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B Equations are derived that describe the direct photolysis
rates of pollutants in the aquatic environment. The equations
translate readily obtainable laboratory data into “half-lives”
for photolysis under sunlight. Photolysis half-lives are cal-
culated as a function of season, latitude, time-of-day, depth
in water bodies, and ozone layer thickness. Experimental
verification of the computed half-lives is presented.

The importance of photochemical transformation in the
atmosphere is well-documented (1, 2), but comparatively little
is known about photolysis of pollutants in water where other
competing processes such as biodegradation and hydrolysis
occur. A number of different photochemical processes may
account for transformation of pollutants in the aquatic envi-
ronment. One of these processes, direct photolysis, involves
direct absorption of light by the pollutant followed by chem-
ical reaction. Other photochemical processes may be initiated
via light absorption by natural substances (indirect or “sen-
sitized” photolysis) (3-5). In pure water or saturated hydro-
carbons, direct photolysis is the only mechanism for photo-
chemical transformation. During the past 10 years there has
been a virtual explosion of interest in the photolysis of pol-
lutants in solution, especially pesticides. Most of these studies
have involved the identification of products derived from
direct photolysis.

We have employed an approach that is quite useful in
judging the likelihood that direct photolysis of a substance is
or will be important in the aquatic environment (6). This
approach involves utilization of a series of equations and
laboratory data to compute direct photolysis rates under
sunlight. The term “photolysis rate” as used in this paper
refers to conversion per unit time, not to the very rapid rate
of a primary photochemical process that deactivates a mole-
cule in its electronically excited state. The relative importance
of direct photolysis under a given set of environmental con-
ditions can be assessed by comparison of the photolysis rate
either with rates of competing processes or with what is known
about the persistence of the substance under comparable field
conditions (6). A similar approach described by Leighton (2)
has been a valuable aid in disentangling the complexities of
photochemical smog formation.

The rates of all photochemical processes in a water body are
affected by solar spectral irradiance at the water surface,
radiative transfer from air into water, and the transmission
of sunlight in the water body. These subjects are briefly dis-
cussed below with references to more detailed reviews.
Equations used to compute direct photolysis rates, results of
the calculations, and experimental verification of the results
are discussed in the balance of the paper.

Experimental

Computer Program. All computations were performed
on a Digital Equipment Corp. PDP-8/E minicomputer. The
computed results are either printed out or plotted on a Cal-
comp 563 plotter. Required data inputs are: (1) the molar
extinction coefficients of the pollutant at wavelengths >297.5
nm (>285 nm for computation of the effects of ozone reduc-
tion); (2) the attenuation coefficients and refractive index of
the reaction medium (attenuation coefficients for distilled
water as reported by Hulbert and Dawson (7, 8) have already
been incorporated into the program); (3) the quantum yield(s)
for reaction of the pollutant; (4) the solar declination, solar
right ascension, and sidereal time for the date of interest
(obtained from the American Ephemeris and Nautical Al-
manac); (5) the latitude and longitude; and (6) the average
ozone layer thickness, X, that pertains to the season and
location of interest [from London’s compilations (9)].

To compute the relationship between solar altitude and
time of day, a rearranged version of an equation described by
Green and coworkers (10) was used. The rearranged version
computes times of day (in universal time) as a function of solar
altitude. Universal time is then converted to local time by the
appropriate time zone correction.

For routine computations the program automatically inputs
representative midseason data for items (4) and (6) above.
Assumed midseason solar declinations are +10° for spring,
+20° for summer, —10° for fall, and —20° for winter. The
program then computes midseason photolysis rate constants
and half-lives as a function of local time of day for a given
longitude and for any specified combination of depth, season,
and latitude (ranging from 0° to 90°N in 10° increments).

Another subroutine in the program computes representa-
tive effects of variation in ozone layer thickness upon pho-
tolysis rates for three latitudes, 0°, 40°, and 73°N.

Solar Radiation Data. All values for intensity of ultravi-
olet radiation (297.5-380 nm) were derived from a report
published by Bener (11). Sky intensity H(\, ho, X) was
computed according to an empirical relation described by
Bener (Equation 1)

log H(), ho, X) = log H(, ho, X0) = T(\, ho)(X — Xo)
(1)

where H(A, ho, Xo) is the sky intensity at solar altitude ko,
wavelength X\, and a reference ozone value, Xo, and T(\, ho)
is a coefficient. Parameters for each wavelength and solar al-
titude were computed from the extensive data in Bener’s re-
port. A similar equation was used to obtain the values of direct
solar intensity as a function of ozone layer thickness. These
data were converted from W ecm~2 nm~! to photons cm=2g~!
nm~! by Equation 2 where A is the wavelength in nm.
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I(photons cm~2s~!nm~!) = (W em~2nm™1) X A
X 5.035 X 10" (2)

Approximate intensity values for visible solar radiation
(390-800 nm) were calculated by computer using equations
described by Leighton (2). Data used in these computations
were derived from the following sources.

o Values for extraterrestrial solar irradiance were taken
from Johnson’s data (12).

o Atmospheric transmissivity with respect to scattering was
computed using equations in Leighton’s book (2).

o Absorption coefficients for ozone were obtained from a
paper by Inn and Tanaka (13).

Experimental Procedures. The procedures and equip-
ment used to measure the quantum yields for reaction have
been discussed previously (6). All quantum yields used in the
computations pertain to air-saturated water, hexane, or
hexadecane. Electronic absorption spectra were obtained on
Perkin-Elmer 602 or Perkin-Elmer 356 spectrophotometers.
Since it was impossible to measure the spectra of highly
water-insoluble compounds in water, the spectra were mea-
sured in water—acetonitrile.

Dilute solutions were exposed to sunlight in 1-cm-deep
uncovered culture dishes that were filled to the brim and in
stoppered quartz cells that were horizontal to the ground. The
detailed studies with 1,1-bis(p-methoxyphenyl)-2,2-dichlo-
roethylene (DMDE) were conducted in dishes using hexa-
decane as solvent. For those compounds that volatilized
rapidly from the water, such as trifluralin, sunlight photolyses
were conducted in the stoppered cells. The photolysis rates
in the quartz cells were more rapid than those observed in the
dishes, since internal reflection of sunlight in the cells in-
creased the pathlength of the light. To correct for this effect,
midday photolysis rates measured in the cells were multiplied
by a factor that equaled the ratio of the midday photolysis rate
of the pollutant in the dish to that in the cell, using hexadecane
as solvent. In all cases discussed in this paper, no change in
concentration occurred in dark controls during the period of
sunlight exposure.

Results and Discussion

Solar Radiation at the Earth’s Surface. Photolysis rates
are strongly influenced by the intensity and spectral distri-
bution of the light source. Detailed discussions of the nature
of sunlight at the earth’s surface appear elsewhere (2, 10-11,
14-16). Some highlights of these discussions that are pertinent
to this paper are summarized below.

As sunlight passes through the atmosphere, its intensity is
decreased through absorption by atmospheric gases, such as
ozone, and by molecular and aerosol scattering. The trans-
mittance of the atmosphere in the ultraviolet and visible re-
gion decreases with decreasing wavelength; essentially no light
is transmitted at wavelengths <295 nm. The sharp decrease
in intensity in the 280-320-nm region is due mainly to ozone
absorption. This part of sunlight, often called UV-B radiation,
causes sunburn and other biologic effects and is responsible
for direct photolysis of many pollutants, including most
commonly used pesticides.

The intensity and spectral distribution of sunlight on a
horizontal surface change constantly. Generally, the intensity
decreases with decreasing angular height of the sun. Thus,
intensity decreases from midday to sunset, from summer to
winter, and from the tropics to higher latitudes.

The decrease in UV-B intensity with decreasing solar alti-
tudes is much more pronounced than the decrease in visible
or UV-A (320-400 nm) intensity. The intensity of UV-B ra-
diation is also strongly influenced by seasonal and geographic
variations in atmospheric ozone amount. Increases in ozone
amount occur with increasing northern latitude and from fall
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(minimum) to spring {(maximum) (9). The intensity values
used in the computations discussed below are based upon
average ozone amounts at various latitudes and seasons as
compiled by London (9). Deviations from the averages are
discussed elsewhere (9, 16).

Atmospheric scattering increases with decreasing wave-
length and is most pronounced in the blue and ultraviolet
region. Scattered light illuminates the sky causing its blue
appearance. The fraction of light from the sky exceeds 50%
in the UV-B region. Thus, solar radiation at a given spot on
the earth’s surface is derived both directly from the sun and
also from the sky.

Radiative Transfer from the Atmosphere into a Water
Body. When a beam of sunlight encounters the surface of a
water body, part is reflected at an angle equal to the angle of
incidence, z, and part passes into the water body with a change
in direction due to refraction (Figure 1). The fraction of direct
sunlight that is reflected, RFD, can be computed by Fresnel’s
law and is less than 10% at all but very large values of z. As-
suming the sky is uniformly bright, we computed that the
reflected fraction of sky radiation, RFS, is about 0.07 (17). The
values of RFD and RFS that were used in our calculations
(Table I) were computed assuming that the refractive index,
n, of water is 1.34, a value that pertains specifically to blue
light (436 nm). Since the refractive index increases slightly
with decreasing wavelength (18), the computed reflectivities
are somewhat higher for ultraviolet light and somewhat lower
for long wavelength visible light. The computed values agree
closely with experimental data obtained from studies of nat-
ural water bodies (19).

Pathlengths of Sunlight in Water Bodies. The path-
length is defined as the distance traveled by a beam of sunlight
as it passes through a horizontal layer of the atmosphere or
a water body. Pathlengths of direct and sky radiation are used
in equations that compute photolysis rates (see next section).
In the atmosphere the pathlength of direct radiation is h sec
z where h is the thickness of a horizontal layer (Figure 1).
Underwater, the light is bent downward and assumes a
pathlength, Iy, of D sec # where D is the depth and 8 is the
angle of refraction. The relationship between the angles z and
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Figure 1. Diagram of passage of beam of sunlight through atmosphere
into water body

Z = angle of incidence (solar zenith angle in case of direct sunlight); # = angle
of refraction

Table I. Intensities and Pathlengths of Solar Radiation
in Atmosphere and Water Bodies

Atmo-
sphere? Water body
Direct intensity on horizontal Scosz Scos z(1-RFD) = Iy

plane

Sky intensity on horizontal plane H H(1-RFS) = [
Pathlength of direct radiation hsecz Dsecl =l
Average pathlength of sky 2h 12D =
radiation

2 Ref. 2.




fl is defined by Snell’s law (Figure 1). As the solar zenith angle,
z, increases, so does the amount of refraction. Light coming
from the horizon (z > 85°) is strongly bent, assuming an un-
derwater angle, 6, of 48°.

Leighton has shown that the average pathlength for sky
radiation in the atmosphere is close to 2 & (2). Neglecting re-
flection and assuming that the sky is uniformly bright, it can
be shown that the average pathlength for sky radiation un-
derwater can be expressed by Equation 3 (17):

1,=2Dn(n—+vVn2-1) (3)

Assuming n is 1.34, the computed pathlength is 1.20 D. Taking
reflection into account, the computed pathlength is 1.19 D
(17). Reflection has little effect on the computed value, be-
cause the most strongly reflected part of sky radiation (near
horizon) contributes only a small fraction of the total sky in-
tensity on a horizontal plane (2). Other workers have com-
puted similar values for the underwater pathlength of sky
radiation (20-22). Results discussed in this and the preceding
section are summarized in Table L.

Light Attenuation in Natural Waters. Asin the atmo-
sphere, the intensity of sunlight is attenuated in natural wa-
ters through absorption and scattering (23). In the ocean,
absorption is primarily due to water itself (24). Because water
is most transparent in the blue region and scattering is rela-
tively wavelength-independent, solar radiation in clear ocean
water assumes a blue hue at great depths (24). Sunlight pen-

_etrates much more deeply into the ocean than into inland
surface waters (19) where absorption is due mainly to dis-
solved natural organics (24). The attenuation coefficients, a,
that we measured for inland surface waters in the ultraviolet
region are wavelength-dependent and can vary considerably
from one water body to another (Figure 2). In Figure 2, 2/« is
the distance in which 99% of the incident intensity of a colli-
mated beam of light is attenuated in passing through the
water. Even in the relatively clear waters of the Savannah
River, the attenuation coefficients are higher than those re-
ported for distilled water in the ultraviolet region (8). Average
attenuation coefficients for 10 river water samples collected
in the Southeastern United States are shown in Figure 3. The
average data should not be regarded as typical; variations were
about £95% in the UV-B region. Nonetheless, the general
shape of the attenuation curve is representative. Attenuation
of light intensity generally increases with decreasing wave-
length in the visible and ultraviolet region.

Attenuation due to light scattering is less important than
attenuation by absorption in most natural waters especially
in the ultraviolet region (16, 19, 23-24). As a first approxi-

. mation, scattering was ignored in the following consider-
ations.

Equations Describing Direct Photolysis (25). Scientists
realized long ago that only light which is absorbed can effect
chemical change in a system. This basic law of photochemistry
was first enunciated by Grotthus and then Draper in the
nineteenth century. The average photolysis rate, (—d[P]/dt).,
at a certain wavelength X\ in a completely mixed water body
is directly proportional to the rate of light absorption by the
pollutant per unit volume. The amount of light absorbed per
unit time, I, is defined by Lambert’s law (Equation 4) where
«, is the decadic absorption coefficient of the water body, [
is the pathlength of the light, and I,, is the incident light in-
tensity.

1/\ = Iu)\ (1 - 10_”'\1) (4)
The average rate of absorption per unit volume, /), for un-
derwater solar radiation in a layer of depth D is

Iy (1= 1070) + I, (1 — 107 k)

Ia)\ = D

The pathlengths /; and [, can be computed as described
above.

The addition of a pollutant to the water body changes its
absorption coefficient to (ay + €,[P]) where ¢, is the molar
extinction coefficient of the pollutant, and {P] is its concen-
tration. The fraction of light that is absorbed by the pollutant
is ex[P]/(ax + €,[P]). Since pollutant concentrations in water
bodies are usually very low, ¢,[P] is usually much smaller than
ay, and (ax + [P]) = a,. Thus, the average rate of light ab-
sorption by a pollutant, I,,, may be expressed as

; P
il 6)
Jooy
I, = kar[P] (7)

where k., = I, ex/jay and j is a constant that converts the
intensity units into units that are compatible with [P] (j equals
6.02 X 10%0 when [P] is expressed in moles/liter and intensity
is expressed in photons cm=2s71).

The equation for k,» simplifies under two circumstances:

o If a\ly and «,l, are both greater than 2, then essentially
all the sunlight responsible for photolysis is absorbed by the
system and the expression for k., becomes

_Wiea

JDay
where W, equals (I4y + I,)). Values of W, for midday and
midseason at latitude 40°N are summarized in Table I1. This
equation shows that at depths greater than that of the photic
zone, the average photolysis rate is inversely proportional to
depth.

o If a)ly and ayl, are both less than 0.02, then &, becomes
independent of @) and can be approximately expressed as:
2.303 ex(Igalq + Inly)
jD

kax (8)

9)
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—

SUREWATER

aymnAH RIVER

1
‘ SU\W‘\NNEE RWER
0 ‘ I

320 340 360 380 40
WAVELENGT=, nm

LOG i2/a), cm

Figure 2. Attenuation of ultraviolet light in pure water and in water ob-
tained from two rivers

2/a is distance corresponding to 99 % attenuation of incident intensity of beam
of light traveling through water
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Figure 3. Average attenuation coefficients for 10 river water samples
collected in southeastern U.S.
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Table Il. W) and 2, Values for Latitude 40°N

Wavelength
(nm)

297.5
300.0
302.5
305.0
307.5
310.0
312.5
315.0
317.5
320.0

323.1

330.0
340.0
350.0
360.0
370.0
380.0
390.0
400.0
410.0
420.0
430.0
440.0
450.0
460.0
470.0
480.0
490.0
500.0
525.0
550.0
575.0
600.0
625.0
650.0
675.0
700.0
750.0
800.0

297.5
300.0
302.5
305.0
307.5
310.0
312.5
315.0
317.5
3200

Spring

0.240E + 12
0.105E + 13
0.369E + 13
0.106E + 14
0.195E + 14
0.325E + 14
0.510E + 14
0.683E + 14
0.867E + 14
0.103E + 15

0.193E + 15

0.669E + 15
0.778E + 15
0.835E + 15
0.895E + 15
0.997E + 15
0.110E + 16
0.133E + 16
0.191E + 16
0.251E + 16
0.258E + 16
0.249E + 16
0.295E + 16
0.332E + 16
0.335E + 16
0.347E + 16
0.355E + 16
0.336E + 16
0.343E + 16
0.362E + 16
0.377E + 16
0.380E + 16
0.385E + 16
0.387E + 16
0.389E + 16
0.388E + 16
0.384E + 16
0.369E + 16
0.354E + 16

0.274E + 12
0.120E + 13
0.419E + 13
0.121E + 14
0.223E + 14
0.372E + 14
0.584E + 14
0.780E + 14
0.992E + 14
0.117E + 15

0.221E + 15

0.761E + 15
0.880E + 15
0.942E + 15
0.101E + 16
0.112E + 16
0.124E + 16
0.149E + 16
0.213E + 16
0.280E + 16
0.288E + 16
0.277E + 16
0.327E + 16
0.368E + 16
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Summer

W), values
Photons (cm~2s~'2.5 nm™")

0.648E + 12
0.219E + 13
0.657E + 13
0.163E + 14
0.274E + 14
0.444E + 14
0.643E + 14
0.836E + 14
0.103E + 15
0.121E + 15

Photons (cm™2s~13.75 nm™")
0.226E + 15
Photons (cm—2s~1 10 nm™")

0.762E + 15
0.875E + 15
0.938E + 15
0.100E + 16
0.112E+ 16
0.124E + 16
0.148E + 16
0.212E + 16
0.279E + 16
0.287E + 16
0.277E + 16
0.327E + 16
0.368E + 16
0.372E + 16
0.384E + 16
0.394E + 16
0.372E + 16
0.380E + 16
0.401E + 16
0.418E + 16
0.423E + 16
0.427E + 16
0.428E + 16
0.429E + 16
0.427E + 16
0.422E + 16
0.404E + 16
0.387E + 16

Z) values
Photons (cm~2s™1 2.5 nm™")

0.716E + 12
0.240E + 13
0.723E + 13
0.181E + 14
0.305E + 14
0.495E + 14
0.717E + 14
0.933E + 14
0.115E + 15
0.135E + 15

Photons (cm—2s~13.75 nm™")
0.252E + 15
Photons (cm™2s~1 10 nm™")

0.846E + 15
0.963E + 15
0.103E + 16
0.110E + 16
0.122E + 16
0.135E + 16
0.161E + 16
0.231E + 16
0.302E + 16
0.310E + 16
0.298E + 16
0.351E + 16
0.394E + 16

Fall

0.786E + 11
0.434E + 12
0.185E + 13
0.555E + 13
0.112E + 14
0.173E + 14
0.308E + 14
0.410E + 14
0.532E + 14
0.663E + 14

0.119E + 15

0.421E + 15
0.500E + 15
0.533E + 15
0.568E + 15
0.623E + 15
0.679E + 15
0.895E + 15
0.129E + 16
0.170€E + 16
0.175E + 16
0.170E + 16
0.201E + 16
0.227E + 16
0.230E + 16
0.238E + 16
0.244E + 16
0.231E+ 16
0.236E + 16
0.251E + 16
0.262E + 16
0.265E + 16
0.268E + 16
0.271E + 16
0.273E + 16
0.273E + 16
0.272E + 16
0.261E + 16
0.252E + 16

0.949E + 11
0.524E + 12
0.223E + 13
0.670E + 13
0.135E + 14
0.208E + 14
0.371E + 14
0.494E + 14
0.641E + 14
0.800E + 14

0.144E + 15

0.508E + 15
0.604E + 15
0.645E + 15
0.687E + 15
0.754E + 15
0.822E + 15
0.108E + 16
0.156E + 16
0.206E + 16
0.212E + 16
0.205E + 16
0.244E + 16
0.275E + 16

Winter

0.000E + 00
0.601E + 11
0.300E + 12
0.139E + 13
0.369E + 13
0.698E + 13
0.145E + 14
0.222E + 14
0.296E + 14
0.408E + 14

0.740E + 14

0.279E + 15
0.341E + 15
0.363E + 15
0.383E + 15
0.418E + 15
0.450E + 15
0.646E + 15
0.931E+ 15
0.123E + 16
0.127E + 16
0.123E + 16
0.146E + 16
0.164E + 16
0.167E + 16
0.172E + 18
0.177€ + 16
0.168E + 16
0.171E+ 16
0.181E + 16
0.188E + 16
0.190E + 16
0.192E + 16
0.196E + 16
0.199E + 16
0.200E + 16
0.200E + 16
0.193E + 16
0.187E + 16

0.000E + 00
0.733E + 11
0.368E + 12
0.170E + 13
0.450E + 13
0.854E + 13
0.177E + 14
0.271E + 14
0.362E + 14
0.498E + 14

0.906E + 14

0.342E + 15
0.420E + 15
0.449E + 15
0.479E + 15
0.520E + 15
0.562E + 15
0.805E + 15
0.116E + 16
0.154E + 16
0.159E + 16
0.154E + 16
0.184E + 16
0.208E + 16



Table ll. Continued

Wavelength
{nm) Spring Summer Fall Winter
Photons (cm~2s™" 10 nm™")
460.0 0.371E + 16 0.398E + 16 0.279E + 16 0.211E+ 16
470.0 0.384E + 16 0.411E + 16 0.289E + 16 0.219E + 16
480.0 0.392E + 16 0.420E + 16 0.296E + 16 0.225E + 16
490.0 0.371E+ 16 0.396E + 16 0.281E + 16 0.213E + 16
500.0 0.378E+ 16 0.404E + 16 0.287E + 16 0.218E + 16
525.0 0.398E + 16 0.426E + 16 0.305E + 16 0.232E + 186
550.0 0.413E + 16 0.442E + 16 0.318E + 16 0.241E + 16
575.0 0.417E + 16 0.446E + 16 0.322E + 16 0.243E + 16
600.0 0.421E + 16 0.450E + 16 0.326E + 16 0.247E + 16
625.0 0.422E + 16 0.450E + 16 0.329E + 16 0.252E + 16
650.0 0.424E + 16 0.451E + 16 0.332E + 16 0.256E + 16
675.0 0.423E + 16 0.448E + 16 0.333E + 16 0.259E + 16
700.0 0.419€E + 16 0.443E + 16 0.330E + 16 0.258E + 16
750.0 0.401E + 16 0.423E + 16 0.318E + 16 0.250E + 16
800.0 0.385E + 16 0.405E + 16 0.306E + 16 0.242E + 16

Equation 9 applies even if ,[P] exceeds ay as long as (o) + .

ex[P]) is less than 0.02; i.e., less than 5% of the light is absorbed
by the system. By substituting the equations defining path-
lengths Iy and I; (Table I) into Equation 9, Equation 10 is
obtained:

kax = 2.303 EAj_lZA (10)
where
Zy=1g1sec0+1.21,, (11)

This equation is approximately applicable to shallow depths
in any natural water and depths up to one-half meter in dis-
tilled water. Midday, midseason values of Z, for latitude 40°N
are presented in Table II.

The values shown in Table II correspond to wavelength
intervals centered at the specified wavelength. For example,
the Z, value for 350 nm corresponds to the 10-nm interval
from 345 to 355 nm. Extinction coefficients, ¢, used in cal-
culations are averaged over the wavelength intervals that
correspond to those in the table.

The second law of photochemistry, the Stark-Einstein law,
states that one molecule is activated for each light quantum
or photon absorbed in a system. Thus, photolysis rates are
proportional to the total number of photons absorbed per unit
time, not the total energy absorbed. After a molecule absorbs
a photon, it is unstable and will undergo a variety of competing
primary processes, such as chemical reaction, light emission,
or physical deactivation, to return to a stable state. The
fraction of photons absorbed that results in a certain primary
process is called the primary quantum yield, ®, for the pro-
cess. A corollary of the Stark-Einstein law is that the sum of
the primary quantum yields of all the processes that deacti-
vate an excited molecule equals unity. The primary quantum
vield of a photochemical process in solution sometimes differs
from the experimentally measured quantum yield for reaction,
¢. For example, secondary thermal reactions such as free
radical chain reactions can cause the value of ¢ to exceed
unity, or reversal of a photochemical cleavage can cause the
observed quantum yield to be much lower than the primary
quantum yield. It is unlikely that chain reactions initiated by
direct photolysis of a pollutant are important at the very low
concentrations of pollutants that are found in lakes and rivers.
Most inland waters contain phenolic humic materials, and
phenols inhibit chain reactions. Thus, quantum yields for
direct photolysis in the aquatic environment are not likely to
exceed unity. More detailed discussions of quantum yields and
their measurement appear elsewhere (26, 27).

The average photolysis rate is also proportional to the
quantum yield for reaction, ¢. The kinetic expression for di-
rect photolysis is

d[P]
— (=) = orkarlP 12
(57, = orkarP] (12)
The quantum yield for reaction of complex molecules in
solution is usually not wavelength-dependent (28). Accord-
ingly, the complete rate expression is

_d[P]
dt
where &, equals Zk,,, the sum of the &, values for all wave-
lengths of sunlight that are absorbed by the pollutant. This
expression has the form of a first-order rate equation in which
the photolysis rate constant, ¢k,, is expressed in units of re-
ciprocal time. The concentration-independent half-life, ¢/,
inherent to direct photolysis is
0.693
bk

Since the value of ¢ is not likely to exceed unity, it follows
that

= ¢kq[P] (13)

tijo = (14)

0.693
a

Some sunlight photolysis rates reported in the literature
have been measured under experimental conditions in which
the pollutant absorbs much more light than the solvent, i.e.,
Zex[P] > Za). Under these conditions, if all the incident light
is absorbed, the photolysis kinetics become zero order, and
the half-life (Equation 16) becomes dependent on the initial
pollutant concentration, [P,], and depth, D.

JD[P,]
20ZW,

Thus, half-lives measured at high pollutant concentrations
can be much longer than those observed at concentrations
similar to those found in the aquatic environment.

Results of Calculations. We have developed a computer
program written in Fortran I'V that uses the above-mentioned
equations and intensities of solar radiation to compute direct
photolysis rates. The program, which is available on request,
will be described in more detail elsewhere.

To illustrate the results of the calculations, photolysis rates
were computed for carbaryl, a widely used carbamate insec-
ticide, and trifluralin, a popular preemergent herbicide.

tie S (15)

12 = (16)
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Carbaryl, a naphthalene derivative, absorbs UV-B radiation
most strongly, and trifluralin, a dinitroaniline derivative,
absorbs sunlight strongly in the visible region (Figure 4). The
kqx values shown in Figure 4 were computed for a shallow
depth (see Equation 9) and apply to midsummer and midday
at latitude 40°N. The quantum yields for reaction of carbaryl
and trifluralin in air-saturated water are similar, 0.006 (313
nm) and 0.002 (366 nm), respectively (29). However, the
sunlight absorption rate of trifluralin is about 400 times larger.
Consequently, direct photolysis of trifluralin is over two orders
of magnitude more rapid than photolysis of carbaryl.

The computed midday photolysis half-lives (near-surface)
of the two pesticides depend upon season and latitude (Figure
5). The results in Figure 5 were computed as relative values,
where the half-life of each pesticide for midsummer at latitude
30°N was assigned a value of unity. Seasonal variations occur
for both pesticides at the midlatitudes with minimum half-
lives occurring during summer, the period of maximum pes-
ticide use, and maximum values occurring during winter. Both
the half-lives and the amplitude of their seasonal variation
increase with increasing northern latitude. In the tropical
zone, photolysis rates are approximately constant throughout
the year. However, in the midlatitudes the amplitudes of
seasonal variation are much larger for carbaryl than for tri-
fluralin. Latitudinal variation is relatively small during the
summer. The seasonal variations shown for carbaryl are
similar to those computed for most commonly used pesti-
cides.

As the intensity of sunlight increases and then decreases
throughout the day, so do the photolysis rates (Figure 6). The
computed rates in Figure 6 are relative to photolysis rates at
midday and midsummer and apply to shallow depths only.
Because UV-B “sunrise” and “sunset” lags and precedes, re-
spectively, visible sunrise and sunset, the period of photolysis
for carbaryl is shorter than that for trifluralin. In comparing
photolysis rates with rates of other processes such as hydrol-
ysis or volatilization, the photolysis rates are integrated over
the entire period of a day (6).

As sunlight passes down through a water body, its intensity
decreases, and marked changes in its spectral distribution
occur. The decrease in photolysis rate with increasing depth
depends upon the magnitude and spectral distribution of: the
attenuation coefficients of the water body, the molar extinc-
tion coefficients of the pollutant, and the intensity values of
sunlight. The computed depth dependence of the direct
photolysis of carbaryl and trifluralin at midday and mid-
summer (latitude 40°N) is shown in Figure 7. Results were
calculated using attenuation coefficients of pure water and
“average river water” shown in Figures 2 and 3. The photolysis
rates of both pesticides drop off much more rapidly in the river
water than in pure water. In lake or ocean water, the depth
dependence is usually similar to that shown for pure water.
Since UV-B radiation is absorbed more strongly than visible
light in both pure and river water, the photolysis rate of car-
baryl decreases more rapidly with increasing depth than that
of trifluralin. Note, however, that the rate of decrease with
increasing depth becomes identical for both pesticides once
the depth corresponding to the photic zone is exceeded (see
Equation 8). The underwater pathlength of direct sunlight
lengthens, and depth dependence increases as the sun moves
lower in the sky. Consequently, the depth dependence be-
comes more pronounced with increasing northern latitude (6)
and from summer to winter in the midlatitudes.

All of the above computations for carbaryl were based upon
average UV-B intensities for each season and latitude circle.
Natural variations in the ozone layer (9, 16) can cause signif-
icant deviations from the average intensity values. Moreover,
there is growing evidence that certain anthropogenic activities
may lead to a depletion of the ozone layer (30). The effect of
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Figure 4. Specific sunlight absorption rates of carbaryl and trifiuralin
as function of wavelength at midday and midsummer, latitude 40°N
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Figure 7. Computed depth dependence of direct photolysis of carbaryl
and trifluralin at midday and midsummer, latitude 40°N
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Figure 8. Effect of ozone reduction upon direct photolysis of carbary!
at selected northern latitudes
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ozone reduction upon the photolysis rates of carbaryl at three
latitudes is shown in Figure 8. The photolysis rate of trifluralin
is essentially unaffected by ozone variation because ozone is
transparent to wavelengths of sunlight that are strongly ab-
sorbed by trifluralin,

Experimental Verification. Studies by Hedlund and
Youngson (31) of the photolysis of the pesticide, picloram,
under sunlight have verified that:

¢ Photolysis in dilute solution obeys a first-order rate ex-
pression (Equation 13). Thus, the photolysis half-life is con-
centration-independent in dilute solution.

¢ The photolysis half-life increases with increasing
depth.

o At shallow depths, direct photolysis rates are the same
regardless of the nature of the water, be it distilled or of nat-
ural origin (Equation 9).

To check the results of our calculations, we have determined
the photolysis rates of several pesticides and organomercury
compounds (32) at shallow depths under sunlight in Athens,
Ga. (latitude 34°N). The direct photolysis of DMDE (33) was
examined in some detail. DMDE was chosen because it pho-
todegrades very rapidly under sunlight and, like most pesti-
cides, absorbs UV-B radiation most strongly (Figure 9). Dilute
solutions of DMDE (1.00 X 10~" M) in uncovered dishes were
exposed to sunlight for 1-1.5 h at different times of the day
in an open field. The solutions were analyzed, and average
photolysis rate constants (¢k, values) were computed for each
time-of-day. The experimental values for two days in June
agreed closely with the values computed using the above
equations (Figure 10). During both days the mornings were
clear, but increasing cloudiness occurred in the afternoon.

Experimental midday half-lives for the direct photolysis
of DMDE from spring to winter during 1975 agreed reasonably
well with computed values (Figure 11). The rapid increase in
half-life during November and December is attributed to the
sharp decline in UV-B intensity during this period.

Computed half-lives were in reasonable agreement with the
experimental values for photolysis of pesticides and pesticide
derivatives ranging in half-life from 3 min to 168 h (Figure 12).
Generally, the computed half-lives were within £30% of the
experimental values.

Conclusions

The technique described above provides a simple method
for computing direct photolysis rates of aquatic pollutants.
The rates are computed from reproducible, readily obtainable
data, the quantum yield for reaction and the electronic ab-
sorption spectrum of the pollutant. Even in the absence of
quantum yield data, the mininum photolysis half-life and its
variation with season, latitude, time-of-day, and depth can
be computed from the absorption spectrum (Equation 15).
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Figure 9. Absorption of solar radiation by 1, 1-bis(p-methoxyphenyl)-
2,2-dichloroethylene (DMDE) at midday, midsummer, latitude 40°N
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Figure 12. Comparison of calculated and observed half-lives for direct
photolysis of several pesticides and pesticide derivatives (quantum
yields parenthesized)

1, N-nitrosoatrazine in water (¢ = 0.30); 2, trifluralin in water (¢ = 0.0020); 3,
DMDE in water (¢ = 0.30); 4, DMDE in hexadecane (¢ = 0.20); 5, DDE in
hexadecane (¢ = 0.26); 6, diphenylmercury in water (¢ = 0.27); 7, phenyl-
mercuric acetate in water (¢ = 0.25); 8, 2,4-D-butoxyethy! ester in hexadecane
(¢ = 0.17); 9, carbary! in water (¢ = 0.0060); 10, 2,4-D-butoxysthyl ester in water
(¢ = 0.056)
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Some limitations of the computations are discussed
below.

¢ Exposure to the sun and whole sky at sea level is assumed.
Clouds reduce the UV-B intensity about 50% under overcast
conditions (2, 10, 15). Intensity increases about 15-20% per
kilometer increase in elevation (11).

e Daily variations in atmospheric ozone amount can be as
high as 30% at midlatitudes (30). These variations can cause
deviations from the computed rates, since they are based upon
average ozone amounts (Figure 8). Pollutants that absorb
sunlight most strongly at wavelengths >320 nm are little af-
fected by ozone variation.

e The computations assume that the natural organics in
a water body act only as photochemically inert “sunscreens”.
This assumption is valid only with respect to the direct pho-
tolysis process. Recent studies have shown that these natural
substances are not photochemically inert, but may act as
“sensitizers” that cause other photochemical processes to
occur (3, 4, 6, 33).

¢ The effects of light scattering in water bodies are ignored.
Scattering is likely to have an important effect upon the
computed depth dependence in turbid lakes and rivers
(23).

¢ In computing the average photolysis rate at a given depth,
we have assumed that the pollutant is isotropically distributed
and that all the pollutant in the water layer is exposed to the
same amount of light during a given period of time. The latter
assumption is always valid at depths in which only a small
fraction of the incident light is absorbed (up to several meters
in clear lakes and the ocean). However, if at the depth con-
sidered, all of the light is absorbed in the upper part of the
water column, the assumptions are valid only if mixing is more
rapid than entry of the pollutant into the upper layer of the
water body through industrial discharge, atmospheric fallout,
etc.; or loss of the pollutant from the upper layer through
photolysis, vaporization, and other processes. If entry to the
upper layer is more rapid than mixing, then the pollutant
concentration will be highest near the surface. There is some
evidence that this is the case in deep water bodies. For ex-
ample, the concentration of CCIsF, a chemically inert sub-
stance, declines with increasing depth in the ocean (34). On
the other hand, Hedlund and Youngson have shown that lack
of complete mixing can slow photolysis when the pollutant is,
initially, uniformly distributed in the water column (31).

Despite the above limitations, our experiments at shallow
depths have indicated that the computed rates are very close
to those in the photic zone, which is usually well mixed. The
computed rates should be a useful tool in evaluating the be-
havior of pollutants in the aquatic environment.
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