone abundance, surface albedo, and th e  corresponding balloon 
sounding profiles used in the  calculations are listed Table 2.1.

T here is generally good agreement between m easurem ent and models. A per
sistent feature is the tendency for steeper slopes in the m easurem ents at short 
wavelengths.

M ajor uncertainties in the  comparisons of m odel and m easurem ent arise from 
lack of detailed information about day-to-day changes of surface albedo and aerosol 
loading in the atmosphere. Accurate param eterizations of aerosol optical proper
ties (including asym m etry factor) and surface albedo are required to adequately 
m odel UV irradiances.

We note th a t by using ozone columns derived from the spectral measurements 
ra th er than  from Dobson measurem ents, the  m odeled irradiances are not totally 
independent of the measured irradiances. A lthough there are sometimes signif
icant differences {e.g. spectrum  1), Dobson d a ta  are not always available. In 
Section 2.5.1 it was dem onstrated th a t although ozone changes m odulate the UV 
reaching the surface, the im pact on diffuse/direct ratios is minor.

Figure 2.11 presents a more detailed optim al comparison between measure
m ents and model com putations for spectrum  5 (Jan. 12 1991, before Pinatubo) 
and spectrum  9 (Dec. 4, 1991, post P inatubo), in which deviations between mea
sured and computed results are also shown. A surface albedo of 0.05 was used in the 
calculation of spectrum  5 and 0.06 in spectrum  9 to obtain best agreem ent between 
modeled and measured spectrum , and the aerosol optical depths are adopted from
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Figure 2 .10  Comparison between measured diffuse/direct ratios and calculated ratios given the ozone 
column, solar zenith angles, surface albedo, and realistic aerosol for all spectra. Note the changes of scale 
in the y-axes between panels.
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Figure 2.11 Comparison of measurements and model calculations. Tropospheric aerosols are involved 
in the calculation of spectrum 5; both tropospheric and stratospheric aerosols in spectrum 9. (a) dif
fuse/direct (spectrum 5), (b) deviation between model and measurement (spectrum 5), (c) diffuse/direct 
(spectrum 9), and (d) deviation between model and measurement (spectrum 9).
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Figure 2.2b. Both stratospheric and tropospheric aerosols are considered in the 
calculation for spectrum  9 which is after the  eruption of Pinatubo, and only tro 
pospheric aerosols for spectrum  5. The deviation of diffuse/direct ratio  between 
m easurem ent and model calculation is less than  8% in the UVB range between 
300 and 320 nm  if obvious noise in the  m easurem ent da ta  is ignored. For longer 
wavelengths from 320 to 450 nm  the deviation is even smaller. These differences 
are comparable with, but slightly larger than  the estim ated m easurem ent errors 
for individual m easurem ents. Since the  ratios are formed from com binations of 
m easurem ents, the difference is reasonable.

2.7 Summary of the Chapter
In this chapter we used an accurate radiative transfer model for a vertically inho- 
mogeneous atm ospheres w ith all orders of m ultiple scattering to compare the com
puted UV irradiances w ith clear-sky m easurem ents made in Lauder, New Zealand. 
These comparisons included sensitivity tests to  changes in solar zenith angle, ozone 
abundance, aerosol loading, and ground albedo.

There is reasonable agreem ent between model and measurement for th e  global, 
diffuse and direct components of UV irradiance. However, in the wavelength range 
330 to  370 nm , the measured values are smaller than  the  modeled values. This 
discrepancy maybe due to calibration errors either in the  measurements or in the 
extraterrestrial reference spectrum . B etter accuracy in m easurem ents is required, 
including m easurem ents of the  extraterrestrial solar spectrum.

Diffuse/direct ratios are insensitive to these calibration errors, but still provide
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a  sensitive m ethod of evaluating model perform ance. T he ratios are relatively 
insensitive to ozone changes, bu t depend critically on solar zenith  angle, surface 
albedo and aerosol extinction.

It is im portant to  use actual profiles of tem peratu re, pressure, and ozone rather 
th an  standard  profiles in these comparisons. W hen this was done, we found good 
agreem ent between m easured and calculated ratios over a  wide range of observing 
conditions.

T he poorer agreem ent in some spectra {e.g. spectra  4 and 6) probably results 
from  uncertainties in param eterizing aerosol and surface albedo effects. The choice 
of m olecular density profiles, and the  asym m etry factor for the  aerosol phase func
tion  can also cause discrepancies between model results and measurem ents. This 
highlights a need for a wide range of ancillary m easurem ents before models can be 
validated effectively against m easurem ents.

W hen the model is optim ized to  the  m easurem ents, w ith reasonable choices of 
free inpu t param eters, and using m easured profiles, th e  deviation between calcu
la ted  and  measured diffuse/direct ratios can be as small as 8% in the UVB region, 
and approxim ately 4% a t longer wavelengths. This difference is com parable with, 
bu t slightly larger th an  th e  uncertainty  in the  m easurem ents.

T he P inatubo study gave results consistent w ith th e  assum ption th a t aerosols 
present in December 1991 had a high single scattering  albedo, and had an optical 
dep th  of approxim ately 0.1, which was independent of wavelength over the range 
considered.

Increases in surface albedo due to fresh snow led to significant increases in 
th e  diffuse UV and global UV irradiances both  in the  m easurem ents and in the
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model calculations. Best agreement between model and m easurem ent for the  snow- 
covered surface was obtained for a surface albedo of 0.9. However, the surface 
albedo in the wavelength range of 300-450 nm is probably wavelength-dependent, 
with lower albedos at shorter wavelengths.
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Chapter 3

Comparative Study of the 
Antarctic and Arctic UV  
Radiation Environment and the 
Impact of Clouds

3.1 Introduction
Radiative transfer of ultraviolet light in the  polar regions is characterized by (1) 
low sun elevations and long optical paths through the absorbing ozone layer; (2) 
snow and ice coverage tha t characterizes the  surface albedo; (3) unique cloud 
climatology, specifically the extensive low-level stratiform  clouds; (4) occurrence 
of widespread, removal-resistant aerosols (especially in the Arctic) which scatter 
and absorb sunlight; and (5) large seasonal variability in the incident radiation.
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The combined role of clouds and surface reflection is particularly  im portan t at 
high latitudes where the  radiative effects are enhanced by m ultiple reflections of 
photons between the highly reflecting surface and the cloud base. In the  Arctic 
the  presence of haze in the spring may significantly modify UV penetration.

The United States National Science Foundation established an ultraviolet m on
itoring system in A ntarctica beginning in 1988, responding to  the serious ozone 
depletion reported in A ntarctica (Farman et al., 1985). In December 1990, a fifth 
instrum ent was installed at Barrow, Alaska. The network is the  first autom ated, 
high resolution UV scanning spectroradiom eter network installed in the  world. 
The purpose of this program is to make hourly m easurem ents of spectral ultravi
olet radiation when the sun is above the horizon a t five m easurem ent sites: South 
Pole, McMurdo, and Palm er Station (in A ntarctica); Ushuaia (at the  southern tip 
of Argentina); and Barrow (in Alaska). Table 3.1 shows their la titude , longitude, 
and installation time. This effort provides a unique da ta  base on ultraviolet radi
ation levels in A ntarctica and the Arctic. These d a ta  allow us to  investigate the 
tem poral and spatial evolution of ultraviolet radiation  in th e  polar regions.

We analyzed the data at each measurem ent site since it was established to  inves
tigate the time evolution and latitudinal changes of the  UV radiation environm ents 
in the northern and southern polar regions.

3.2 Total Ozone Abundance
We utilized ground-based measured global (direct +  diffuse) irradiances a t two near 
UV wavelengths, one th a t is appreciably absorbed by ozone (we used 305 nm  here),
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T ab le  3 .1 Longitude and latitude o f the five measurement sites and their installation time. ‘Noon 
(GM T)’ is the approximated local noon in Greenwich Mean Time for each site that used in the compar
ison.

No Site Longitude Latitude Noon (G M T) E atablished
1 Barrow, Alaska 156.47 W 71.18 N 22 Dec. 1990
2 Ushuaia, Argentina 68.19 W 54.49 S 17 Nov. 1988
3 Palm er, A ntarctica 64.03 W 64.46 S 16 M ay 1988
4 M cM urdo, A ntarctica 166.40 E 77.51 S 1 M ar. 1988
5 South Pole, A ntarctica 0 90.00 S 12 Feb. 1988

th e  o ther th a t is not (we used 340 nm  here), to derive colum n ozone abundance by 
com parison with synthetic values of this ratio  generated by the  radiative transfer 
m odel described in Section 2.3, which includes the  m ultiple scattering  and ground 
reflection, for a  variety of ozone abundances. This m ethod is insensitive to  cloud 
cover and  surface albedo used in the  model calculations. The detailed procedure 
for th e  derivation was described by Stamnes et al. (1991).

F igure 3.1 to 3.5 present th e  derived column ozone abundance a t local noon 
com pared w ith the Total Ozone Mapping Spectrom eter (TOM S) for Barrow, Ushuaia, 
Palm er, McMurdo, and South Pole S tation from the year the  m easurem ent site was 
established. We found th a t there was an ozone ‘hole’ in A ntarctica each spring in 
the  data . It was most obviously seen a t South Pole S tation. Ozone depletion was 
not clear a t Ushuaia. In contrast to the ozone ‘hole’ in A ntarctica, to ta l ozone 
abundance was consistently high in the spring a t Barrow; the  low value of to ta l 
colum n ozone occurred in the sum m er.

The to ta l ozone abundances given by the  two m ethods are sim ilar bu t not iden-
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F igu re 3.1 Time history of total ozone abundance derived from ground-based measurement (solid lines) 
compared with TOMS (dotted lines) at Barrow, Alaska in (a) 1991, (b) 1992, and (c) 1993. The breaks 
appear in these curves when data are unavailable. Dash-dotted lines are the corresponding solar zenith 
angles (sza).
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Figure 3 .2  As Figure 3.1 but for Ushuaia, Argentina in (a) 1990-91, (b) 1991-92, (c) 1992-93, and (d) 
1993-94.
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F igure 3.3 As Figure 3.1 but for Palmer Station in (a) 1990-91, (b) 1991-92, (c) 1992-93, and (d) 
1993-94.
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F ig u re 3 .4  As Figure 3.1 but for McMurdo Station in (a) 1990-91, (b) 1991-92, (c) 1992-93, and (d) 
1993-94.
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F igure 3.5 As Figure 3.1 but for South Pole Station in (a) 1991-92, (b) 1992-93, and (c) 1993-94.
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tical except for some lim ited periods. We note th a t there is a system atic difference 
between the two results in each plot, which depends on latitude. In Antarctica 
(South Pole, McMurdo, and Palm er Station), the ozone abundance is relatively low 
and steady during austral spring; the am ount derived from our m ethod agrees well 
with TOMS during this period. In the winter our m ethod overestimates ozone, but 
underestim ates it in the summer. At Ushuaia, our estim ation agrees reasonably 
with TOMS in late austral winter, but tends to underestim ate ozone abundance in 
the spring and summer. In the  Arctic (Barrow), our m ethod underestim ates total 
ozone abundance before summer solstice, but overestimates it hereafter.

The daily to ta l column ozone tends to be more stable (not as many spikes) 
closer to South Pole because of dynamical stability of the  atmosphere. Examining 
Figure 3.1 to 3.5 more closely, it can be seen the derived column ozone contains 
more spikes than TOMS data, especially at Ushuaia, Palm er, and Barrow. We 
should note tha t the TOMS da ta  represent a daily average over an area of 22,500 
k m 2, while the column ozones from our method were derived from measurements 
made at local noon. However, there are some possibilities th a t may give rise to 
spikes and the system atic differences.

3.2.1 Effects of random variability on cloud thickness
A more likely cause for the spikes is tha t the UV spectrom eter measurements 
we used at these two wavelengths, were collected at two different tim es and thus 
the solar zenith angle and cloud optical thickness might have changed during the 
course of the  scans. The maximum duration of scan tim e for the wavelength range
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280 to 315 nm  (spectral range 1, hereafter referred to  as S R  1) was 2 m inutes 
and 15 seconds with resolution of 0.2 nm, whereas the m axim um  scan tim e for 
the  wavelength range 280 to 380 nm (spectral range 2, hereafter referred to  as SR  
2) was 2 minutes and 45 seconds with resolution of 0.5 nm . The tim e between 
the 305 nm  measurement during the  SR 1 highest resolution scan and the  340 
nm measurements during the  SR 2  medium resolution scan would be about 4.5 
minutes. The maximum change in solar zenith angle for the  tim e interval between 
the 305 and 340 nm observations for noontime data  at Palm er Station is less than  
0.1°. Changes of solar zenith angle on the order of 0.03 m ay be frequent and will be 
of different sign depending upon when during the year it occurred. However, this 
may be considered to be in the noise level ( C. R. Booth , private com m unication, 
1994). It was usually cloudy a t Ushuaia, Palmer, and Barrow, and there were 
relatively fewer cloudy sky conditions a t South Pole and M cM urdo S tation, as we 
will see in the  next section. The cloud thickness over the  m easurem ent sites m ight 
have changed during the 4.5 minute period between scans. It m ay be worthwhile 
to use two measurements from the same scan to minimize th e  effect of cloud as 
follows.

To examine the effects of random variability of cloud optical thickness during 
the highest spectral resolution scan (SR 1) and the m edium  resolution scan (SR  2), 
we use the ratio  of global irradiance measurements at 313.5 nm  and 300 nm , both 
extracted from SR 1, and the  ratio of 340 nm to 320 nm , both  extracted  from SR  
2, to derive ozone content at Palmer Station in 1992-93 season. For com parison we 
also show the derived total ozone from the ratio of m easurem ents a t 320 nm  (from 
SR  2) and 305 nm (from SR  1) and th a t at 340 nm (SR  2) and 305 nm (S R  1).
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F igure 3 .6 Derived total ozone abundance (solid lines) by using different pairs of measured global 
irradiance ratio at selected wavelengths compared with TOMS (dotted lines) at Palmer Station in 1992-93 
season, (a) for the ratio at 313.5 nm and 300 nm, (b) for the ratio at 340 nm and 320 nm, (c) for the 
ratio at 320 nm and 305 nm, and (d) for the ratio at 340 nm and 305 nm.
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Figure 3.6 shows the derived column ozone by using different pairs of measured 
irradiance ratios compared w ith TOM S. Lubin and Frederick (1990) have used the 
irradiance ratio  a t 300 nm  and 313.5 nm to estim ate ozone abundance. Because 
the finest resolution of our model is 1 nm  in an integer interval, we calculated the 
irradiance a t 313 nm in place of the irradiance at 313.5 nm, which is provided by the 
N SF/U V  data, for comparison as an approximation. From this plot (Figure 3.6a) 
we can see th a t the strong spikes in the derived column ozone have been greatly 
reduced when the irradiance ratio  of 313.5 nm to 300 nm was used. However, errors 
may have been introduced by using the  modeled irradiance of 313 nm instead of 
313.5 nm  to derive the column ozone. On the other hand, the agreement between 
TOMS and derived column ozone from the irradiance ratio of 340 nm to  320 nm 
(Figure 3.6b) is worse even though both the irradiance measurements are from the 
same scan. There is better agreem ent between TOMS and derived column ozone 
using the  measured irradiance ratio  of 320 nm  to 305 nm (Figure 3.6c), if the  small 
spikes in the derived ozone can be ignored which may be caused by the random 
variability of cloud optical thickness during the two different resolution scans. In 
summary, we may use the measured irradiances at two wavelengths shorter than 
340 nm  with a  narrow interval between them , but they should preferably come 
from the same spectral scan, to derive reliable column ozone abundance. This 
requires reprocessing of the original measurement data; we have asked for such 
data from Biospherical Instrum ents, Inc.

3.2.2 Effects of errors during measurements
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Julian Day (1992-93)

F igure 3 .7  Percentage changes of measured irradiance at 305 nm required to achieve correct derivation 
of total ozone abundance relative to the measured irradiance at 340 nm at the four measurement sites 
in Antarctica from 1992 to 1993. The solid lines were calculated by the assumption of plane-parallel 
atmosphere, the dotted lines including the effects of spherical geometry. The dash-dotted lines are the 
corresponding solar zenith angles.
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Although the agreement between derived column ozone and TOMS is b e tter when 
the irradiance measurements a t two different wavelengths are properly chosen, our 
method underestim ates ozone in the summer and overestimates it in the w inter in 
Antarctica as compared to  the  TOMS inferences producing a systematic difference. 
Smith et al. (1992a) indicated th a t varying the irradiance ratio by 10% would lead 
to a difference in column ozone as large as 16 DU because of possible errors in the 
measurement data. It is useful to see the level of changes required in m easured 
irradiance at 305 nm relative to  th a t at 340 nm to align the derived column ozone 
with the TOMS data. Figure 3.7 shows the percentage changes of measured ir
radiance a t 305 nm required to  correctly derive column ozone {i.e. the same as 
TOMS), assuming tha t the 340 nm  irradiance measurement was reasonably accu
rate a t the four m easurem ent sites in A ntarctica a t local noon during 1992 to  1993, 
when we had the  sun above horizon. The solid lines were calculated by assuming 
plane-parallel approximation; the dotted lines include a correction for the effects of 
spherical geometry (Kylling and Stamnes , 1992; Dahlback and Stamnes, 1991) in 
the model com putations. The dash-dotted lines are the corresponding solar zenith 
angles. In general, we m ust account for the effects of spherical geometry when 
solar zenith angles are greater than  70 degrees. The calculations clearly show that 
the low values of 305 nm irradiance (solid lines) required for alignment with TOMS 
at high solar zenith angles (greater than 70 degree) are caused by the assum ption 
of plane-parallel geometry. These errors can be improved by the use of spherical 
corrections (dotted lines).

There is a persistent bias of around 5 -15%  higher readings in 305 nm irradiance 
at Ushuaia, Palmer, and McMurdo Station, and 5 - 25% higher at South Pole Sta
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tion  th an  expected. This bias may be partly  introduced during th e  m easurem ent. 
As th e  solar spectra increases in steepness as shorter wavelengths are approached 
(below 305 nm ), a m easurem ent with finite bandw idth will produce higher readings 
th a n  are actually present. Although the bandw idth  of the  m easurem ents 0.7 nm 
has been reported, some evidence indicates th a t it is actually  wider, perhaps 1 nm 
( C .R . Booth , private communication, 1995). However, th e  bias in troduced by this 
m echanism  should be the  sam e on a site-by-site basis. T here m ust be some other 
reasons for the  disagreement.

3.2.3 Effects of spherical geometry
T he sm all differences between the plane-parallel m odel (solid lines) and spherical 
geom etry model (dotted lines) run at low solar zen ith  angles (Figure 3.7) are due 
to  the  usage of different precisions and model atm ospheres in th e  m odel com pu
tations. We used single precision and 33 layers of subarctic sum m er US Standard  
A tm osphere (1976) in the  plane-parallel assum ption m odel run, and double preci
sion and 100 layers of subarctic sum m er atm osphere (Anderson et al., 1987) in the 
spherical geometry model.

We nc te  th a t the signs and values of the  required 305 nm  irradiance readings 
a t M cM urdo and South Pole S tation  are not sym m etrical about an ta rc tic  sum m er 
solstice even after the inclusion of the  effect of spherical geometry.

We used a more precise radiative transfer m odel which properly trea ts  the 
effects of spherical geometry to derive again th e  colum n ozone and com pared it 
w ith TO M S at McMurdo Station in 1992-93 season (Figure 3.8). T he differences of
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F igu re 3.8 Total ozone abundance derived from ground-based irradiance measurements at 305 and 340 
nm by using a radiative transfer model including the effect of spherical geometry (solid line) compared 
with TOMS (dotted line) at McMurdo Station in 1992-93. Dash-dotted line is the corresponding solar 
zenith angle.
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to tal ozone between the two methods decrease when solar zenith angle greater than  
70° compared with Figure 3.4 in the corresponding year. However, our m ethod 
still overestimates total ozone in the winter and underestim ates it in the  summer. 
Hence, the atmosphere spherical effect does not appear to  be the  reason for the 
system atic difference.

3.2.4 Effects of other uncertainties
It is known th a t the ozone absorption is tem perature-dependent, and therefore any 
model used for ozone estim ation will give an error whenever the actual tem per
ature profile significantly differs from the tem perature profile used in algorithm  
development. Simultaneous measurements with TO V S/H IRS2 and ozonesonde at 
Palm er Station during the formation of the 1987 ‘ozone hole’ showed tha t the 
TOMS algorithm tends to underestim ate the ozone content in late winter because 
of low stratospheric tem peratures (Fefevre et al., 1991). Smith et al. (1992a) 
claimed th a t the variations of derived column ozone using the ground-based irra
diance measurements ratio at 308 and 332 nm are w ithin 5 DU if the atm ospheric 
tem perature changes are less than 30° K.

We have used the subarctic summer climatological vertical profile in all the 
derivations of column ozone. In reality the tem perature profiles in A ntarctica may 
significantly differ from the subarctic summer climatology and also change from 
site to site. We may use more reasonable tem perature estim ates in the derivations, 
at least similar to those used in the TOMS algorithm, if we assume TOMS are cor
rect. We say reasonable estimates because to date there have been no operational
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simultaneous da ta  with respect to atm ospheric tem perature profiles when the solar 
irradiance measurements were taken.

On the other hand, the reliability of TOMS data  must be checked. The TOMS 
sensors may have solar angle biases ( C .R . Booth, private communications, 1995). 
Intercomparison m ust be made among NIMBUS 7 TOM S, Meteor 3 TOMS, in 
situ Dobson readings, and derivations by using ground-based measurements to see 
why there is a system atic difference. In any case, the causes for the discrepancy 
are unknown a t present.

3.3 Cloud Effect and Equivalent Cloud Optical 
Depth

In addition to  total ozone abundance which is generally expected to have the most 
im portant effect on the penetration of UV solar radiation through the atmosphere, 
temporal and spatial variations in cloud cover are also im portant parameters af
fecting UV penetration.

Clouds have a strong influence on UV attenuation. To examine cloud effects 
on UV penetration, we used the UV radiation model described in Section 2.3 to 
compute UVB irradiance integrated over the 290 - 320 nm spectral band (instead 
of 280 - 320 nm in order to compare w ith the available spectrom eter measurement 
data) under clear sky conditions for comparison with ground-based measurements. 
The measured column ozone abundances from TOMS were also included in the 
model calculations. Thus the differences between the modeled and measured UVB
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irradiances are the result of the effects of cloud combined w ith surface albedo used 
in th e  model com putations.

Grenfell et al. (1994) indicated th a t the  surface albedo in the interior of A ntarc
tica  is nearly independent of solar zenith angles. They also show th a t the albedo 
has a uniformly high value of 0.96 - 0.98 in the  UV and visible region a t South 
Pole Station in the  sum m er, and th a t th is value probably applies throughout the 
interior of A ntarctica. The surface albedos a t Barrow, Ushuaia, Palm er, and Mc
M urdo are expected to change throughout th e  season. The m onthly m ean observed 
surface albedo at Barrow from M arch to  M ay in 1988 changed from 0.92 to 0.84, 
and dropped to  0.39 to 0.5 in June, 0.18 to 0.20 in Ju ly  (Leontyeva and Stamnes, 
1994). Lacking precise knowledge of the  surface albedo, which should preferably 
be measured simultaneously with the  downward irradiance for our purpose, we 
assumed th a t the surface albedo rem ains unchanged a t the  spring tim e period at 
each m easurem ent site. The surface albedo was chosen by com paring the measured 
UVB with com puted UVB which never was less than  and a t least equal to the m ea
sured value during the  m easurem ent period a t each site. We m ay therefore assume 
th a t the  sky was clear when there was close agreem ent between the observed irra
diance and the model-predicted clear sky value and th a t the  discrepancies are due 
to  cloud effects. Possible aerosol effects, expected to  be small in the pristine polar 
atm osphere, are thus included in our definition of cloud. Therefore, in our com
putations, 0.97 was chosen as the  surface albedo for South Pole Station, 0.75 for 
M cMurdo Station, 0.65 for Palm er Station, 0.05 for Ushuaia, and 0.85 for Barrow 
in the model predictions. The Ushuaia installation  is near the  southern port city 
of Ushuaia, Argentina. It is surrounded w ith m ountains in the  east, north, and
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west. In the south lies the ocean. This location is in the foothills of the Andes and 
it is frequently cloud-covered. The surface albedo may be very low ( C.R. Booth, 
private communication, 1994).

Figure 3.9 to 3.13 show comparisons between the computed UVB with clear 
sky conditions and measured UVB at local noon in spring tim e (left panels). The 
comparisons show th a t clouds blocked in average 10 -1 5  % of UVB compared with 
clear sky a t South Pole in the  spring period, 10 - 25 % at McMurdo Station, 20 - 
60 % a t Palmer, 15 - 60 % a t  Ushuaia, and 10 - 40 % at Barrow.

Comparison of model-predicted and observed irradiance allows inference of the 
equivalent stratified cloud optical depth (Stamnes et al., 1991). To infer the equiv
alent cloud optical depth we compared the m easured irradiance with the predicted 
value for a variety of stratified cloud optical thicknesses a t a wavelength where 
ozone absorption is minim um  (we chose 349 nm here). The right panels of Fig
ure 3.9 to 3.13 are the derived equivalent cloud optical depths in the spring for 
th e  corresponding years a t Barrow, Ushuaia, Palm er, McMurdo, and South Pole 
S tation. It was optically clear on most days a t South Pole in spring and the clouds 
were relatively thinner at th e  South Pole than  those at the  other four sites. The 
closer to the south pole, the thinner the clouds become in Antarctica. The equiv
alent cloud optical depths in spring tim e at South Pole are usually about 8, at 
McMurdo about 10, and at Palmer about 40. As for Ushuaia and Barrow, the 
equivalent cloud optical depths are about 10. We also noted tha t there were opti
cally thicker clouds in late spring at each site. This may be caused by increasing 
cloud cover in late spring, but a possibility may be th a t the surface albedo used 
in the  model prediction was too high, and hence caused the inferred equivalent
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J u l i a n  D a y

M a r . l  A p r . l  M a y  1 J u n . l

J u l i a n  D a y

F igure 3.9 Calculated UVB with clear sky conditions (solid lines) (left panels) compared with 
ground-based measurements (dotted lines) (left panels) and the corresponding equivalent cloud opti
cal depth (right panels) at Barrow in three spring months, March, April, and May, from 1991 to 1993. 
The surface albedo used in the model calculations was 0.85.
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F igu re 3.10 As Figure 3.9 but for Ushuaia in three austral spring months, September, October, and 
November, from 1990 to 1993. The surface albedo used was 0.05.
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F ig u re  3 .11  As Figure 3.9 but for Palmer in three austral spring months, September, October, and 
November, from 1990 to 1993. The surface albedo used was 0.65.
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F ig u re 3 .12  As Figure 3.9 but for McMurdo in three austral spring months, September, October, and 
November, from 1990 to 1993. The surface albedo used was 0.75.
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Figure 3.13 As Figure 3.9 but for South Pole in three austral spring months, September, October, and 
November, from 1991 to 1993. The surface albedo used was 0.97.
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cloud optical depth to be too high. The surface albedo changes very rapidly in 
the transitional period in late spring. The surface albedo m ust be chosen very 
carefully in order to  predict the cloud optical depth correctly.

3.4 Summary of the Chapter
•  The total ozone abundance derived from ground-based m easurem ents of irradi
ance is in good agreement with TOMS measurement in the spring tim e in A ntarc
tica, bu t is higher in the winter and lower in the summer. At Barrow, our m ethod 
underestim ates ozone abundance before summer solstice and overestim ates it after 
summer solstice in comparison with TOMS data.

•  This system atic difference may be caused by (a) the inconsistency of tem 
perature profiles used in the derivations with those used in the  TOM S algorithm , 
(b) errors introduced from uncertainties in the ground-based solar irradiance m ea
surements.

•  The agreement between surface-derived column ozone and TOM S can be im
proved by using two solar irradiance measurements at narrow wavelength intervals 
below 340 nm taken from the same resolution spectral scan to remove the effects 
of rapid and random variability of cloud optical thickness.

•  There is no obvious ozone depletion at Barrow, Alaska during the last 3 years 
(before 1994).

•  The closer to the  South Pole, the smaller the cloud optical depth becomes in 
Antarctica.

•  The clouds were relatively thick in late spring both in A ntarctica and in the
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Arctic.
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Chapter 4

Ozone Depletion and U V  
Penetration to the Earth’s 
Surface and into the Underlying  
W ater

4.1 Introduction
W ith  depletion of the ozone layer the atm osphere becomes more transparen t at 
shorter wavelengths, thereby increasing the am ount of biologically harm ful u ltra 
violet radiation (UVB, 280 to  320 nm) reaching the  surface of the earth  (Stamnes  
et al., 1992) and penetrating  to ecologically significant depths in the  ocean (Smith  
and Baker , 1979, 1980, 1981; Smith et al., 1992b). There is considerable and in
creasing evidence th a t UVB radiation, resulting from depletion of the ozone layer,
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may be detrimental to various forms of marine life in the upper layers of the ocean. 
For example, increased UVB may decrease phytoplankton productivity by 1 - 12 
% (Arrigo, 1994; Holm-Hansen et al., 1993; Smith et al., 1992b; Cullen et al., 
1992) in the Southern ocean. The highly productive surface waters of the oceans 
at higher latitudes provide im portant feedbacks w ith global climate through their 
exchange of radiatively active organic gases. If the im pacts of the changes in UVB 
on biodiversity are significant, then the altered release of CO 2 , dim ethyl sulfide, 
and other gases will be im portant in determ ining potential feedbacks in radiation 
and energy exchange. It is likely that we do not yet understand all of the potential 
effects of enhanced UV radiation on the biosphere.

UVB measurements in aquatic systems require specialized instrum entation. 
Only a few measurements of UV penetration into the  ocean have been made. 
Therefore, it is worthwhile to use theoretical radiation models th a t account for 
ozone absorption and other factors th a t can affect UVB to evaluate the  changes in 
UVB surface and underwater radiation.

There are a number of models which have approached the radiative transfer 
problem in the atmosphere ocean system developed with different m ethods (Jin  
and Stamnes , 1994; Morel and Gentili, 1991; Iiattawar and Adams , 1989; Mobley, 
1989; Kirk, 1981). The discrete ordinate m ethod has been satisfactorily used to 
solve the radiative transfer problem in vertically inhomogeneous media, such as 
the atmosphere. Jin and Stamnes [1994] developed a coupled atmosphere-ocean 
model using the discrete ordinate radiative transfer method, which provides a 
solution of the coupled radiative transfer equations pertinent for two s tra ta  with 
different indices of refraction separated by a plane interface, such as the atmosphere
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overlying a calm ocean surface. The model has been compared with six other 
models in current use and has been found to  be both reliable and efficient (Mobley 
et al., 1993). We will use this model to investigate the im pact of decreased ozone 
levels on aquatic systems.

4.2 Coupled Radiative Transfer Model for UV  
and Visible Radiation

The underwater spectral irradiance depends on the spectral and angular distri
bution of the solar radiation arriving at the  ea rth ’s surface, and on the optical 
properties of the water body, which in tu rn  are determ ined by Rayleigh scattering 
and absorption by water molecules (pure w ater) as well as scattering and absorp
tion by suspended particles of organic and inorganic origin.

The atmosphere and ocean are each divided into a sufficient number of layers 
to resolve the optical properties in each m edium . The model uses inputs of optical 
properties, such as optical depth, single scattering albedo and phase function for 
each layer of both the atmosphere and the  ocean, and it computes the direct 
and diffuse upward and downward irradiances at arb itrary  levels. The spectral 
distribution of the solar irradiance a t the top of the atm osphere is needed. Vertical 
profiles of atmospheric ozone, density, cloud, aerosol, and suspended particles and 
dissolved organic m aterials in the ocean are also required. These are used to 
generate optical properties for each layer in the  atm osphere and the underlying 
ocean.
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F igure 4.1 Schematic illustration of the atmosphere-ocean interface indicating the region of total 
reflection in the ocean and the region which ‘communicates’ with the atmosphere. Refraction at the 
interface allows photons to move from region I  (the atmosphere) into region I I  in the ocean and vice 
versa. Photons in region I I I  are totally reflected at the interface; scattering processes allow these photons 
to move back and forth between regions I I  and I I I  as indicated.

In order to describe the transfer of radiation in the  coupled atmosphere-ocean 
system it is im portant to  take into account the  change in index of refraction occur
ring at the interface between the atm osphere and the ocean. The relative refractive 
index for the atm osphere is taken to be unity  and th a t for the ocean is assigned a 
constant value of 1.3 (neglecting for sim plicity the  slight wavelength dependence).

The model rigorously includes the effects of m ultiple scattering. T he angular 
dependence of the radiation is divided into a  suitable num ber of quadrature points
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(‘stream s’). A ppropriate ‘stream s’ and weights are chosen for the  interface con
tinu ity  relations. The refraction and to ta l reflection a t the  interface of th e  two 
s tra ta  have been taken into account by assigning different num bers of ‘stream s’ 
in th e  atm osphere and in the water. T he same num ber of stream s is used in the 
atm osphere and in the  refractive p art of the ocean which connects directly with 
the  atm osphere, while additional stream s are used to  describe the radiation  in the 
to ta l reflection region as schem atically illustrated  in Figure 4.1. T he accuracy will 
be enhanced with an increase in th e  num ber of stream s, bu t convergence depends 
strongly on the change in refractive index across the  interface. Using 8 ‘stream s’ 
in the  atm osphere and refractive p art of the ocean (region I  and I I  in th e  Fig
ure 4.1), and 6 additional ‘stream s’ in the  total reflective region (region I I I  in the 
Figure 4.1) (i. e. 14 ‘stream s’ to ta l in the  ocean) yields an accuracy of about 1 % 
( Zeng et al., 1993).

As already stated, to  com pute the  transfer of ultraviolet and visible radiation 
throughout the coupled atm osphere-ocean system  we m ust know the  spectral dis
tribu tion  of the radiation incident at the  top of th e  atm osphere as well as the 
optical properties of the  atm osphere and water m edia.

a. Extraterrestrial Solar Spectrum

The solar irradiance in the range between 280 and 700 nm  represents about half 
of the  to ta l solar energy ou tpu t incident a t the  top of of the  ea rth ’s atm osphere. 
T here are several ex traterrestrial solar spectra in current use. The spectrum  used 
here is adopted from Nicolet (1989)(Figure 2.1a).

b. Atmospheric Ozone

Ozone is the most im portant absorber of solar UV radiation through the a t
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mosphere. Since ozone scatters very small am ounts of radiation (Paur and Bass, 
1983), ozone scattering is ignored here. The absorption cross sections for ozone are 
adopted from Molina and Molina (1986)(Figure 2 .1 b) because they were measured 
at three different tem peratures and had higher resolution. Other gases (the two 
most im portant being nitrogen dioxide and sulphur dioxide) absorb in 280-400 nm 
region, bu t these gases are not included in the radiation scheme as their effect on 
integrated UV surface irradiances is small.

c. Rayleigh Scattering

Rayleigh scattering in the atm osphere is very im portant in the UV, due to its 
scattering cross-section having a nearly 1/A4 dependence. The use of different stan
dard altitude profiles for atm ospheric pressure and tem perature causes a variation 
of 1 % or less in Rayleigh optical depth ( Teillet, 1990), and natural variations lead 
to day-to-day differences in Rayleigh optical depth of ±  3% (Zeng et al., 1994). 
The Rayleigh scattering cross sections were calculated from the empirical formula 
deduced by Nicolet (1984), and the subarctic summer atmosphere developed by 
McClatchey et al. (1972) were adopted as the  vertical atmospheric profiles.

d. Atmospheric Aerosols and Clouds

The effects of atm ospheric aerosol and clouds are included in the model. The 
Henyey-Greenstein phase function is used and the delta-M  transformation ( Wis- 
combe, 1977) is adopted, which has been shown to optimize the performance of the 
model in solving practical radiative transfer problems involving sharply forward- 
peaked phase functions associated with scattering from cloud droplets and aerosol 
particles in the atmosphere.

For simplicity we considered only the combined effect of clouds and aerosols,
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Wavelength (nm ) W avelength (nm)

F igure 4 .2 (a) The absorption and scattering coefficients for pure sea water; (b) Specific spectral
absorption coefficients for phytoplankton.

and used an asymmetry factor of 0.9 for th e  Henyey-Greenstein phase function,
e. Extinction by Pure Sea Water

The extinction of the natural sea water includes the absorption and scattering 
of pure sea water, suspended particles, and dissolved organic or inorganic materials.

W ater itself absorbs weakly at near-UV and blue wavelength. In pure water at 
wavelengths between 370 to  450 nm, molecular scattering provides 20-25% of the 
to ta l beam  attenuation (Smith and Baker, 1981). For the clearest ocean water the 
Rayleigh scattering phase function is applied. The absorption and scattering coef
ficients for pure sea water are adopted from Smith and Baker  (1981) (Figure 4.2a). 
It should be noted tha t the  spectral absorption coefficient of pure sea water pro
vided by Smith and Baker (1981) represents an upper bound in the wavelength 
range of oceanographic interest, 200 to 800 nm. In fact, they commented that at 
wavelengths below 300 nm, their values are merely an educated guess. They also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



estim ated the accuracy of the absorption coefficients to  be w ithin +25% and -5% 
between 300 and 480 nm, and +10% to -15% between 480 and 800 nm. However, 
their values appear to be reasonably good and are widely used.

f. Extinction by Other Materials

From available evidence (Smith and Baker, 1978a, b; Jerlov, 1976), the  absorp
tion and scattering by chlorophyll and dissolved organic m a tte r (DOM) are likely to 
be among the principal optical components contributing to  the  extinction in UVB 
region. B ut the concentration of DOM seems to be much m ore influenced by na tu 
ral (or anthropogenic) land sources than by m arine biological activity  ( Bricaud et 
al., 1981). For simplicity we consider only the absorption and scattering by chloro- 
phyllous pigment. As in the treatm ent of atmospheric aerosols and cloud droplets, 
we use the  Henyey-Greenstein phase function and the delta-M  approxim ation to 
represent phase functions for suspended particles and dissolved m aterials. We used 
0.92 for the asymmetry factor, which is fitted from the phase function given by 
Mobley et al. (1993).

The scattering coefficients of chlorophyll 6(A) may be calculated from the ex
pression ( Gordon and Morel, 1983):

'i'iH
6(A) =  ( ~ - ) 0 .3 ( C ) ° ‘62 (4.1)A

where A is wavelength and C  is chlorophyll concentration. The above expression is 
deduced from measurements in the near-ultraviolet and visible part of the  spectrum  
(above 350 nm). Lacking data  in the UV spectral range, we assume th a t this 
expression can be used also below 350 nm, as a first approxim ation.

The specific absorption coefficients differ among phytoplankton species. Sathyen-
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dranath et al. (1987) m easured spectral absorption coefficients for eight species of 
cultured  phytoplankton. Their measurem ents indicated th a t there are distinct ab
sorption peaks a t about 440 nm  and 675 nm; th e  blue peak is one to  th ree  tim es 
as high as the red one (for a given species) due to  th e  contribution of accessory 
pigm ents th a t absorb in the  blue, and there is relatively little  absorption between 
550 and 650 nm , w ith the absorption m inim um  near 600 nm  being 10% to  30% of 
the  value a t 400 nm.

T he chlorophyll-specific spectral absorption coefficients we used in the  model 
are shown in Figure 4.2b. The absorption coefficients will be the  product of the 
chlorophyll concentration, C , and the specific absorption coefficient.

g. Model levels

As already m entioned the  vertical inhom ogeneity of th e  atm osphere and the  wa
ter column can be accounted for by dividing each s tra tu m  into a sufficient num ber 
of layers to resolve th e  changes in optical properties w ith a ltitude  in the  atm o
sphere and depth in th e  ocean so th a t the  optical properties are constant in each 
layer, but are allowed to vary from layer to  layer. The d istribution  of model levels 
should be chosen so as to resolve adequately the  predom inantly  scattering  levels 
from the predom inantly absorbing levels both in the  atm osphere and ocean. We 
divided the atm osphere into 33 layers with dense layers in the  lower troposphere, 
and the underlying w ater into 19 layers w ith com pact layers in the  upper w ater 
and assumed the ocean to be sufficiently deep th a t reflection from th e  ocean floor 
is of little  consequence.
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4.3 Comparison of Computed and Modeled Ir
radiance

It is worthwhile to use a well developed radiative transfer model to sim ulate the 
underwater UVB field for comparison with in s i tu  measurements. Sm ith and co
workers (Sm ith  et al., 1992b) directly measured the increase in and penetration of 
UVB radiation into the A ntarctic waters and provided the  first conclusive evidence 
of a direct ozone related effect on a natural phytoplankton population. They 
measured the spectral irradiance between 300 and 700 nm and presented the ratio 
of UVB irradiance (Q u v b ) to total irradiance (Q t o t a l  =  Q u v b  + Q u v a  +  Q p a r ) 
as a function of depth, and found th a t this ratio is 03-dependent in the Southern 
Ocean. Thus, as the ozone layer thinned, sea surface and depth-dependent ratios 
of Q u v b  to Q t o t a l  increased. The vertical attenuation coefficients for spectral 
irradiance are nearly the same under and outside of the ozone hole, as dem onstrated 
in Fig. 2 of the paper by S m ith  et al. (1992b) (hereafter referred to as Sm ith’s).

To mimic the downwelling spectral irradiance penetrating to selected depths 
within the water column and the im pact of ozone depletion on the ratios of Q u v b  

to Q t o t a l  we used the coupled atm osphere-ocean model described in Section 4.2 
and compared the computed results w ith Sm ith’s measurements.

4.3.1 Downwelling irradiance
In general, the downwelling irradiance is a function of solar zenith angle, cloud 
am ount and aerosol loading, to ta l ozone content and its vertical distribution, and
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F igure 4.3 Comparison between model computations and measurements (Smith et al., 1992b); solid 
lines are modeled and dotted lines are measured, (a) Downwelling spectral irradiance from 300 to 350 
nm at selected depths of water at 65° S  at solar zenith angle of 50° with total ozone abundance of 320 
DU. The chlorophyll concentration in the water was 0.4 mg m ~ 3. (b) Same as (a) but for spectral range 
from 300 to 700 nm.
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optical properties in the water body. The optical properties of the water, in turn, 
should include single scattering albedo, and asym m etry factor of the phase func
tion. The surface UVB radiation will be enhanced if to ta l column ozone reduction 
is the only effect considered. Figure 4.3a presents the  downwelling spectral UV 
irradiance from 300 to 350 nm and Figure 4.3b shows the irradiance for the whole 
spectrum  (300 - 700 nm) at selected depths of water compared with m easurements 
of Sm ith’s, which were m ade at 65°5 a t a solar zenith angle of 50° for an observed 
ozone abundance of 320 Dobson Units. Solid lines are from the model calculation, 
dotted lines represent the measurements. The sky was lightly overcast a t the time 
of the measurements. We used an optical depth of 1 in the  model calculation to 
simulate the combined impact of cloud cover and aerosol loading. This value was 
chosen to make the modeled surface irradiance agree with the measured surface 
irradiance. We used the measured chlorophyll concentration to  calculate the opti
cal properties in the ocean. The chlorophyll concentration was 0.4 m g m ~3 down 
to 30 meters from the surface and considered to be homogeneous vertically. There 
is reasonably good agreement between model calculation and measurem ent in the 
wavelength range from 300 nm to 350 nm  (Figure 4.3a), but for wavelengths above 
350 nm the agreement is poor (Figure 4.3b).

The computed spectral irradiance a t the ea rth ’s surface is almost the  same as 
the m easured one between 300 and 700 nm . W hen the light penetrates into the 
ocean, however, the computed spectral distribution disagrees with the measured 
distribution. The agreement gets progressively worse between 470 to 700 nm. This 
discrepancy could not result from errors in phytoplankton absorption, because 
phytoplankton absorbs very little in the 550 - 600 nm region. Also it could not
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F igu re 4 .4  Comparison of diffuse attenuation coefficients Kd between model computation and mea
surement. Solid line presents modeled and dotted line measured.
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be caused by ignoring DOM which absorbs very little  in red, but its absorption 
increases rapidly with decreasing wavelength and can be significant at blue and 
ultraviolet wavelengths.

We inferred the apparent diffuse attenuation  coefficient Kg which is shown in 
Figure 4.4 both  from the model and m easurem ents by taking the derivative of the 
irradiances:

jr , n  d \n E i{ z \  A) .h d(z\ A) = ----------------------------------------------------- (4.2)

where Ed is the  downwelling irradiance. We used the difference between the in
ferred Ii'dS to  determ ine the correction of the specific absorption coefficients which 
makes the modeled I\d agree with the measured Kd- Results obtained from the 
model using the  specific absorption coefficients corrected in this m anner shows 
that the difference between modeled and measured irradiances is not due to phy
toplankton absorption. The differences suggest th a t a more likely possibility for 
the disagreement is tha t the attenuation coefficient used for pure sea water in 
the model was not consistent with the conditions prevailing during the  measure
ments. It should be noted that the pure sea water absorption coefficients (Smith 
and Baker, 1981) are upper bounds; the true absorption of pure sea w ater is likely 
to be somewhat lower, at least a t violet and blue wavelengths (Songandares et al., 
1991). This disagreement may also be caused by inaccuracies in the measurement 
itself. A spectroradiom eter optimized for UV m easurements may not be suitable 
for measurements in the visible spectral range.
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Q(uvb)/Q(total)

F ig u re  4 .5 Comparison between modei computations and measurements (Smith et al., 1992b): depth 
versus Q u v b '-Qt o t a l - Solid lines are modeled and dotted lines are measured. Inside the ozone hole, 
the ozone abundance is 150 DU, the solar zenith angle is 56°, and the vertical distribution of chlorophyll 
concentration is: 0.57 mg  m -3 from the surface to 20 meters, 0.47 mg  m~3 below 20 meters. Outside 
the ozone hole, the ozone abundance is 350 DU, solar zenith angle is 57°, and the vertical distribution 
of chlorophyll concentration is: 1.9 mg m ~ 3 from the surface to 10 meters, 1.6 m g m ~ 3 from 10 to 20 
meters, and 1.5 mg m ~3 below 20 meters.
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4.3.2 Underwater UVB distribution
Figure 4.5 illustrates the ratio of energy in UVB band (280 - 320 nm) to th a t in 
the full spectrum (280 - 700 nm) {Q u vb ' -Q t o t a l ) versus depth at inside and 
outside the ozone hole. We used the measured to ta l ozone abundance, as well as the 
pertinent solar zenith angle, and vertical distribution of chlorophyll concentration 
in the model computations. Inside the hole, the to ta l ozone abundance was 150 
DU, the solar zenith angle was 56°, and the vertical distribution of chlorophyll 
concentration was taken to  be inhomogeneous: 0.57 m g m ~ 3 from the ocean surface 
to 20 meter depth, and 0.47 m g m ~ 3 below 20 m eter in the ocean. Outside the 
hole, total ozone abundance was 350 DU, the solar zenith angle was 57°, and 
the vertical distribution of chlorophyll concentration was: 1.9 m g m ~ 3 from the 
ocean surface to 10 m eters below, 1.6 m g m ~ 3 from 10 m eters to 20 m eters below, 
and 1.5 mg m ~ 3 below 20 meters of water. We can see th a t there is very good 
agreement between modeled and measured ratios down below the surface. We also 
note that there is some curvature in the model results in the first couple of meters 
of water, that is absent in the measured results. This may be caused by ignoring 
the influence of surface waves in the model com putations, but this point needs 
further investigation.

Solar elevation has a critical im pact on the  UV radiation reaching the earth ’s 
surface. It was overcast when the measurements were made, but the solar zenith 
angle inside and outside the  ozone hole was almost the same. Since the optical 
properties of clouds and aerosols depend weakly on wavelength, the influence of 
clouds and aerosols on the ratio (Q u v b ' Q t o t a l ) is expected to be minor. This
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circum stance allows us to investigate the  im pact of changes in ozone abundance on 
the  surface and subm arine irradiance ratio. T he reduction  of atm ospheric ozone 
will increase the  surface and underw ater UV irradiance. A lthough the vertical 
chlorophyll distributions in the  w ater are different under and outside th e  ozone 
hole, the  im pact of this difference on the  vertical Q u v b - Q t o t a l  attenua tion  coef
ficients is small and the vertical attenuation  coefficients are nearly the  sam e inside 
and outside the  ozone hole (Figure 4.5). Therefore, if UVB exposure is doubled 
a t th e  surface, it will be doubled a t all depths, and th e  critical depth  above which 
UVB dam age may occur will be deeper in the  w ater column.

4.3.3 Factors that affect submarine U V  prediction
To calculate UV radiation through the atm osphere we need to  know the ex tra ter
restrial irradiance at the  top of th e  atm osphere, to ta l ozone abundance and its 
vertical distribution, cloud cover and aerosol loadings, and o ther factors (e.g. ver
tical profiles of air pressure and tem perature, phase function, asym m etry factor, 
and single scattering albedo) th a t im pact the penetra tion  of UV radiation  reach
ing the  ea rth ’s surface (Zeng et al., 1994). W hen th e  inputs of the  atm ospheric 
param eters to the model are known, the  errors of surface UV prediction can be 
less than  a  few percent com pared w ith m easurem ents (Zeng et al., 1994, Wang 
and Lenoble, 1994). The com putation of UV rad iation  into th e  w ater body de
pends on th e  accurate calculation of UV radiation arriving a t the  ocean surface 
and the  adoption of proper optical properties of th e  w ater system . T he difficulty 
in m odeling submarine UV radiation lies in the  lim ited  knowledge of the optical
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properties of the medium which show large tem poral and spatial variations and 
seldom resemble those of pure sea water. In our calculation here we considered only 
the extinction by chlorophyll pigment and pure sea water. Lacking sufficient data, 
we used scattering coefficients for chlorophyllous pigm ent deduced from measure
ments of the spectrum  above 350 nm. The asym m etry factor in the water body 
is wavelength-dependent. Lacking proper data, we chose a constant asymmetry 
factor of 0.92 in the model calculations. Uncertainties in these param eters will 
certainly lead to inaccuracies in the predictions, whose m agnitudes are unknown 
at present.

The above model calculations are very preliminary. Detailed comparisons and 
comprehensive tests of the model can only be done when the optical properties of 
water system are better known. However, we believe th a t the coupled atmosphere- 
ocean radiative transfer model is basically sound, and th a t it can be used to  make 
estim ates of seasonal and latitudinal variations of underw ater UV exposure due to 
the depletion of atm ospheric ozone, and to study the dependence of the underwater 
UV radiation field on chlorophyll concentration.

4.4 UV Penetration to the Earth Surface and 
into the Ocean

Although the UVB radiation environment depends on ozone column abundance, 
the relative increase of UVB exposure for a given ozone reduction is a  function of 
solar elevation. UVB radiation arriving a t the earth  surface is enhanced as total
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F igure 4.6 Changes of surface and underwater UVB irradiance with solar zenith angle in total ozone 
abundance of 350 DU and 175 DU (left panel) and the corresponding relative changes (right panel).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



column ozone decreases, and so will the UVB exposure at all depths in the ocean. 
Figure 4.6 presents the surface UVB changes with solar zenith angle for ‘norm al’ 
ozone abundance (350 DU) and 50% reduction in ozone abundance (175 DU) under 
clear sky conditions (left panel), and the  corresponding relative changes (right 
panel) a t selected depths. The chlorophyll distribution was taken to  be vertically 
homogeneous with a concentration of 0.4 m g m ~3. The largest relative increase 
in UVB occurs at large solar zenith angles; a 50% reduction of ozone abundance 
from normal level leads to a 50% increase of UVB irradiance at solar zenith angle 
of 25° and 95% increase at 70°. We also note th a t the largest enhancem ents due 
to O3 reduction from 350 DU to 175 DU occur in the upper layers of the  water 
column. Thus both the relative and absolute increase in UV exposure is highest 
close to the  surface, therefore the UV increase due to  ozone depletion is expected 
to be m ost harmful to the organisms living in the upper levels of the ocean.

Figure 4.7 shows the relative decrease in UVB irradiance a t three depths in 
the water medium as compared to  the irradiance incident at the sea surface. Solid 
lines are for a chlorophyll concentration of 0.5 m g m ~ 3 and dotted lines for 1.0 
m g m ~3. Chlorophyll concentrations for various waters range from 0.01 m g  m -3 in 
the clearest open waters, to 10 m g m ~ 3 in productive coastal upwelling regions, to 
100 m g m ~ 3 in eutrophic estuaries or lakes. The globally averaged, near-surface, 
open-ocean value is approximately 0.5 m g m ~ 3 (Mobley, 1994). We used only two 
typical values to test the sensitivity of UVB decrease within the water column 
to chlorophyll concentration. The more chlorophyll in the water, the more UVB 
is absorbed. Phytoplankton dwell in the upper layers of the water column (the 
photic zone) because of their requirement for solar radiation. We note th a t UVB
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F ig u re  4 .7  Relative decrease in TJVB irradiance at selected depths as compared to that at the sea 
surface. Solid lines are for a chlorophyll concentration of 0.5 m g  m -3 and dotted lines for 1.0 m g  m- 3 .
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irradiance is significantly absorbed in the upperm ost layers of the ocean. About 
45% of the incident UVB radiation is absorbed by the first 3 meters and up to 87% 
is absorbed by the tim e the radiation reaches 10 m eters below for a chlorophyll 
concentration of 0.5 m g  m -3 . The relative decrease in subm arine UVB compared 
to the  levels a t the surface depends only slightly on solar zenith angle, with the 
largest depletion occurring just below the surface for a solar zenith angle of 70°. 
There is less dependence on solar elevation when the light penetrates deeper into 
the  ocean.

Figure 4.8 shows the temporal variation of surface and underwater (only two 
layers are shown, 3 m eters and 10 meters below the sea surface) UVB irradiance for 
‘norm al’ ozone abundance (350 DU) and 50% decrease from normal (175 DU) at 
65°N , 45°N , 25° V, and 5°N  at local noon and the corresponding relative changes 
a t the surface. The underwater irradiances were calculated for a  homogeneous 
chlorophyll distribution with a concentration of 0.4 m g m ~3. Although a  high 
absolute value of UVB irradiance occurs in the sum m er at lower latitudes, the 
highest relative increase of UVB radiation occurs when the sun is low in early 
spring at higher latitudes. In the equatorial region, the highest absolute value of 
UVB irradiance happens in the spring tim e, bu t the  relative increase of UVB due 
to a 50% reduction of to tal ozone abundance remains almost constant at 47%. At 
65° N  a 50% ozone depletion results in 70% increase in UVB on April 1 and about 
54% increase in June and July. The largest relative increase happens to coincide 
with the tim e when ozone depletions are expected to be the most severe in the 
polar regions in early spring. Although the percent increase is greatest then, the 
actual flux of UV is low at tha t tim e because of the long pathlengths. It is so
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F igure 4 .8  Temporal variations of surface and underwater UVB irradiance for total ozone abundance of 
350 DU (dotted lines) and 175 DU (solid lines) (left panels) and the relative increases of UVB irradiance 
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45°N ,  (e) and (f) for 25°N ,  and (g) and (h) for 5°N.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



low, in fact, th a t there is little  im pact on phytoplankton until later in the  season 
when solar elevation increases (Arrigo, 1994). There is little seasonal variation at 
25°N  and almost no seasonal change at equatorial latitudes in the relative increase 
of UVB exposure due to  ozone reduction, with variations ranging from 45 - 50% 
enhancem ent in UVB at 25° N  to 47% at the equator resulting from 50% ozone 
depletion. The actual biological damage incurred by an increase in UVB exposure 
will depend on to  w hat extent the ecosystem (or individual species of concern) 
is already experiencing UVB levels close to the ‘tolerance threshold’ prior to  the 
ozone depletion.

4.5 UV and Visible Radiation Penetration into 
the Ocean

The biological effects of the radiation depends sensitively on its spectral d istribu
tions. Deleterious biological effects are mainly associated with the shortest wave
lengths (UVB, 280-320 nm); photorepair takes place in the UVA range (320-400 
nm), while photosynthesis occurs in the photosynthetically active region (PAR) of 
the spectrum  between 400 and 700 nm. Atmospheric ozone absorbs strongly and
selectively. Changes in ozone abundance affect UVB strongly, UVA weakly and 

o
This section is based on m aterial previously published as J. Zeng, Z. Jin, and K. Stamnes, 
Im pact of Stratospheric Ozone Depletion on UV Penetration into the Ocean at High Latitudes, 
Underwater Light Measurements, H. Chr. Eilertsen (Editor), Proc. SPIE, Volume 2048, pp. 
56-63, 1993.
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PAR moderately.
The Sun returns to  the  Arctic in la te  M arch when the  solar radiation  begins 

to enter the  biosphere. Figure 4.9 shows the  tem poral variation of surface UVB, 
UVA, and PAR radiation (left panels) for norm al O3 am ount (350 DU) and 30% 
decrease from normal (250 DU) a t 70° N a t local noon. The right panels show 
the corresponding relative increases of UVB, UVA, and PAR from norm al O3 

abundance and 30% less th an  norm al. We can see th a t  the increase in  surface 
UVB radiation is relatively high when th e  sun is low (just as it returns to the 
arctic regions) in early spring . T here is a 36% increase in surface UVB on April 
1 and a 27% increase a t sum m er solstice a t 70° N (Figure 4.9b) when total O3 

abundance reduces 30% from norm al. A lthough PAR is generally considered to be 
relatively insensitive to atm ospheric O3 concentrations, a close inspection of the 
O3 cross sections (Figure 2.1b) reveals th a t PAR is absorbed between 450 and 700 
nm, peaking at 610 nm. At low sun O3 depletion affects the  absorption of PA R and 
leads to a 1.4% increase on April 1 if O3 concentration reduces to 30% o f normal, 
as illustrated  in Figure 4.9f. Ozone has little  effect on the  transm ission of UVA, 
however, since O3 absorption is weak in this range (Figure 2.1b and Figure 4.9d). 
(Note th a t the  scales in Figure 4.9 are different in each panel).

Phytoplankton dwell in th e  upper layers of th e  water; they would, in th e  photic 
zone, be exposed to any increase in solar ultraviolet radiation. It is im portan t 
to note th a t, all other factors rem aining constant, ozone depletion will result in 
increased transm ission of solar UVB radiation through the atm osphere and into 
the water column. Figure 4.10 shows seasonal UVB irradiance penetration  to 
selected depths of water under norm al ozone levels and 30% less than  norm al at
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F ig u re  4 .9  Temporal changes of UVB, UVA, and PAR surface irradiance at 70° N  at local noon in 
ozone abundance of 350 DU and 250 DU, and their corresponding relative changes from normal level 
(350 DU), (a) and (b) are for UVB, (c) and (d) for UVA, and (e) and (f) for PAR. Note the ordinate 
scales are different in each panel.
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F igure 4.10 Temporal changes of downwelling UVB at 0.5 m (upper panels), 3.0 m (middle panels), 
and 10.0 m (lower panels) at 700 N  at local noon in ozone abundance of 350 DU and 250 DU. First 
column is for pure sea water (a, d, and g); second column (b, e, and h) for chlorophyll concentration of 
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70° N in different types of waters: pure sea water (Figure 4.10a, d, g), chlorophyll 
concentrations of 0.4 m g  m -3 (Figure 4.10b, e, h) and 1.5 mg m ~ 3 (Figure 4.10c, 
f, i). An ozone depletion of 30% compared to normal will increase UVB exposure 
10 meters below the surface from as much as 33% on April 1 to 23% at sum m er 
solstice in the three types of water considered here.

Similar results for 35° N  shown in Figure 4.11 reveal that the relative increase 
of UVB exposure at each level due the same reduction of total ozone abundance is 
almost independent of the chlorophyll concentration in the water column. Chloro
phyll pigment reduces the  penetration of UVB radiation into the water. The more 
the chlorophyll pigm ent, the less is the UVB transmission. The absorption of solar 
radiation by phytoplankton is proportional to chlorophyll content.

The ratio of irradiance of UVB to PAR provides a measurement of the energy 
available for UVB dam age to  tha t available for photorepair and /o r photosynthesis 
(Smith and Baker, 1989). Figure 4.12 and Figure 4.13 show the im pact of ozone 
depletion on irradiance ratios of UVB to PAR at selected depths in three different 
types of water a t 70°N  and 35° N  respectively. As the behavior of UVB irradiance, 
the ratio of UVB to PA R in the water column increases by the reduction of ozone 
abundance. The U V B /PA R  ratio decreases with depth, but the  reduction value 
with depth is not as much as th a t of UVB alone. We note th a t the  U V B/PA R 
ratio is relatively unaffected by the chlorophyll concentration at both high and low 
latitudes implying th a t species th a t depend on a certain level of PAR for photo
synthesis and will be exposed to a similar level of UVB regardless of chlorophyll 
content.
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4.6 Summary and Discussion
A comprehensive UV radiation model for the coupled atmosphere-ocean system has 
been described. The model rigorously accounts for m ultiple scattering and properly 
treats the radiative coupling between the atm osphere and the ocean resulting from 
the change in refractive index at the interface between the two strata. The air 
and water are each divided into a sufficient num ber of layers to resolve the optical 
properties of the atm osphere and the underlying water. This model was used to 
study the impact of ozone depletion on UVB penetration into aquatic systems, and 
the results were compared with measurements m ade in the marginal ice zone of the 
Bellingshausen Sea in austral spring of 1990. There is good qualitative agreement 
between modeled and measured submarine spectral irradiance from 300 to 350 nm 
and the ratio of UVB (280 - 320 nm) to total (280 - 700 nm) irradiance. In the 
spectral range 400 - 700 nm  there is a disagreement between modeled and measured 
underwater spectral irradiance; a more likely possibility for the differences is that 
the attenuation coefficients of pure sea water used in the model com putation are 
in error.

Stratospheric ozone depletion will significantly increase the penetration of ul
traviolet radiation through the atmosphere and into various depths of the ocean. 
The UV radiation is heavily absorbed in the upperm ost layers of the water system. 
The largest relative increase of UVB radiation arriving at the ocean surface and to 
various depths in the water occurs at low solar elevations. The most pronounced 
relative increase in UVB exposure occurs in early spring in the polar regions, which 
happens to be the tim e when ozone depletion is expected to be the most severe.
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However, the increased transm ission of UVB beneath the  ozone hole may have 
only a m inor im pact on the phytoplankton com m unity because the  absolute value 
of UVB irradiance is low. At lower latitudes there is little  seasonal variation of 
UVB increase due to the same ozone depletion. The more chlorophyll content in 
the  water, the more UVB radiation was absorbed, bu t the  irradiance ra tio  of UVB 
to PAR is almost unaffected by chlorophyll concentration.

Phytoplankton relies on solar radiation for photosynthesis. Prim ary productiv
ity is proportional to PAR light intensity, bu t photoinhibition of prim ary produc
tivity  is proportional to UVB. Ozone depletion increases UVB radiation  arriving 
a t the earth ’s surface and to various layers of the  ocean, but has little  influence 
on PAR penetration. Therefore, decrease in ozone abundance will decrease net 
prim ary productivity.

Solar radiation and essential nutrient availability are the dom inant physical 
factors controlling phytoplankton production in the  sea. The am ount of light 
varies with latitude, and the am ount of nutrients contained in the euphotic zone is 
largely determ ined by physical factors controlling vertical mixing of water. Despite 
year-round high light intensity, tropical regions are generally low in productivity  
because solar heating stabilizes the  w ater column and nutrients rem ain a t low 
concentrations within the euphotic zone. Conversely, polar regions are generally 
high in nutrients bu t low in solar radiation except for a brief period in th e  sum m er. 
Therefore, a single pulse of phytoplankton abundance occurs during th e  sum m er 
in polar regions. M aximum annual productivities are generally found in tem perate  
latitudes where light and nutrients are both reasonably abundant.

Ozone depletion is generally expected in the  early spring in the polar regions.
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Therefore, ozone depletion has little  im pact on prim ary productivity  on a global 
scale.

The accurate com putation of UV radiation  reaching the  ea rth ’s surface is im
p o rtan t to model the  underwater UV levels accurately. Precise knowledge of the 
optical properties of the atm osphere are required for th is purpose. To make accu
ra te  predictions of UV exposure in the w ater body the proper optical properties 
of the  water colum n m ust also be known correctly.
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Chapter 5

Apparent Optical Properties in 
the Water Body

5.1 Introduction
N atural waters, both fresh and saline, are a com bination of dissolved and particu
la te  m atter. These solutes and particles are both  optically significant and highly 
variable in kind and concentration. Consequently, the  optical properties of natural 
waters show large temporal and spatial variations.

The large-scale optical properties of w ater are conveniently divided into two 
m utually exclusive classes: inherent and apparent. Inherent optical properties are 
those properties that depend only upon the m edium , and therefore are indepen
dent of th e  ambient light field within the m edium . The two fundam ental inherent 
optical properties are the absorption coefficient and the volume scattering func
tion. O ther inherent optical properties include th e  index of refraction, the beam
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attenuation coefficient and the single scattering albedo. A pparent optical proper
ties are those properties th a t depend both on the medium and on the geometric 
(directional) structure of the ambient light field, and th a t display enough regular 
features and stability to  be useful descriptors of the water body. Commonly used 
apparent optical properties are the irradiance reflectance, the average cosine, and 
the various diffuse attenuation coefficients. The inherent optical properties specify 
the optical properties of natural waters in a form suited to the needs of radiative 
transfer theory, and radiative transfer theory provides the  connection between the 
inherent optical properties and the apparent optical properties. Unlike inherent 
optical properties, apparent optical properties cannot be measured on water sam
ples, because they depend on the am bient radiance distribution found in the water 
body itself. An ideal apparent optical property changes only slightly with exter
nal environmental changes, but changes enough from one water body to the next 
characterizing the different optical properties of the two water body.

There are few quantitative links between apparent optical properties and exter
nal environmental factors. It is very useful to  investigate the sensitivity of apparent 
optical properties to changes in external environm ental and internal intrinsic fac
tors by using a coupled atmosphere-ocean radiative transfer model described in 
Section 4.2. In the following sections we will discuss two apparent optical proper
ties, spectral irradiance reflectance and vertical diffuse attenuation coefficient.

5.2 Spectral Irradiance Reflectance
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There are m any factors affecting th e  irradiance reflectance of a water body. It is 
useful to  utilize a radiative transfer model to investigate their im pact on surface 
and underw ater reflectance. The spectral irradiance reflectance a t selected depths 
is defined as:

/'c 1\
(~’ A) (5-1)

where E u and Ed are the  spectral upwelling and downwelling irradiance respec
tively, and z =  0 a t th e  ocean surface. Figure 5.1 shows the com puted irradiance 
reflectance a t the  ocean surface and a t selected depths for solar zenith angles of 
5°, 25°, 45°, and 65°. This figure pertains to  clear sky conditions and a chlorophyll 
concentration of 0.5 m g  m -3 . T he surface reflectance represents th e  albedo of the  
to ta l w ater body which includes the  contributions to  Eu(0] A) by direct-solar and 
diffuse-sky radiance reflected upw ard by the w ater. It is noted th a t the  surface 
and underw ater irradiance reflectances have the  highest value a t th e  wavelength 
of 390 nm , where both  phytop lankton  and w ater absorptions are relatively small, 
and decrease towards bo th  ends of th e  spectrum . The surface albedo remains rel
atively high in the  red, b u t subm arine reflectances drop greatly in this range. The 
underw ater reflectances decrease greatly  as the wavelengths shorten towards UVB 
(they become zero at the  wavelengths shorter th an  300 nm because there is little  
rad iation  incident on th e  surface a t these wavelengths) and also small in the  red 
where th e  w ater is highly absorbing. The underw ater spectral reflectances change 
slightly with depth  in th e  ocean. T he spectral surface albedo becomes large when 
the sun is low, as expected, bu t the  changes in subm arine reflectance with solar 
elevation are much less th an  those a t the  surface. Underwater spectral irradiance
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reflectances are higher than the  surface albedo when the sun is high, bu t they are 
lower than the surface albedo when the sun is low enough.

Figure 5.2 shows the sensitivity of spectral surface albedo to changes in chloro
phyll concentration and their relative increase compared to those for pure sea 
water. Figure 5.2a and c are for a clear sky and Figure 5.2b and d are for a 
cloudy sky with a cloud optical depth of 50. An obvious feature of these curves of 
spectral surface albedo is th a t the surface albedos both in pure sea water and in 
specific chlorophyll concentration are higher for cloudy sky conditions th an  those 
for clear sky throughout the whole spectrum  (300 - 700 nm). Another feature of 
spectral surface albedo is tha t its highest value occurs at 390 nm and this value 
does not change much with chlorophyll concentration varying between 0.13 and 
0.14 under clear as well as cloudy sky conditions. The surface albedos increase 
with chlorophyll concentration in the wavelength ranges of 290 - 320 nm  and 520 
- 700 nm. The surface albedo becomes zero at the wavelengths shorter than 290 
nm, because there is no irradiance incident to the ocean surface. The low spectral 
surface albedo for pure sea w ater implies tha t pure sea water traps most of the 
solar radiation entering into the water body. There is a low value of surface albedo 
at about 430 nm as chlorophyll pigment increases, due to the strong absorption 
by phytoplankton at this wavelength. Figure 5.2c and d present the corresponding 
increases of surface albedo to th a t over pure sea water under clear and cloudy 
skies. The largest increase in surface albedo occurs around 560 nm because chloro
phyll absorption is small at this wavelength. Although there are also low values 
of chlorophyll absorption between 570 nm and 650 nm (Figure 4.2b), the  relative 
increase of surface albedo compared to pure sea water is low, because th e  absorp-
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F igure 5.2 Sensitivity of spectral surface albedo to chlorophyll concentration under clear and cloudy 
skies. The left panels are the surface albedos under clear sky in different chlorophyll concentrations (a) 
and their corresponding relative increases to those in pure sea water (c); the right panels (b) and (d) 
are for cloudy sky with cloud optical depth of 50. The solar zenith angle of 45° is used in the model 
calculations.
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tion by pure sea water is high at these wavelengths (Figure 4.2a) and com pensates 
for the low absorption by chlorophyll.

Figure 5.3 shows the sensitivity of spectral surface albedo to chlorophyll con
centration at high sun (sza  = 25°) and low sun (sza  =  65°). An intercom parison of 
Figure 5.2 and Figure 5.3 reveals th a t the surface albedo a t wavelengths between 
290 and 330 nm changes both with chlorophyll concentration and solar elevation; 
the  more phytoplankton in the water and lower the sun, the  larger is the surface 
albedo.

The relative increases of spectral surface albedo for different chlorophyll con
centration compared to tha t in pure sea w ater are somewhat smaller under cloudy 
sky conditions (Figure 5.2d) and at high solar zenith angles (Figure 5.3d). In other 
words, spectral irradiance reflectance of a w ater body is a function of chlorophyll 
concentration, sky condition, and solar elevation.

5.3 Diffuse Attenuation Coefficient
T he downward diffuse attenuation coefficient in Equation 4.2 is defined in term s of 
th e  decrease with depth of the ambient downwelling irradiance £<*(*; A), which is 
comprised of photons heading in all downward directions. Similar to Equation 4.2 
th e  upward diffuse attenuation coefficient is defined as

A u(z; A) =  (5.2)dz

where E u is the upwelling irradiance. K u pertains to photons heading in all upward 
directions.
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F ig u re  5 .3 Sensitivity of spectral surface albedo to chlorophyll concentration at different solar zenith 
angles under clear sky. The left panels are the surface albedos at solar zenith angle of 25° in different 
chlorophyll concentrations (a) and their corresponding relative increases to those in pure sea water (c); 
the right panels (b) and (d) are for solar zenith angle of 65°.
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F igu re 5.4 Sensitivity of diffuse attenuation coefficients for upwelling (left panels) and downwelling 
(right panels) irradiance to solar zenith angle (saa), chlorophyll concentrations, and sky conditions, (a) 
and (b) show the upward and downward diffuse attenuation coefficient for solar zenith angles of 25° 
(solid lines) and 65° (dotted line); (c) and (d) for different chlorophyll concentration: pure sea water 
(solid lines), c =  0.1 (dotted lines), c =  0.5 (dashed lines), and c =  1.5 (dash-dotted lines) mg  m - 3 ; and 
(e) and (f) for different sky condition: clear sky (solid lines) and cloudy sky (dotted lines) with optical 
depth of 50.
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In homogeneous (vertically well mixed) waters, the  diffuse attenuation coeffi
cients depend only weakly on depth, but they clearly depend on the directional 
structure of the ambient light field. Figure 5.4 provides a sensitivity test of diffuse 
attenuation coefficients for different solar zenith angles {sza), chlorophyll concen
trations, and sky conditions, for upwelling and downwelling irradiance. We used 
a chlorophyll concentration of 0.5 m g m ~ 3 in the calculations of Figure 5.4a, b, e, 
and f; clear sky in Figure 5.4a, b, c, and d; solar zenith angle of 45° in Figure 5.4c, 
d, e, and f. The values of spectral diffuse attenuation coefficient for upwelling and 
downwelling irradiance are different in each panel, but commonly, the  coefficients 
are shaped similar to  that of pure sea water absorption shown in Figure 4.2, with 
small values at wavelengths between 390 - 500 nm and increasing towards the red 
(above 500 nm) and ultraviolet (below 390 nm).

Obviously, the diffuse attenuation coefficients for both downwelling and up
welling irradiance are sensitive to chlorophyll concentration in the  water column 
(Figure 5.4c and d). Actually the diffuse attenuation coefficient is highly corre
lated with chlorophyll concentration, which can be seen clearly from the following 
formula ( Gordon, 1989)

Ki{\) *  ?1A1 +  M 12 (5.3)
COS V s w

where a(A) and 6t(A) are respectively the absorption coefficient and the  total 
backscatter coefficient (including contributions by pure w ater and by particles). 
Both of the coefficients are inherent optical properties; 9SW is the solar zenith angle 
measured within the water. Since a(A) 6*(A) for most waters, K j  is largely 
determined by the absorption properties of the water, which are fairly well param 
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eterized by the chlorophyll concentration.
Figure 5.4c and d show th a t the  spectral downward diffuse attenuation coef

ficient increases with chlorophyll pigment content, w ith the lowest value for the 
pure sea water. However, the situation for the upward diffuse attenuation coef
ficient is different. It still increases in the  water containing phytoplankton, like 
the downward diffuse attenuation coefficient, w ith chlorophyll concentration, but 
crosses th a t for pure sea water a t 470 nm. Above this wavelength the upward 
diffuse attenuation coefficient in pure sea water is higher than  th a t  in the water 
containing phytoplankton.

The spectral diffuse attenuation coefficients are strongly dependent on solar 
elevation, which also can be seen in the above Equation 5.3 (note th a t our solar 
zenith angle is different from 9SW, bu t they are related by Snell’s law), with higher 
values at low sun than at high sun. This feature is even more pronounced in the 
red (Figure 5.4a and b). Physically this means th a t there is greater decrease of 
both upwelling and downwelling irradiance with depth at low sun than th a t at 
high sun.

Unlike the effects of solar zenith angle and chlorophyll concentration on the 
diffuse attenuation coefficients, clouds have only small affect on them  (upward or 
downward) (Figure 5.4e and f). There is also very little  influence of the atmospheric 
ozone content on the spectral diffuse attenuation  coefficient (not shown) for both 
the upwelling and downwelling irradiance.

In fact, the diffuse attenuation coefficient is also affected by the sea state (rough
ness) in th e  ocean surface. Gordon (1989) indicated th a t there is an increasingly 
diffuse incident light field beneath the surface as the roughness increases. This
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increases the diffuse attenuation  coefficient w ith increasing roughness. However, 
we will not discuss this effect because our m odel does not include surface waves.

T he diffuse attenuation coefficient is an apparen t optical p roperty  which strongly 
depends on the am bient light field. It is very sensitive to  solar zenith  angle and 
chlorophyll concentration, b u t less sensitive to cloud cover and atm ospheric ozone.

5.4 Summary of the Chapter
A pparent optical properties arise when bulk radiom etric  quantities o ther than  
radiance are used to describe th e  light field in th e  w ater body. They depend 
on bo th  the  medium and the  environm ental conditions. Unlike inherent optical 
properties, the  apparent optical properties can not be m easured on w ater samples, 
because they  depend on the  am bient radiance d istributions.

T he sensitivities of the  spectral irradiance reflectance and diffuse a ttenuation  
coefficient to  solar zenith angle, cloud cover, and chlorophyll concentration, were 
exam ined by using a coupled atm osphere-ocean radiative transfer model. The 
solar zenith angle and cloud cover are external environm ental factors th a t  affect 
the  am bient light field. The chlorophyll concentration characterizes the  intrinsic 
property of the water body.

T he spectral surface albedo is very sensitive to  solar elevation, cloud cover, 
and chlorophyll concentration. There are obvious differences betw een the  values 
of surface albedo and underw ater irradiance reflectances. T he spectral surface 
albedo is smaller than  the  underw ater reflectance when the sun is high, but it 
increases with solar zenith angle and becomes larger th an  underw ater reflectance
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when the sun is low enough. The underwater irradiance reflectance depends less 
on solar zenith angle than does the surface albedo. The underw ater irradiance 
reflectances change little with depth especially at high solar zenith angles. The 
spectral surface albedo is higher under an overcast sky than under a clear sky. Pure 
sea water has lower surface albedo than  water containing chlorophyll pigment. The 
largest increase of surface albedo in water containing chlorophyll relative to th a t 
in the pure sea water is at about 560 nm as chlorophyll absorption is small a t this 
wavelength. The surface albedo increases with chlorophyll concentration in the 
wavelength ranges from 290 - 320 nm and 520 - 700 nm.

Vertical diffuse attenuation coefficients for upwelling and downwelling irradi
ance are similar in shape to pure sea water absorption coefficients. The smallest 
values are between 390 and 500 nm, and they increase towards both ends of the 
spectrum . They also increase with solar zenith angle, bu t depend weakly on sky 
conditions. They are highly dependent on chlorophyll concentration in the water 
body. The diffuse attenuation coefficients for downwelling irradiance increase with 
chlorophyll concentration, but the dependence of those for upwelling irradiance on 
chlorophyll concentration changes with wavelength.
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Chapter 6

Summary and Suggestions for 
Future Studies
The primary goal of this work has been to investigate the im pact of stratospheric 
ozone depletion on the UV radiation penetration through the atm osphere and 
the underlying aquatic system. In Chapter 2 a comprehensive radiative transfer 
model was used to calculate surface spectral ultraviolet irradiance under cloud-free 
conditions. The results are compared with measurements made a t Lauder, New 
Zealand (45°5, 170°E) before and after the  eruption of Mt. Pinatubo, and in
cluding a snow-covered surface. There is reasonable agreement between measured 
and calculated diffuse, direct, and global irradiances over the range 300 to  450 nm. 
Discrepancies may be due to  calibration errors in the UV measurem ents, or in the 
extraterrestrial irradiances input to the model. Ratios of diffuse/direct irradiances 
are independent of such uncertainties in calibrations and therefore provide a sensi
tive test of the model. If appropriate ozonesonde data, surface albedo, and aerosol
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optical properties are used, the model ratios are in satisfactory agreem ent with 
measurements over a wide range of observing conditions. For cases in which the 
atm ospheric optical properties are best known the agreement is be tte r than 8% 
in the  UV-B range, and for wavelengths 320 to 450 nm the deviation is smaller. 
The comparison suggests th a t the  ultraviolet radiation exposure can be computed 
with confidence for clear sky conditions if the  appropriate atm ospheric molecular 
density profiles, ozonesonde data, surface albedo, and aerosol optical properties 
are available. The UV radiation model is used to investigate the im pact of changes 
in solar zenith angle, ozone abundance, surface albedo, and aerosol loading on UV 
radiation reaching the surface of the earth. The ratios of diffuse to direct irradi
ance depend critically on solar zenith angle, surface albedo and aerosol extinction. 
Ozone changes have pronounced effects on the  global UVB irradiance, but have 
only a  minor effect on these ratios.

In Chapter 3 ground-based spectral UV irradiances were tied to  satellite data 
over A ntarctica and the Arctic by using a radiative transfer model. The total 
column ozone abundance in the Arctic was relatively larger in spring than  in sum
mer. Ozone depletion is not obvious in Barrow, Alaska, but it is very severe in 
A ntarctica in spring. The comparison of to tal ozone abundance between TOMS 
d a ta  and th a t derived from model com putation by using the ground-based mea
surem ent at two different wavelengths (one more strongly absorbed by ozone than 
the other) shows generally good agreement. A small system atic difference between 
the two methods occurs in the austral sum m er and winter (South Pole, McMurdo, 
and Palm er station). In Barrow there is also a system atic difference between the 
two methods symmetrically about summer solstice. The possible causes for this
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system atic difference m ay be the  inconsistency of tem p era tu re  profiles used in the 
derivations w ith those used in the  TOM S algorithm  and the  errors in troduced from 
the solar irradiance m easurem ents. The agreem ent betw een TOM S and  derived 
colum n ozone can be improved by the  use of two d istinc t irradiance m easurem ents 
a t a  narrow wavelength interval at wavelengths shorter th an  340 nm . T he inference 
of cloud equivalent optical depth in A ntarctica shows th a t  the  closer to  th e  South 
Pole, th e  th inner is the cloud optical depth.

In C hapter 4 a radiation model for the coupled atm osphere-ocean system  was 
described and used to com pute the  UV penetration  through the  atm osphere and 
into th e  underlying w ater column. Comparisons betw een m odel com putations and 
m easurem ents of UV spectral irradiance between 300 and 350 nm , and the  ra tio  of 
UVB (280 - 320 nm) to to ta l (280 - 700 nm ) irradiance show good agreem ent. There 
is disagreem ent in subm arine spectral irradiance from  470 to  700 nm  betw een the 
model and m easurem ent which cannot be explained by errors in phytoplankton 
absorption. Although the cause of the  disagreem ent is unresolved, one possible 
reason for the  discrepancy is th e  pure sea w ater a tten u a tio n  coefficients used in  the 
model com putations. For a  given reduction of ozone abundance the largest relative 
increase of com puted UVB radiation arriving at the  sea surface and penetra ting  to 
various depths in the ocean occurs a t large solar zenith  angles. T he UV radiation 
is absorbed in the upperm ost layers of the  w ater system . At high la titudes the 
m ost pronounced increase in UVB exposure due to  an ozone depletion happens in 
early spring when ozone depletion is expected to  be th e  m ost severe.

In C hapter 5 we discussed the sensitivities of some com m only used apparent 
optical properties of the  w ater body to  the  changes in bo th  environm ental con
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ditions and the intrinsic optical properties by using a coupled atmosphere-ocean 
radiative transfer model. The spectral reflectances for both the surface and sub
marine irradiance are very sensitive to changes in solar elevation, cloud cover, and 
chlorophyll concentration in the  water body. The surface albedos increase with 
solar zenith angle, and are higher for cloudy than for clear sky conditions. They 
also increase with chlorophyll concentration in the wavelength ranges of 290 - 320 
nm and 520 -700 nm. The diffuse attenuation coefficients for downwelling and 
upwelling irradiance are sensitive to  solar elevation and chlorophyll concentration, 
but they rarely depend on sky conditions. The spectral diffuse attenuation coef
ficients for both downwelling and upwelling irradiance increase with solar zenith 
angle, and those for downwelling irradiance increase w ith chlorophyll concentration 
in the water body. The dependence of diffuse attenuation  coefficients for upwelling 
irradiance on chlorophyll concentration varies with wavelength.

In the future, more observational studies and UV climatology modeling should 
be undertaken:

•  Ancillary param eters th a t affect UV penetration through the atmosphere 
must be measured at the  same tim e as UV spectral measurements are made in 
order to test UV radiation models. These param eters include surface albedo, pro
files of atmospheric tem perature, pressure, ozone, aerosol, and relevant pollutants 
(depending on the site, these may include N O 2 , SO 2 , and other atmospheric con
stituents), and optical properties of clouds, in addition to solar zenith angle and 
total ozone abundance. The intercom parison, refinement, and testing of UV radia
tive transfer models will help us understand and predict UV radiation penetrating 
to various layers of the atm osphere and the earth  surface.
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•  Extensive measurements are needed in order to  test models of the submarine 
UV light field. The optical properties in the  w ater column are not well known at 
present, especially in the UVB region. First we should re-evaluate the absorption 
and scattering coefficient for pure water and pure sea water. It is usually very 
difficult to make underwater measurement in the  ultraviolet region because there 
are few photons in this region. We also need to m easure the spectral absorption 
and scattering coefficients for phytoplankton, dissolved organic m atter, and organic 
detritus over a wide range of waters from very clear to very turbid  conditions.

•  The asymmetry factors of phase functions both for the atm osphere (clouds, 
aerosols) and underlying water (phytoplankton, dissolved organic m atter, and or
ganic detrituse) are wavelength dependent. We need more field measurements to 
determ ine the dependence in order to make correct UV predictions.

•  The accuracy of UV prediction using our discrete ordinate radiative transfer 
model can be within a few percent if the necessary input param eters are known. 
These param eters include to ta l ozone abundance and its vertical distribution, sur
face albedo, cloud cover, and aerosol loading. The to ta l ozone abundance and its 
vertical distribution, cloud types and their optical depths, aerosol vertical distribu
tion and its optical properties, can be derived from satellite data. It is possible to 
assimilate these data into the model and use vertical profiles based on climatology 
for atmospheric pressure and tem perature and climatological estim ates of surface 
albedo to make surface UV radiation prediction. This makes it possible to assess 
the UV environment from space.

•  There are several versions of the extraterrestrial solar spectrum  in current 
use. There are some differences between them , especially in the UV range. We can
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make an intercomparison among them  w ith the help of satellite. We need a high 
resolution accurate solar spectrum  in order to  make correct ultraviolet radiation 
prediction.

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



References
Anderson, J.G., D.W. Toohey, W.H. Brune, Free radicals within the Antarctic vortex: 

the role of CFCs in Antarctic ozone loss, Science, 251, 39, 1991.
Anderson, G.P., S.A. Clough, F.X. Kneizys, J.H. Chetwynd, and E.P. Shettle, AFGL 

Atmospheric Constituent Profiles (0-120 km), AFGL-TR-86-0110, AFGL (OPI), 
Hanscom AFB, MA 01736, 1987.

Arrigo, K. R., Impact of ozone depletion on phytoplankton growth in the Southern 
Ocean: large scale spatial and temporal variability, Mar. Ecol. Prog. Ser., in press,
1994.

Bener, P., Approximate values of intensity of natural ultraviolet radiation for different 
amounts of atmospheric ozone, Final Technical Report, European Research Office, 
United States Army, London, Contract No DAJA37-68-C-1077, 59, 1972.

Bricaud, A., A. Morel, and L. Prieur, Absorption by dissolved organic m atter of the sea 
(yellow substance) in the UV and visible domains, Limnol. Oceanogr., 26(1), 43-53,
1981.

Bruhl, C. and P. J. Crutzen, On the Disproportionate Role of Tropospheric Ozone as a 
Filter Against Solar UV-B Radiation, Geophys. Res. Lett., 16, 703, 1989.

Cullen, J. C., P. J. Neal, and M. P. Lesser, Biological weighting function for the inhibition 
of phytoplankton photosynthesis by ultraviolet radiation, Sciences, 258, 646-650, 1992.

Dahlback, A. and K. Stamnes, A new spherical model for computing the radiation field 
available for photolysis and heating at twilight, Planet. Space Sci., 29, 671-683, 1991.

Dahlback, A., T. Henriksen, S.H. Larsen and K. Stamnes, Biological UV-doses and the 
effect of an ozone layer depletion, Photochemistry and Photobiology, 49, 621, 1989.

Davies, R., Increased Transmission of Ultraviolet Radiation to the Surface Due to Strato
spheric Scattering, J. Geophys. Res., 98,7251-7253, 1993.

DeLuisi, J. J., E. G. Dutton, K. L. Coulson, T. E. DeFoor, and B. G. Mendonca, On some 
radiative features of the El Chichon volcanic stratospheric dust cloud and a  cloud of 
unknown origin observed at Mauna Loa, J. Geophys. Res., 8 8 , C ll ,  6769-6772, 1983.

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127
DeMore, W.P., S.P. Sander, D.M. Golden, M.J. Molina, R.F. Hampson, M.J. Kurylo, 

C.J. Howard, and A.R. Ravishankara, Chemical kinetics and photochemical data 
for use in stratospheric modeling, JPL Publication 90-1, Jet Propulsion Laboratory, 
Pasadena, 1990.

El-Sayed,S. Z., F. C. Stephens, R. R. Bidigare, and M. E. Ondrusek, Antarctic Ecosys
tems, Ecological Change and Conservation, Kerry, K. R. & Hempel, G. (eds.) Springer- 
Verlog, 379, 1990.

Farman, J. C., B. G. Gardiner, and J. D. Shanklin, Large losses of total ozone in Antarc
tica reveal seasonal ClOx/N O x interaction, Nature, 315, 207, 1985.

Fefevre, F., D. Cariolle, S. Muller, and F. Karcher, Total ozone from the TIROS oper
ational vertical sounder during the formation of the 1987 “ozone hole” , J. Geophys. 
Res., 96, 12893-12911, 1991.

Frederick, J. E., H. E. Snell, and E. K. Haywood, Solar ultraviolet radiation at the 
Earth’s surface, Photochemistry and Photobiology, 50,8, 443-450, 1989.

Gaudry, A., P. Monfray, G. Polian, and G. Lambert, The 1982-1983 El Nino: A 6 billion 
ton C O 2 release, Tellus 39B, 209, 1987.

Gordon, H.R., Can the Lambert-Beer law be applied to the diffuse attenuation coefficient 
of ocean water?, Limnol. Oceanogr., 34(8), 1389, 1989.

Gordon, H. R. and A. Y. Morel, in Remote Assessment of Ocean Color for Interpretation 
of Satellite Visible Imagery: A Review, Springer-Verlag, New York, 1983.

Gordon, H.R., Radiative transfer in the ocean: a method for determining absorption and 
scattering properties, Appl. Opt., 15, 2611-2613, 1976.

Grenfell, T., S. G. Warren, and P. C. Mullen, Reflection of solar radiation by the Antarc
tic snow surface at ultraviolet, visible, and near-infrared wavelengths, J. Geophys. 
Res., 99, D9, 18669-18684, 1994.

Hader, D.-P. and R.C. Worrest, Effects of enhanced solar radiation on aquatic ecosys
tems, Photochem. Photobiol., 53, 717-725, 1991.

Hader, D.-P., R. C. Worrest, and H. D. Kumar, Aquatic Ecosystems, Environmental 
Effects of Ozone Depletion: 1991 update, 33, 1991.

Herman, J.R., R. Hudson, R. McPeter, R. Stolarski, Z. Ahmad, X.Y. Gu, S. Taylor, and
C. Wellemyer, A new self-calibration method applied to TOMS and SBUV backscat- 
tered ultraviolet data to determine long-term global ozone change, J. Geophys. Res., 
96, 7531-7545, 1991.

Hofmann, D.J., J.W. Harder, S.R. Rolf, and J.M. Rosen, Nature, 322, 59, 1987.
Holm-Hansen, O., E. W. Helbling, and D. Lubin, Ultraviolet Radiation in Antarctica In

hibition of Primary Production, Photochemistry and Photobiology, 58, 567-570, 1993.
Houghton, R.A. and G.M. Woodwell, Global climactic change, Sci. Amer., 260, 36-44,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

1989.
Jerlov, N. G., in Marine Optics, Elsevier, New York, 1976.
Jin, Z. and K. Stamnes, Radiative Transfer in Nonuniformly Refracting Layered Media 

such as the Atmosphere/Ocean System, Appl. Opt., 33, 431, 1994.
Karentz, D., DNA repair mechanisms in Antarctic marine organisms, Antarctic, J. of 

the U.S., 23, 114, 1988.
Kattawar, G., and C. Adams, Stokes vector calculations of the submarine light field in 

an atmosphere-ocean with scattering according to a Rayleigh phase matrix: effect of 
interface refractive index on radiance and polarization, Limnol. Oceanogr., 34, 1453
1472, 1989.

Kirk, J., Monte Carlo procedure for simulating the penetration of light into natural 
waters, Division o f Plant Industry Tech. Paper 36, Commonwealth Scientific and In
dustrial Research Organization, Canberra, Australia, p. 16, 1981.

Kylling, A. and K. Stamnes, Efficient yet accurate solution of the linear transport 
equation in the presence of internal sources: the exponential-linear approximation, 
J. Comp. Phys., 102, 265-276, 1992.

Leontyeva, E. and K. Stamnes, Estimations of cloud optical thickness from ground-based 
measurements of incoming solar radiation in the Arctic, J. o f Climate, 7, No. 4, 1994.

Liou, K.N., An introduction to atmospheric radiation, Academic Press, Inc., San Diego, 
1980.

Lubin, D. and J.E. Frederick, Column ozone measurements from Palmer Station, Antarc
tica: variations during the austral springs of 1988 and 1989, J. Geophys. Res., 95, 
13883-13889, 1990.

Madronich, S., Implications of recent total atmospheric ozone measurements for biolog
ically active ultraviolet radiation reaching the Earth’s surface, Geophys. Res. Lett., 
19, 37-40, 1992.

McClatchey, R. A., R. W. Fenn, J. E. A. Selby, F. E. Volz, and J. S. Garing, Rep. 
AFCRL-72-0497, (Air Force Cambridge Research Laboratories, Bedford, Mass., 1972).

McCormick, M.P., R.E. Veiga, and W.P. Chu, Stratospheric ozone profile and total ozone 
trends derived from SAGE I and SAGE II data, Geophys. Res. Lett.., 19, 269-272,1992.

McElroy, M.B., R.J. Salawitch, S.C. Wofsy, and J.A. Logan, Reductions of Antarctic 
ozone due to synergistic interactions of chlorine and bromine, Nature 321, 759, 1986.

McKenzie, R. L. UV spectral irradiance measurements in New Zealand: effects of 
Pinatubo volcanic aerosol, Ozone in the Troposphere and Stratosphere, NASA Con
ference Publication 3266, 627-630, 1994.

McKenzie, R. L., P. V. Johnston, M. Kotkamp, A. Bittar, and J. D.Hamlin, Solar ul
traviolet radiometry in New Zealand: instrumentation and sample results from 1990,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129

Appl. Optics, 31, 30, 6501-6509, 1992.
Michelangeli, D. V., M. Allen, Y. L. Yung, R-L. Shia, D. Crisp, and J. Eluszkiewicz, 

Enhancement of Atmospheric Radiation by an Aerosol Layer, J. Geophys. Res., 97, 
865-874, 1992.

Mobley, C. D., a numerical model for the computation of radiance distributions in natural 
waters with wind-roughened surfaces, Limnol. Oceanogr., 34, 1473-1483, 1989.

Mobley, C. D., B. Gentili, H. R. Gordon, Z. Jin, G. W. Kattawar, A. Morel, P. Reiners- 
man, I<. Stamnes, and R. H. Stavn, Comparison of numerical models for computing 
underwater light fields, Appl. Opt., 32, 7484 1993.

Mobley, C. D., in Light and Water, Radiative Transfer in Natural Water, Academic 
Press, 92, 1994.

Molina, L. T. and M. J. Molina, Absolute absorption cross section of ozone in the 185-to 
350-nm wavelength range, J. Geophys. Res., 51,14501, 1986.

Morel, A. and B. Gentili, Diffuse reflectance of oceanic waters: its dependence on Sun 
angle as influenced by the molecular-scattering contribution, Appl. Opt., 30, 4427
4438, 1991.

Nicolet, M., On the Molecular Scattering in the Terrestrial Atmosphere: An Empirical 
Formula for its Calculation in the Homosphere, Planet Space Sci., 33, 1467-1468,1984.

Nicolet, M., Solar spectral irradiances with their diversity between 120 and 900 nm, 
Planet Space Sci., 37, 1249-1289, 1989.

Paur, R. J. and A. M. Bass, Standard reference instrument for the assay of ozone, AM. 
Chem. Soc. Abstracts., 186, 169, 1983.

Rosen, J. M., and N. T. Kjome, Backscattersonde: a new instrument for atmospheric 
aerosol research, Appl. Optics, 30, 1552-1561, 1991.

Russell, P. B., J. M. Livingston, R. F. Pueschel, J. A. Reagan, E. V. Browell, G. C'. 
Toon, P. A. Newman, M. R. Schoeberl, L. R. Lait, L. Pfister, Q. Gao, and B. M. Her
man, Post-Pinatubo optical depth spectra vs. latitude and vortex structure: airborne 
tracking sunphotometer measurements in AASE II,Geophys. Res. Lett., 20, 2571-2574, 
1993.

Sathyendranath, S., L. Lazzara and L. Prieur, Variations in the spectral values of specific 
absorption of phytoplankton, Limnol. Oceanogr., 32(2), 403-415, 1987.

Schippnick, P. F., and A. E. S. Green, Analytical Characterization of Spectral Actinic 
Flux and Spectral Irradiance in the Ultraviolet, Photochem. Photobiol., 35, 89-101,
1982.

Songandares, F., Z.-F. Qi, and E. S. Fry, Spectral absorption of water, presentation at 
the Optical Society of America Annual Meeting, San Jose, CA, 1991.

Smith, R. C. and K. S. Baker, The bio-optical state of ocean waters and remote sensing,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130
Limnol. Oceanogr., 23, 247-259, 1978a.

Smith, R. C. and K. S. Baker, Optical classification of natural waters, Limnol. Oceanogr., 
23, 260-267, 1978b.

Smith, R. C. and K. S. Baker, Penetration of UV-B and biologically effective dose-rates 
in natural waters, Photochem. Photobiol., 29, 311, 1979.

Smith, R. C. and K. S. Baker, Stratospheric Ozone, Middle Ultraviolet Radiation, and 
Carbon-14 Measurements of Marine Productivity, Science, 208, 592, 1980.

Smith, R. C. and K. S. Baker, Optical Properties of the Clearest Natural Waters, Appl. 
Opt., 20, 177, 1981.

Smith, R. C., and K. S. Baker, Stratospheric ozone, middle ultraviolet radiation and 
phytoplankton productivity, Oceanography, 2, 4, 1989.

Smith, R.C., Z. Wan, and K.S. Baker, Ozone depletion in Antarctica: modeling its effect 
on solar UV irradiance under clear-sky conditions, J. Geophys. Res., 97, 7383-7397, 
1992a.

Smith, R. C., B. B. Prezelin, K. S. Baker, R. R. Bidigare, N. P. Boucher, T. Coley,
D. Karentz, S. MacIntyre, H. A. Matlick, D. Menzies, M. Ondrusek, Z. Wan, and, 
K. J. Waters, Ozone Depletion: Ultraviolet Radiation and Phytoplankton Biology in 
Antarctic Waters, Science, 255, 952, 1992b.

Stamnes, K., S.-C. Tsay, W. Wiscombe, and K. Jayaweera, Numerically stable algorithm 
for discrete-ordinate-method radiative transfer in multiple scattering and emitting 
layered media, Appl. Optics, 27, 2502-2509, 1988.

Stamnes, K., J. Slusser, and M. Bowen, Derivation of total ozone column abundance 
from spectral irradiance measurements, Appl. Optics, 30, 4418-4426, 1991.

Stamnes, K., Z. Jin, J. Slusser, C. Booth, and T. Lucas, Several-Fold Enhancement of 
Biologically Effective Ultraviolet Radiation Levels at McMurdo Station Antarctica 
during the 1990 Ozone “Hole” , Geophys. Res. Lett., 19, 1013, 1992.

Stamnes, K., The Stratosphere as a Modulator of Ultraviolet Radiation into the Bio
sphere, Surv. in Geophys., 14, 167, 1993.

Stolarski, R., R. Bojkov, L. Bishop, C. Zerefos, J. Staehelin, and J. Zawodny, Measurred 
trends in the stratospheric ozone, Science, 256, 342-349, 1992.

Teillet, P. M., Rayleigh optical depth comparisons from various sources, Applied Optics, 
29, 1897-1900, 1990.

Thomas, G., and K. Stamnes, Radiative transfer in Atmospheres and oceans, Cambridge 
U. Press, Cambridge, in preparation, 1995.

Tsay, S.-C. and K. Stamnes, Ultraviolet Radiation in the Arctic: The Impact of Potential 
Ozone Depletions and Cloud Effects, J. Geophys. Res. 97, 7829, 1992.

United Nations Environment Programme (UNEP), Environmental Effects Panel Report,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

Nairobi, Kenya, 1989.
United Nations Environment Programme (UNEP), Environmental Effects of Ozone De

pletion: 1991 Update, Nairobi, Kenya, 1991.
Van Hoosier, M. E., J. -D. F. Bartoe, G. E. Brueckner, and D. K. Prinz, Absolute 

solar spectral irradiance 120 nm - 400 nm (Results from the Solar Ultraviolet Spectral 
Irradiance Monitor - SUSIM - Experiment on board Space Lab- 2), Astro. Lett, and 
Communications, 27, 163-168, 1988.

Wang, P. and J. Lenoble, Comparison between measurements and modeling of UV-B 
irradiance for clear sky: a case study, Appl. Opt., 33, 3964, 1994.

Wiscombe, W. J., The delta-M  method: rapid yet accurate radiative-flux calculations 
for strongly asymmetric phase functions, J. Atmos. Sci., 34, 1408-1422, 1977.

Worrest, R. C., The effect of solar UV-B radiation on aquatic systems: An overview, 
Effects o f Changes in Stratospheric Ozone and Global Climate, Overview, J.G. Ti
tus, ed., US Environmental Protection Agency and United Nations Environmental 
Program 1, 175, 1986.

WMO, Scientific assessment of ozone depletion: 1991, World Meteorological Organization, 
Global Ozone Research and Monitoring Project - Rep. No. 25„ 1992. .

WMO, Global ozone research and monitoring project: Atmospheric ozone 1985, World 
Meteorological Organization, Rep. No. 16, Volume 1, 1985.

Zeng, J ., K. Stamnes, Z. Jin, and K.R. Arrigo, Ozone depletion and UV penetration 
to the earth surface and into the underlying water, submitted to Limnol. Oceanogr.,
1995.

Zeng, J ., R. McKenzie, K. Stamnes, M. Wineland, and J. Rosen, Measured UV spectra 
compared with discrete ordinate method simulations, J. Geophys. Res.,99, 23019
23030 ,1994.

Zeng, J ., Z. Jin, and K. Stamnes, Impact of stratospheric ozone depletion on UV pen
etration into the ocean at high latitudes, Underwater Light Measurements, H. Chr. 
Eilertsen (Editor), Proc. SPIE, Volume 2048, pp. 56-63, 1993.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


