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SUMMARY

INTRODUCTION

Various scenarios of DDT and y-HCH global emis-
sions of the years 1970-1990 have been used to study the
sensitivity of the multicompartmental fate of these sub-
stances towards location and mode of entry during the
first two years upon entry. A multicompartment chemis-
try-transport model with 3.75°*3.75° horizontal resolution
has been used, based on an atmospheric general circula-
tion model.

y-HCH is expected to be the more mobile but less
persistent substance. Persistence in the total environment,
Toverall, Tanged from 1.5-1.8 years for the DDT and from
0.6-1.2 years for the y-HCH scenarios. Compartmental
distributions and residence times were found to be strongly
influenced by the scenario of entry. Emissions in the trop-
ics rather than in mid latitudes and application to vegeta-
tion rather than to the soil tend to enhance the mobility
and to limit the persistence.

The changing geographic application pattern of DDT
in 1970-1990, which was caused by the phasing out in
many countries during this period, went along with signif-
icant changes in the environmental fate of DDT: the num-
ber of completed atmospheric cycles (‘hops') increased
and the residence times in the ground compartments de-
creased correspondingly. The north-south shift in the
application pattern, which occurred in this time period,
was expected to have given rise to increased dispersion
over the globe.

KEYWORDS: Multicompartment modelling, environmental fate,
long-range transport potential, mode of entry, persistent organic
pollutants, air pollution.

Research on multicompartmental xenobiotics in the
environment is motivated by fundamental interest and by
transboundary regulatory needs. Much less than chemical
transformations and mass exchange processes between
phases of the same compartment (e.g., atmospheric and
aquatic chemistries), we understand the mass exchange
processes between compartments and how substance
properties interfere. As a consequence of adverse effects
on the organism-level in aquatic and terrestrial ecosys-
tems and furthermore, stimulated by risks for human
health mediated through the food chain risks from persis-
tent xenobiotics need to be managed [1, 2]. This in turn
demands in first place for criteria to classify substances
according to their environmental exposure. Exposure in
time and space is predictable in principle as being the
result of the substance physico-chemical properties, its
usage patterns and the geospheric transport patterns, both
in time and space [3, 5]. Models which are georeferenced
and capable to reproduce the transports on global scale
have been hardly used so far [6, 7].

With simulations of the environmental fate upon var-
ious scenarios of pesticide application, we address and
aim to quantify the sensitivity of long-range transport and
compartmental distribution (hence, total environmental
persistence) towards time, location and mode of entry. We
selected two persistent organic pollutants which undergo
long-range transport (e.g., Iwata and Baily [8, 9]), the
insecticides DDT (1,1,1-trichloro-2,2-di-(p-chlorophenyl)-
ethane) and y-HCH (y-hexachlorocyclohexane), which are
both subject to regulations according to international
chemicals legislation (UNEP Stockholm POPs conven-
tion, POPs protocol of the UN-ECE LRTAP convention,
besides other). These two chemical substances differ
considerably in their properties, however, DDT is mere-
ly volatile, merely water soluble and lipophilic, while y-
HCH is considerably volatile, water soluble and only
moderately lipophilic. This is the first effort to study the
environmental fate of these compounds on the global
scale with a transport model.
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METHODS

Model structure

We used a four-compartment (air, soil, vegetation,
ocean) global dynamic model which is based on a general
circulation model of the atmosphere (19 vertical levels;
ECHAMA4 [12, 13]). Transports occurred only in the at-
mosphere. Soil, vegetation and the ocean mixed layer
were represented as two-dimensional compartments (no
vertical resolution). The soil’s vertical dimension was not
specified, yet the maximum soil water depth is georefer-
enced. The vegetation is represented as surface only - no
uptake, but application, deposition and (re-)volatilisation.
The depth of the ocean mixed layer is spatially resolved
and seasonally varying and was based on the results of a
run of a general circulation model of the ocean [14].
Cloud processing, dry and wet deposition and tropospher-
ic chemistry of gaseous and particulate trace substances
including simple cloudwater chemistry and cloudwater
acidity is represented [15]. Parameterisations used to
describe the intra- and intercompartmental processes of
mass exchange and conversion are listed in Table 1. These
have been recently described in detail [7]. The physico-
chemical properties of substances and degradation data
have been taken from Moltmann et al. [16] and Finizio et
al. [17].

Some of these data are in particular uncertain as they
are based on various reported values which significantly
differed from each other, or even had to be estimated. For
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example, no hydroxyl reaction rate coefficient of DDT
has ever been measured; only one value for degradation
of DDT in the ocean was reported as halftime of 56 days,
which, given the many findings of DDT in ocean water in
remote areas, may rather reflect an upper estimate than a
best guess.

Emission data

We used no prescribed emissions but prescribed agri-
cultural applications of the insecticides to vegetation and
soil, while the emissions into air were determined by local
weather and day-time, or from application areas, or as re-
emission upon atmospheric deposition.

The DDT and y-HCH application distributions used
were taken from a data set of global agricultural usage of
DDT and y-HCH, which we compiled for the years from
1947 to 1990. y-HCH was entered with the usage of tech-
nical HCH (15%) or lindane (99%). These data were based
on statistical data regarding insecticide consumption in
agriculture which were reported country-wise to FAO
[29] and on other published data [30-33]. The countrywise
data were scaled with the intensity of the cropland distri-
bution within the country and distributed over the global
grid space. 1°*1° cropland distribution data [32, 34] had
been used for this purpose. The extrapolation would sys-
tematically suppress small-scale isolated cropland areas,
which are represented in the 1°*1° distribution but are
too small

TABLE 1
Features of intra- and intercompartmental mass exchange and conversion processes.
.. Parameter
Process Process description .
representation
Partitioning between gas-phase and at- Assumed to l?e detgqnlned by a‘bsorptl(zﬂ into organic matter, _empmcally based on ) _
. . the octanol-air partition coefficient, K,, ’[18] prescribed spatially and temporally Diagnostic
mospheric particulate matter, 6 . .
variable aerosol concentrations
. Lo Reacti ith h 1 radical, similar in th rticulate- tate; .
Chemical degradation in the atmosphere. caction wi _ydroxy radical, simi ar in the gaseous and pa iculate bound state; Prognostic
prescribed spatially and temporally variable oxidant concentrations [19]
Ezgssg::(m in soils, in vegetation and in Overall first-order rates, assumed to double per 10 K temperature increase ® Prognostic
Partitioning in soils Phase equilibrium in 3-phase soil system [20], temperature dependent, soil hydrolo- Diagnostic
gy represented by bucket model [12]
T . Loss of gaseous substance from the soil pore space using an empirically derived rate .
Volatilisation from soils . . X Prognostic
from pesticide application studies [20]
T . L f ¥ fi lant surf: i iricall i t .
Volatilisation from vegetation oss of gaseous sub_s ance from plant surfaces using an empirically derived rate Prognostic
from pesticide application studies [21]
Flux of trace substances from the ocean to Two-film model [22], temperature dependent Prognostic
the atmosphere
. . Fixed deposition velocities vdep for gaseous molecules ' [23] and according to the .
At h t R . R . Prognostic
mospheric dry deposition particle mass median diameter for particulate-bound molecules g
In-cloud and below-cloud scavenging from stratiform and convective clouds
Atmospheric wet deposition according to water solubility (gaseous molecule) and wet-scavenging coefficient, € Prognostic
“ (particulate-bound molecule)

) Coas / (Cgas + Cparticutae) = 0 = [1 / (K, crsp) +17'; log K, = 0.55 * log Ko, - 8.23; particulate matter concentration crsp (cm™), gas-particle equilibrium
constant K. Temperature dependence of 8 assumed to be similar to polycyclic aromatic hydrocarbons [ 24].

2

tion in ocean water is accounted for, too [26]

according to recommendations **! besides others; Keoii = Kyegetaiion; in the case of y-HCH the contribution of the hydration reaction to the degrada-
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@ dry deposition velocities are 1.3 and 1.38 cm s over land and 0.08 and 1.38 cm s™ over sea for DDT and y-HCH, respectively (based on [27, 28])

@ g=1.0and 0.1 for in-cloud and below-cloud scavenging, respectively

to be represented in the grid. In such cases, grid cells were
added manually into the field (e.g., one grid cell was
added in Saudi Arabia, one in Oman and a few in North
African countries). Due to the overlapping of grid cells
over more than one country, the data of those countries
were added together and allocated to the country which
occupies the largest portion of the grid cell. For example,
the data of Gambia and Guinea Bissau were added to
these of Senegal, these of Trinidad and Tobago to those of
Venezuela, these of Luxembourg to those of Germany,
the Malta-data to the data of Italy, and these for Austria
were distributed equally among those of Switzerland,
Slovenia, Italy and Czechoslovakia. Zero values were
given to those countries where no data was available or

countries where the values were too small (e.g. Brazil in
the case of DDT and Japan and Mexico in the case of y-
HCH). Linearly interpolated data was used to fill the gaps
in cases of countries where data was missing in between
the years.

For this simulation, we have used data of the years
1966-1970 and 1976-1980 to produce a 5-year mean data
for DDT experiments (DG7020, DG8020; Table 2). For y-
HCH experiments we used the data of 1990 for DDT
(DG9020) and of 1980. For the application of DG9020,
only India was to mention, whereas the amounts applied in
other countries were assumed to be negligible.

TABLE 2
Scenarios of DDT and y-HCH entry into the environment (for geographic distributions cf. Fig. 1).

Substance Scenario Geographic Year Applicati?n flux | Months qf non- an:g)u(;lft:gg ifige q
acronym coverage (ta™) Zero emission X .
by soil / vegetation
DG7020 Global 1970 35326 Feb.-Oct. " 20/ 80
DDT DG8020 1980 7669
DG9020 1990 4118
y-HCH LG8020 Global 1980 18061 Feb.-Oct. 20/ 80
LN8020 30°N-90°N 12673
LN8060 60 /40
LT8020 90°S-30°N 5388 20/80
Vef. Fig. 2
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FIGURE 1 - Geographic distributions of applications of DDT scenarios
(a.) DG7020, (b.) DG8020, (c.) DG9020) and (d.) y-HCH (LG8020) (t a™ gridcell™).

a) b)
8000 4000
——— DG7020 —— — LN8020
--------- DG8020 ~- LT8020
-— — DG9020 —— LG8020
7000 1 3500
6000 3000
£ 5000 £ 25001 —=3
o o /
£ £ \
§ S / \
3 4000+ 3 2000+ / \
2 a /
Q Q \
< < / \
30001 1500 1 // \
\
/ VAN \
20001 1000 VAR \
I/ \\\\ \
“ /
o — \‘\ - —/ /‘/ N, \
/ \ I ,
1000+ / NG 5004 [/ / NeoN
y 7/ S ~ < -\\\ / / “‘*x{
et ~ = I/ N
P — ="\ i NN\
B NN\ B A ———
J F M A M J J A S O N D J F M A M J J A S O N D
Months Months
FIGURE 2

Temporal application patterns of (a.) DDT and (b.) y-HCH scenarios
to the global vegetation and soil (t). The pattern is identical everywhere.

Model run initialisation

The model was run with a 30-min. time step and a
ca. 3.75°%3.75° (T30) horizontal resolution in all com-
partments. Model runs were performed with 15 years of
physical spin-up, i.e. simulation of atmospheric dynamics
prior to the entry of the substances. Then, from February
until October of the 16™ year, the substances were intro-
duced into receptor compartments assuming seasonally
variable applications (Table 2, Fig. 1 and 2). The applica-
tion pattern remained the same in the consecutive years of
the model runs, and we reported on results of the second
year of application (Section 3). The second year upon
entry was the first one with the substances being in the
environment throughout the entire year (e.g. January -
December). The various scenarios were exposed to the
identical climate.

We selected the scenarios to address questions on the
environmental fate of the substances. We were particular-
ly interested in the fate of the same substance when
changing over time (DG scenarios) and in changing as a
function of geographic entry (LN8020 vs. LT8020) or of
mode of entry (LN8020 vs. LT8060). We further were

interested in the fate of two substances under the same
scenario of application (at least time and mode of entry-
DG8020 vs. the sum of the scenarios LN8020 and
LT8020; G, N and T stands for global, northern and tropic
latitudes respectively). The amount and distribution of y-
HCH applied globally is given by the sum of the scenari-
os split at 30°N: LN8020 + LT8020 = LG8020. The tem-
poral application pattern in the simulations was not uni-
form, but limited to the daylight hours with no rain in
order to come closer to agricultural reality. Furthermore, a
seasonality was included with maximum in April to July:
each 20% of the amounts that were applied in one year
have been distributed over the daylight hours of April-
July, and each 5% over the daylight hours of February,
March, August and September. Non-zero precipitation
during a day-light time step (30 min.) in each grid cell
caused a delayed application during the next ‘dry’ day-light
time step in the same grid cell. Due to this rule, the applica-
tion in the model world was from February-October (Fig.
2)
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Compartmental distributions and residence times

The compartmental burdens and intercompartmental
mass fluxes of DDT upon 1980 emissions are shown in
Fig. 3a. According to the entry scenario, in total 7665 t a™'
of DDT entered the environment through application to
the vegetation (spraying on crop plants) and to the soil as
80:20. Upon volatilisation from vegetation and soil, the
atmosphere and, upon subsequent deposition processes,
the ocean as well experienced uptake in the period of
study (second year upon entry). The atmosphere experi-
enced the largest turnover: 17311 t a™' of the received
substances (volatilisations, sum of arrows to the atmos-
phere) correspond to an annual average burden of 246 t,
i.e. the annual mean atmospheric residence time would be
Tamosphere = 0.0142 a (ca. 5 days) in steady state. Steady
state is not fulfilled however, but there is a compartmental
net uptake of 81 t a” between January and December. The
residence time, limited by all compartmental first-order
loss processes under non-steady state condition, can be
derived from the mass conservation equation:

Ac/At=E-c/7
T=c/(E-Ac/At)

When c is the compartmental burden, E the sum of
import fluxes to the compartment and Ac/At the net up-
take (81t a'l), then Tymosphere 15 0.0143 a. Most of it leaves
the atmosphere through the deposition processes while the
chemical degradation accounts only for ca. 2.5 % of the
losses (405 t a™). The atmospheric turnover exceeds the
input into the environment by 109%. That means that the
average DDT molecule undergoes 2.09 cycles of emission
into and deposition from the atmosphere (number of com-
pleted hops). The turnover rates in other compartments
were lower with corresponding mean residence times of
0.30 a, 0.50 a and 0.020 a (ca. 7 days) in the soil, vegeta-
tion and in the ocean surface mixed layer respectively
(see also Table 5). The compartmental residence times
are influenced by the corresponding halftimes towards
degradation, ca. 6 a in soil and vegetation (assumed to be
equal [35]) and 56 d in the ocean (values for 273 K). A
significant fraction (39%) of the entered substance is
depleted (sum of arrows to degradation, 2908 t a™) and it is
predicted that this happens mainly in the ocean (1748 t a™).
Another significant fraction, in total 62% (sum of com-
partmental uptakes, 4761 t a™), is added to the compart-
mental burdens. The residence time with respect to the
sum of all decreases - i.e., the overall environmental resi-
dence time limited by the sum of all first-order final de-
creases during a period At, Toveran, can be derived accord-
ingly from the mass conservation equation with ¢ now
representing the sum of the burdens in air, soil, vegetation
and ocean surface layer (7510 t for DDT under DG8020),
E the flux of entry into the multicompartmental system

of the multicompartmental system during At (from De-
cember-January, 3527 t a'). Only first-order final de-
creases are given in the system. This calculation delivers
Toverall = 1.8 @ as the annual mean value in the second year
upon entry. Various but similar definitions have been
used by modelling approaches for Toyeran [36]-

The accumulation of DDT in the total environment is
predicted to be concentrated in the soils and vegetation.
These compartments take up 1250 and 2150 t a™ respec-
tively, while the atmosphere and the ocean only take up
888 and 473 t a. A net uptake of 62% of the entered
amount, far from zero, reminds us that DDT in its second
year upon entry is of course still far from compartmental
equilibrium. Another substance’s fate simulated is the loss
to the deep sea: in the model, this loss is given by the
seasonal narrowing of the ocean surface mixed layer and
means a final removal from the mass exchanging com-
partments. This process was the fate for 16% of the sub-
stances (1234 ta™).

In the case of y-HCH environmental fate upon 1980
emissions (Fig. 3b), the atmosphere experienced the larg-
est turnover too: 47292 t a” of received substances corre-
sponds to an annual average burden of 413 t, which means
an annual mean atmospheric residence time (t,;) of 0.009 a
(ca. 3 days). This shorter lifetime compared to ca. 5 d of
DDT is reflecting the differences in hydroxyl reaction rate
coefficients: 1.0 * 10™"° cm™ molec™ s™ for DDT (estimat-
ed) and 1.9 * 10™"° cm™ molec™ s fory-HCH [37], and in
susceptibility to wet deposition, which is larger for the
more water soluble y-HCH. The effect of the latter differ-
ence is more significant: despite an assumed more rapid
chemical degradation, an even higher fraction of atmos-
pheric y-HCH was lost through the deposition processes
than in the case of DDT, with the chemical degradation
accounting for only = 2.9% of the y-HCH atmospheric
decrease (43863 ta™).

The mean residence times of y-HCH in the soil, vege-
tation and in the ocean surface mixed layer are 0.40 a,
0.065 a and 0.32 a respectively. For Toveran, we found
0.93 a - i.e. ca. half of the corresponding value for DDT.
The compartmental residence times correspond with
degradation rates of 2.9 * 10® s™' in soil and vegetation
(assumed to be equal), and with 3.7 * 10 s in the
ocean (at 273 K). A significant fraction (42%) of the
entered substance was depleted and it is predicted that
this occurs mainly in the soils (20%). The rest is added
to the environment and is almost evenly distributed
between air, soil, vegetation and ocean.

For y-HCH as well as for DDT, it was found that the
burdens are subject to a significant seasonality in all
compartments: in the global oceans surface mixed layer,
only 633 t y-HCH and 25 t of DDT were more stored at
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the end of the year compared to the beginning of the
year (numbers are marked with A, Fig. 3) despite an
annual mean uptake of 3933 t and 473 t respectively.
This is not surprising regarding the temporal application
pattern and the compartmental residence times. It indi-
cates that the seasonal amplitude must have been very

a)
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significant. The seasonalities of the soils and vegetation
burdens are less pronounced. The differences were
caused by the geographic distributions and seasonalities
of DDT emissions, depositions and temperatures in these
compartments.
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FIGURE 3 - Global environmental fate of (a.) DDT and (b.) y-HCH upon 1980 applications (scenarios DG8020 and LG8020):
mass exchange fluxes between compartments (arrows), and compartmental budgets in the form 'burden (A change)'. All values
are given in t or t 2" and are annual means except values of change (A), which are defined as December mean - January mean.

TABLE 3 - Compartmental distributions: annual mean burdens in the
second year upon entry. Cf. Table 2 for amounts entried into the environment.

Substance Scenario Total environment Air Soil Vegetation Ocean mixed Deep sea
® () (%) (%) layer (%) (%)
DG7020 54512 1.5 21.4 48.2 04 28.5
DDT DG8020 8744 2.8 24.9 57.6 0.6 14.1
DG9020 4582 3.7 19.7 58.3 0.7 17.7
LG8020 18611 2.2 46.8 10.2 8.9 31.9
(-HCH LN8020 13589 1.8 52.4 11.6 6.4 27.8
LN8060 13641 1.4 61.6 84 5.2 23.4
LT8020 5022 3.5 31.7 6.2 15.8 42.8
TABLE 4 - Compartmental residence times (d) and mean number of completed
atmospheric cycles * (numbers in brackets) in the second year upon entry.
. . . . . Ocean mixed
Substance Scenario Total environment Air Soil Vegetation layer
DG7020 547 4.4 (1.8) 146 188 9.5
DDT DG8020 662 5.2(2.1) 108 181 7.4
DG9020 538 5.4(2.6) 65 150 6.7
LG8020 341 3.2(24) 145 24 116
J-HCH LN8020 397 2.8(2.2) 168 30 120
LN8060 437 2.7(1.9) 169 33 119
LT8020 231 3.9(2.7) 91 11 112

* Derived as: atmospheric total deposition flux divided by total application flux

Most of the substances were stored in soils and vege-
tation, 69-82% of DDT and 38-70% of y-HCH under the
various scenarios (Table 3). Only for LT8020 the ocean is
more important reflecting the smaller land area fraction
south of 30°N. The soils are more prominent for y-HCH
and the vegetation is more prominent for DDT. The dif-
ference in vapour pressures (0.034 and 2.9 mPa at 25°C)
caused y-HCH to volatilise more rapidly from the vegeta-
tion surfaces than DDT, in such a way that the residence
time of DDT upon application and later on atmospheric
deposition into this compartment was longer. The large
fraction stored in soils is somewhat contra-intuitive, be-
cause the lipophilic tendencies of DDT and y-HCH (K, =
1.55 * 10° and 3.98 * 10°, respectively) would suggest
DDT to be more sticky to soils. However, it is not only
the lipophilicity which prevents volatilisation from soil
but also solubility in soil water. y-HCH is water soluble to a
significant extent while DDT is practically insoluble (s =
7.4 and 0.034 mg I'" at 25°C). The change in mode of
entry from vegetation to soil - from 80:20 to 40:60 - re-
duced the fraction of y-HCH stored in vegetation upon
applications in 1980 from 11.6 to 8.4% and enhanced the
fraction stored in soil from 52.4 to 61.6%. In total, 52 t y-
HCH or 0.4% more were in the system. The correspond-

ing change in total environmental residence time in-
creased by 10%; 1.2 instead of 1.1 a (Table 4).

The fractions distributed over atmosphere and ocean
were 2.8 and 14.7% in the case of DDT (DG8020), and
2.2 and 40.8% in the case of y-HCH (LG8020). These
numbers reflect again the large difference in water solu-
bility. In consequence, the atmospheric wet deposition for
y-HCH is more important, because the ocean receives
more and re-volatilisation from the ocean is suppressed
and vice versa for DDT. The higher partitioning of y-
HCH to the ocean is furthermore related to a slower deg-
radation in water.

A change in mode of entry of y-HCH, i.e. shift of ap-
plication split to vegetation and soils from 80:20 to 60:40,
affects the substance mobility as volatilisation from vege-
tation occurs more frequently than from (moist) soils: the
combined volatilisation from soils and vegetation reduced
by 14%; less substance is transferred into the atmosphere
(burden is 1.4 instead of 1.8%) and into the ocean (burden
is 28.6 instead of 34.2%, cf. also Fig. 4b). The mean
number of atmospheric cycles completed reduced from
2.2 to 1.9 (Table 4). The predicted overall effect is a by
10% increased environmental residence time. This result

934



© hy PSP Volume 12 - No 8. 2003 Fresenius Environmental Bulletin

is not influenced by the compartmental degradation rate
as we assumed; the degradation of the substance in soil
and vegetation obey the same time-law.

Persistence of y-HCH is strongly influenced by the
location of entry - northern mid latitudes (LN8020) vs.
tropics (LT8020): the warmer tropics push more of the
substance into the atmosphere (Table 3). Therefore, sub-
stance’s mobility is enhanced and persistence is sup-
pressed, because the atmosphere is this compartment with
the most rapid degradation. The residence times in the
ground compartments are reduced, because we assumed
enhanced degradation resulting from higher temperatures.
The effective residence time in air is, however, longer in
the tropics due to a larger number of completed atmos-
pheric cycles, 2.7 instead of 2.2 (Table 4). Obviously, the
higher tendency to volatilise in the warmer climate over-
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compensates for the more effective atmospheric sink
processes in the tropics (precipitation frequency).

The seasonal patterns of the atmospheric burdens
(Fig. 4a, c) reflect the superposition of the seasonalities of
the application (maximum around June, Fig. 2) and of the
air temperature, which drives volatilisation from the
ground surfaces and obviously caused a delay of about
one month. As a consequence of the short residence time,
degradation in the atmosphere (Fig. 5a, c) is in phase with
the burden. The same applies for the DDT burden in the
ocean mixed layer with the consequence, however, that
the time needed for atmospheric transport and deposition
and slower degradation to the application pattern is de-
layed by one more month (kair(o) = 52%107 s'l, kacean(o) =
5.9%107 s for average conditions, i.e. cog = 0.52 * 10° cm™
and Tocean = 15°C; Fig. 4b, 5b). Together with the absolute
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Seasonal variation of compartmental distributions: monthly mean values of the burdens in (a., c.) the atmosphere
and (b., d.) the ocean surface mixed layer of (a., b.) DDT and (c., d.) y-HCH under the various application scenarios.
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FIGURE 5 - Seasonal variation of compartmental losses: monthly mean values of the (a., ¢.) atmospheric and
(b., d.) oceanic degradation of (a., b.) DDT and (c., d.) y-HCH under the various application scenarios (kg sh.

amounts, the annual amplitudes of the atmospheric and
oceanic DDT burdens are also expected to shrink from
DG7020 to DG8020 and to DG9020 (Fig. 4a). This is be-
cause the sink terms do balance the smaller sources more
rapidly (emission upon application and deposition for the
atmosphere and the ocean). There is also a difference be-
tween the annual maximum in air of the emissions from
August, 1970, in comparison to the emissions from June,
1980-1990. This was caused by the change of the gravity
centre of the applications from northern mid-latitudes in
1970 (44°N, see Table 5) to the subtropics in 1980-1990
a)

937

(29°-27°N): the atmospheric degradation is more efficient
in the tropics than in the mid latitudes (24-h and annual
mean hydroxyl radical, OH, concentrations are 0.70 * 10°
and 0.46 * 10° cm” respectively).

The same is seen for the atmospheric y-HCH burden
upon emissions in the mid latitudes and in the tropics
(Fig. 4c): northern and tropical scenarios are out of phase
due to the difference (level and seasonal variations) in OH.
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FIGURE 6

Geographic distributions in the individual compartments for (a.) DDT (DG8020)
and (b.) y-HCH upon 1980 applications (LG8020). Annual mean values (ng m?).

supply. A second and smaller seasonal maximum in Sep-
tember under the LT8020 scenario indicates the impact of a
southern winter (mid latitudes) and of a precipitation min-
imum in the area of the most dense y-HCH application in
the tropics (i.e. India). The oceanic burden of y-HCH is
dominated by the superposition of atmospheric deposition,
volatilisation loss and loss to the deep sea: degradation

accounts for only a small fraction (Fig. 2b, 5d). The more
volatile y-HCH is lost significantly to the air in the warm
season. In the LT8020 scenario, the seasonal warming of
the tropical and southern hemispheric waters is in average
less pronounced and is out of phase with the application
pattern. This results in a steady uptake throughout the
year with a cease in the southern summer months (Fig.
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4d). In phase with the temperature variation, is the depth
variation of the surface mixed layer: the thinning of the
mixed layer occurs in spring (the depth goes down by half
in the northern hemisphere between February and July)
and is most pronounced in mid to high latitudes (maxima
at 50-70°).

Geographic distributions

The geographic distributions demonstrate the long-
range transport potential of the substances studied. The
distribution in soil resembles most closely the applications
(Fig. 1b, 1d). But also soils far from the areas of application
are affected such as North America including the Arctic
archipelago and Greenland, desert regions of North Africa,
Central Asia and Australia, and northern parts of South
America (in the case of DDT, which was not applied there;
Fig. 1b). As to DDT, the distribution in vegetation was
distorted in the direction of prevailing winds in some re-
gions: Southeast and East Asia are obviously largely im-
pacted by substance application in India, and applications
in Europe affect most parts of European Russia. The pat-
terns of the two substances' distribution in the oceans are
similar with high concentrations in oceanic downwind
regions of North America (western parts of the North At-
lantic), of East Asia (western and central areas of the North
Pacific), of southern parts of South America and Africa, as
well as in the seas adjacent to the Indian subcontinent and
Southeast Asia. As DDT was not applied in the USA and
Canada according to DG8020, the oceanic DDT concentra-
tion maximum in the western North Atlantic is remarkable.
A DDT plume stretching out from Central America into the
eastern Pacific, and a y-HCH plume in the Atlantic ocean
west of the western African coast can obviously be ex-
plained by transport in trade wind systems from upwind
source areas. The atmospheric distributions (Fig. 6) reveal
that the substances are globally distributed reaching also
the Arctic, but not the Antarctic. The total environmental
distribution of DDT is shown in Fig.7; the DDT and y-
HCH zonal distributions in Fig. 8.

Sequential distributions upon applications of DDT in
1970, 1980 and 1990 indicate that significantly less must
have been contributed to the total environmental burden
of DDT during the more recent years. This more recently
introduced substance is, however, despite the limited
region of application still globally distributed and con-
tributing, for example, to contamination of East Africa,
the Mediterranean and as far as northern parts of South
America, the eastern USA and even the Arctic (Fig. 7c¢).
As a general conclusion, it is expected that the DDT load,
which enters areas adjacent to application areas (e.g.
Scandinavia in 1980, Myanmar and Thailand in 1990), is
expected to be almost as high or even higher (Ethiopia
and Somalia in 1980) as in the source areas of the region
(central Europe, India and central Africa, respectively;
Figures 1 and 5).
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FIGURE 7

Geographic distribution of DDT in the total environment for
(a.) 1970, (b.) 1980 and (c.) 1990: annual mean values (ng m™),
application scenarios DG7020, DG8020 and DG9020 respectively.

Zonal distributions

We were in particular interested in migrations of the
distributions in north-south direction (Fig. 8, Table 5),
because the observations of xenobiotics in the Arctic and
Antarctic are the most striking evidence in terms of persis-
tence and long-range transport.

Of course, the burdens of the substances after some
time elapsed since entry are zonally wider distributed than
upon application. For the second year upon entry, we found
that the distances between the 5%ile and 95%ile of the
cumulative zonal distributions increased by 43% (from
34.1° to 48.7°) in the case of DDT (DG8020) and by 82%
(from 48.0° to 88.4°) in the case of y-HCH (Table 5). 5% of
the total environmental burden of this insecticide is ex-
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pected in latitudes north of 61°N while 5% were only ap-
plied north of 50°N. The transports made even the centre of
gravity to shift somewhat towards south (= 3°). This com-
parison reveals y-HCH to be the more mobile substance on
global scale. y-HCH applied > 30°N contributes signifi-
cantly to the burden of this substance as far south as
10°N and, in opposite direction, y-HCH applied south of
30°N is expected to reach even > 60°N (Fig. 8b). 3.4% of
y-HCH found in the Arctic (total environment, > 66°N)
originates from south of 30°N. The widening of the zonal
distribution was less pronounced for DDT upon the 1970
emissions (from 40.0° to 44.7°, i.e. by 12%) which were
centred significantly more north (40.9° under DG7020, but
26.9° under DG8020). The zonal distributions are very
different, not only in level but also in shape and number of
maxima (Fig. 8a). The northern tailing of the DG8020

zonal distribution is going beyond 60°N (Fig. 8a). The
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dispersion of the DDT plume originating from India
(DGY9020) is still quite significant in absolute numbers
(24.6°) as well as relative to actual application upon entry -
spread of the zonal distribution by 40%. The model though,
predicts DDT also to reach the Arctic. The annual mean
near-ground atmospheric concentrations of DDT in the
Arctic (> 66°N) are predicted to drop down from 7.3 pg m™
to 0.52 upon DG7020, and to 0.03 pg m™ upon DG8020
and DG9020. These values can be compared with those
observed in the Canadian Arctic in 1993-94 (0.14 to 0.16
pg m~, [10]) and in the European Arctic, Spitsbergen, in
1998 (0.11 to 1.6 pg m™, [11]). Much of the burden in
recent years have been caused to emissions before 1990 but
were not simulated. The seasonality predicted for DG9020
compares well with what has been observed in 1993-94
(May to Sept. and Oct. to April: 1.0-1.1 pg m™) and in 1998
(1.1 pg m™; predicted value: 1.3 pg m™).
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FIGURE 8 - Zonal distributions of the total environmental burden of
(a.) DDT (application scenarios DG7020, DG8020 and DG9020) and
(b.) y-HCH (LG8020): zonally averaged and annual mean values (ng m™).

TABLE 5
Characteristics of the latitudinal distributions of the total environmental burden of DDT (application scenarios

DG7020, DG8020 and DG9020) and y-HCH (L.G8020):

5, 50 and 95%iles (1at05, 1at50 and lat95, respectively)

of the cumulative zonal distribution of the geographical 2D projection, running from 90°S to 90°N during the
second year (annual mean) and at the time of entry into the environment (in brackets, cf. Fig. 1).

Substance Scenario lat05 lat50 lat95
DG7020 11.6°N (12.4°N) 43.5°N (40.9°N) 56.3°N (52.4°N)
DDT DG8020 4.6°N (13.9°N) 28.9°N (26.9°N) 53.3°N (48.0°N)
DG9020 12.8°N (14.8°N) 27.1°N (25.7°N) 37.4°N (33.0°N)
y-HCH LG8020 27.4°S (2.1°N) 27.7°N (31.0°N) 61.0°N (50.1°N)

Environmental fate of DDT changing historically |
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As a consequence of the historic change of the geo-
graphic application pattern of DDT, increasingly more of
this substance was stored in the atmosphere: from 1.5 to
2.8% in 1970, and to 3.7% in 1980 and 1990 (Table 3). The
fraction stored by the ocean was the highest (28.9%) upon
emissions in 1970 and lower upon emissions in 1980 and
1990 (14.7 and 18.4%, respectively). The cycling of DDT
molecules through the atmosphere increased from 1.8 to
2.1 and 2.6 as completed hops for the average molecule.
This tendency corresponds with an increase in atmospheric
residence time from 4.4 to 5.2 and 5.4 d. Consequently, the
residence times in the ground compartments decreased over
time: mean residence times for molecules emitted under the
1970, 1980 and 1990 scenarios were 0.40, 0.30 and 0.18 a
in the soil; 0.51, 0.50 and 0.41 a in the vegetation; and
0.026, 0.020 and 0.018 a in the ocean mixed surface layer.
The overall environmental residence time (disregarding the
storage in deep sea) changed in parallel from 1.5 to 1.8 a
and back to 1.5 a.

Such trends are the consequences of the globally pre-
vailing precipitation and large-scale circulation patterns,
but above all of the application in different regions and
during different time periods; the most significant change
of the geographical application pattern from 1970 to 1980
(Fig. 1a, b) is the cease of application in the USA (mostly
eastern parts) and in Europe. Most of what has been ap-
plied in the USA will be ending up in the Atlantic ocean.
In 1990, DDT was applied in India (according to DG9020,
Fig. 1c), which experiences precipitation only in the
southwestern part from June until September, while the
other parts of the country, during the rest of the application
period, will stay without precipitation. Precipitation limits
most effectively the atmospheric residence time and hence,
reduces the fraction of the substance stored in the air. The
same process may explain the reduced atmospheric fraction
of substances when stepping from 1970 to 1980 emissions:
application in relatively dry subtropic areas became more
prominent while application in humid temperate climate
became less prominent (Fig. 1, Table 5).

CONCLUSIONS

We studied the environmental fate of DDT and y-HCH
during the first two years upon entry into the environment
with the focus on the effect of various scenarios of pesti-
cide application. As the amounts entered were the same in
consecutive years of the model run and the time periods
spanned by the historic usage of the substances studied
(starting in the 1940s) were not considered, the scenarios
are significantly artificial and do not aim to simulate histor-
ic processes. Validation through comparison with observa-
tional data is not possible. We neglected ocean transports
which are expected to be significant for long-range
transport of persistent substances on a time scale of 5-10
years and beyond. The conclusions drawn from the results
are limited to the relative effects as being forced by the
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selected scenarios. As being influenced by the climate,
multicompartmental fate is also subjected to interannual
variability, an aspect also not covered by this study.

As a more general conclusion, we found that long-
range transport and compartmental distribution (hence,
total environmental persistence) are significantly sensitive
towards mode and location of entry. The influence of the
latter could only be appropriately addressed by using a
complex transport model. We did not explicitly study the
influence of time of entry. We expect however, sensitivity
to season and even to day-time of application due to sea-
sonal and diurnal variabilities of atmospheric loss pro-
cesses, availability of oxidants and precipitation in most
regions of the world.

In our simulations, y-HCH is predicted to be the more
mobile but less persistent substance. The difference lies in
a factor of two of the total environmental residence time
and is however not significant, considering the large un-
certainties in data describing the physico-chemical prop-
erties of substances. Mobility is obviously determined by
the substances' physico-chemical properties, but also by
the geographic application pattern: in the warmer tropics,
the mobility of substances is enhanced, whereas persis-
tence is suppressed. We assumed a faster degradation in
the ground compartments at higher temperatures. The
high sensitivity of the multicompartmental fate to the
temperature dependence emphasises the need to improve
the respective knowledge. We also found that the zonal
dispersion of DDT would be more efficient upon applica-
tion to the subtropics than upon earlier applications that
had been centred in the mid latitudes. The mobility of
substances and their persistence are also a matter of mode
of entry with application to vegetation. The latter favours
mobility and decreases persistence of substances rather
than soil does.

The so-called long-range transport of substances in
the environment is a notion of the changes that geo-
graphic distributions of substances undergo from the
time of entry under the influence of the geospheric
transport. Diffuse sources together with representing
areas of entry will be most common, but pointed emis-
sions may occur as well. The change of these distribu-
tions and plumes over time is complex and influenced
by location, season, daytime, weather and mode of en-
try. These features have also been addressed by using
more generic models, e.g. [38]. Furthermore, the persis-
tence of a substance is also determined by those fea-
tures. In order to characterise environmental exposure in
space and time as a contribution to risk assessment,
scenario-specific ranges of values of indicators for long-
range transport and persistence have to be allocated to
substances. Such indicators should be low-dimensional
(ideally numbers), but still be able to cover the complex-
ity of geo- and time-referenced systems.
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