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ABSTRACT.  This paper aims at examining the impacts of climate change on pesticide loss to surface water through a modeling 
study. An integrated modeling system which combined a distributed pesticide loss model with geographic information system (GIS), 
database, and climate change scenarios was proposed. It can predict pesticide loss through runoff under climatic change conditions. A 
case study was used to calibrate and verify the proposed system. The atrazine loss in 2050 and 2100 was predicted under different 
climate change scenarios. With the global warming, the annual streamflow would augment by 3 to 5% and the total atrazine losses 
would also gradually increase by 1.4 to 1.7%. The maximum concentrations of atrazine in river would be raised by 2.5 to 23%. It was 
also found that the wet season would always take the biggest share of pesticide-loss contribution to the river. A sensitive analysis 
disclosed that both of streamflow and pesticide concentration are more sensitive to temperature increase than decrease. This study is 
the first one to quantify the relationship between pesticide loss and climate change through a mathematic modeling system. The results 
can help people more effectively assess climate-change impacts, manage pesticide practices, and control water pollution. 
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1. Introduction 

Agriculture on the North American continent has 
changed rapidly and continuously since European coloniza- 
tion (Admas et al., 1999). All evidence suggests that agricul- 
ture will continue to change rapidly in the future. One of the 
forces to which future American agriculture will likely have to 
adapt is changing climate induced by the accumulation of 
greenhouse gases in the atmosphere (Reilly et al., 2003). Con- 
siderable efforts have been made to study the effects of 
climate change on agricultural systems (Adams, 1990; Adams 
et al., 1998; Patterson, 1999; GCRP, 2000; IPCC, 2001). How- 
ever, a number of issues remain unsolved. One issue mention- 
ed as an area in need of further study involves how changes in 
climate alter pesticide applications and in turn their effects on 
water quality (Chen and McCarl, 2001). Chained relations exit 
among climate change, agricultural productivity, pest popula- 
tion, pesticide usage, and pesticide loss. For example, climate 
change may result in the variance of agricultural productivity 
and may also lead to pest migration or population expansions. 
Consequently, pesticide usage (like application rate and fre- 
quency) will be adjusted to adapt to these changes, which 
eventually causes the fluctuations of pesticide loss to ambient 
water bodies. Furthermore, changed meteorological condi- 
tions will disturb pesticide movement processes in the envi- 
ronment, such as emission, volatilization, degradation, and 
leaching, which also affect pesticide loss. 

Although pesticides can greatly increase the quality and 
quantity of food to feed the growing world population, their 
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losses through surface runoff usually make a significant 
contribution to the water quality in a watershed with large 
agricultural fields. Such losses and their potential risks to the 
public health have got more attention recently (Chen et al., 
2003). This is because the chemicals applied as both herbi- 
cides and insecticides are long-lived, and can be transported 
by water. As water runoff moves over the land, pesticides re- 
sulting from agricultural activity are picked up and deposited 
into rivers, lakes, and other bodies of water. Pollutants dis- 
solved in the runoff are generally more biologically available 
in water bodies than sediment-based fractions and can be po- 
tentially more harmful (New York State Department of Envi- 
ronmental Conservation, 1990). It affects human health, qua- 
lity of life, economic smooth activities, and recreation, as well 
as the survival of fish and wildlife and ecosystems integral to 
natural resource preservation (Floyd et al., 1998). For exam- 
ple, Lowe et al. (1991) reported that, nationally, 5% of fish 
kills were caused by pesticides in USA. Effective manage- 
ment of them is needed to mitigate adverse environmental im- 
pacts associated with pesticide application. As a useful tool to 
support such management, mathematical modeling plays a 
key role by simulating the pesticide transport in the environ- 
ment and predicting the pesticide loss. There were numerous 
studies on modeling the fate and transport of pesticides in the 
environment (Floyd et al., 1998; Sauer, 1998; Li et al., 2003a, 
b; Li and Bidleman, 2003; Chen et al., 2001a, b, 2003, 2004). 
Some simulation models have been developed and employed 
to estimate pesticide pollution through surface runoff, such as 
GLEAMS (Leonard et al., 1987), AGNPS (Young et al., 1986), 
RZWQM (USDA, 1995), and PeLM (Chen et al., 2003, 2004). 
However, the previous studies only emphasized on current 
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conditions and no one was conducted to predict pesticide loss 
under climate changing conditions. The complexity of the cli- 
mate system itself and its relationship to agricultural activities 
make it difficult to project specific effects on pesticide pollu- 
tion through simulation models (Admas et al., 1999). 

A number of studies have been undertaken to analyze the 
impacts of climate change on agricultural productions and re- 
lated activities based on various global change models 
(Mendelsohn et al., 1994; Admas et al., 1998, 1999; GCRP, 
2000; McCarl et al., 2000). Among them, a few studies fo- 
cused on the influences of future weather on pest population 
and pesticide usage. For example, Mendelsohn et al. (1994) 
analyzed subsequent changes in pesticide costs under each 
climate scenario based on cross-section evidences. Patterson 
et al. (1999) proposed a deductive approach based on current 
experience with pest infestation, migration and viability thre- 
sholds. They concluded that climate change would shift pest 
populations since it would alter temperature, precipitation 
distribution, and wind patterns. Chen and McCarl (2001) 
employed a regression analysis method to study the interre- 
lationship between pesticide cost and weather, and examined 
changes in pesticide usage cost for crops, such as corn, cotton, 
potatoes, and soybeans. Reilly et al. (2003) conducted a latest 
study on the changes of pesticide expenditure under changing 
climatic conditions and they concluded that an increase of 
expenditure would exit in most states but vary with crops in 
U.S.A. However, no study was found in literature to discuss 
the impacts of climate change on pesticide loss. It was pointed 
out by many researchers that the potential environmental im- 
plications of changed pesticide use should be addressed in fu- 
ture studies (Admas et al., 1999; Reilly et al., 2003).  

The above reviews indicate that it is an untouched topic 
to study the relationship between climate change and pesticide 
loss. It also becomes an urgent task for researchers to help 
people more effectively evaluate impacts of climate change on 
the environment and plan adaptations to associated cones- 
quences. Thus, the objective of this study is targeted to predict 
the amount of pesticide washed off by surface runoff under 
changing climatic conditions based on combination of pesti- 
cide loss simulation with climate change scenarios. The rela- 
tionships between pesticide loss and climate change (e.g. tem- 
perature and rainfall) will be quantified, which is not available 
in the current literatures. The objective entails as follows: (a) 
to develop a modeling system which will combine the pesti- 
cide losses model (PeLM) with climate change scenarios, (b) 
to analyze the impacts of variations of temperature and preci- 
pitation on pesticide loss through surface runoff, (c) to apply 
the proposed method to a real-world case for predicting the 
pesticide loss in the future (2050 and 2100) under different 
climate change scenarios, and (d) to examine the possibility of 
adaptation to climate changes through adjusting pesticide 
application rate. 

2. Relationship between Pesticide Loss and Climate 
Change 

The linkages between agriculture and climate are pro- 

nounced, often complex, and not always well understood 
(Admas et al., 1999). Correspondingly, the relationship be- 
tween pesticide loss and climate change becomes more di- 
fficult to quantify. The quantity and distribution of pesticide 
loss are dependent on pesticide usage to crop lands and pes- 
ticide movement in the environment. On the one hand, pesti- 
cide usage is tightly subjected to agricultural production, 
which is vulnerable to climate change and involves crop land 
area, crop types, pest population, tillage practices, and pesti- 
cide-application methods, on the other hand, pesticide move- 
ment processes, such as emission, wash-off, volatilization, de- 
gradation, adsorption, leaching, and runoff, are sensitive to 
the environmental conditions, especially meteorological con- 
ditions (i.e. temperature, precipitation, pressure). Therefore, 
the impacts of climate change on pesticide loss could be nor- 
mally classified into two categories: fluctuation of pesticide 
usage and disturbance on pesticide movement. 

 

2.1. Fluctuation of Pesticide Usage Caused by Climate 
Change 

Global climate has changed since pre-industrial times. 
Atmospheric CO2, a major greenhouse gas, has increased by 
nearly 30% and temperature has risen by 0.3 to 0.6 ºC. The 
intergovernmental panel on climate change (IPCC) predicts 
that with the current emission scenario, global mean tempera- 
ture would rise between 0.9 and 3.5 ºC by the year 2100 
(IPCC, 1996). Temperature increases can have both positive 
and negative effects on crop yields, with the difference de- 
pending in part on location and on the magnitude of the in- 
crease. Crop yields in the northern United States and Canada 
may increase, but yields in the already warm, low-latitude re- 
gions of the southern United States are likely to decline. Evi- 
dence also suggests positive crop yield effects for mild to mo- 
derate temperature increases such as 2ºC to 3ºC (3.6ºF to 
5.4ºF) (Admas et al., 1999). In one of the most comprehensive 
studies using three different climate change scenarios and 
three general circulation models, Rosenzweig and Parry (1994) 
modeled the impact on wheat, maize, rice and soybean. The 
crop models were run for changes in 2ºC and 4ºC, ±20% 
precipitation and for a doubling of CO2. Average crop yields 
at 2ºC warming increased by 10 ± 15% in wheat and soybeans, 
and by 8% in rice and maize. Some adaptations would be con- 
ducted with such increases of crop yield, such as changing 
planting and harvest dates, rotating crops, selecting crops and 
crop varieties for cultivation, consuming water for irrigation, 
using fertilizers and pesticides, and choosing tillage practices. 
Among them, pesticide usage would be adjusted, more possi- 
bly be increased based on the study of Chen and McCarl 
(2001). For example, their study shows that average per acre 
pesticide usage cost for corn, cotton, potatoes, soybeans and 
wheat are found to increase as precipitation increases. Simi- 
larly, average pesticide usage cost for corn, cotton, soybeans, 
and potatoes increase as temperature increases. Such increas- 
ing pesticide usage would lead to more losses to the environ- 
ment, especially to ambient water bodies through surface run- 
off. 
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Climate change also affects the trends of precipitation, 
which cause fluctuation of agricultural production and pesti- 
cide loss. For example, increases in precipitation level, timing, 
and variability may benefit semi-arid and other water-short 
areas by increasing soil moisture, but could aggravate pro- 
blems in regions with excess water. While, water content in 
soil is an important fact to influence a number of pesticide 
movement processes, which eventually affects pesticide loss. 
In addition, climate change could alter the frequency and 
magnitude of extreme events, such as floods, wind storms, 
and droughts (Admas et al., 1999). It could also change sea- 
sonal patterns in both favorable and unfavorable ways, de- 
pending on regional conditions. Increases in rainfall intensity 
pose a threat to agriculture and the environment because hea- 
vy rainfall is primarily responsible for soil erosion, leaching 
of agricultural chemicals (i.e. pesticides), and runoff that ca- 
rries livestock waste and nutrients into water bodies. However, 
such negative effects on agro–environmental systems have 
been largely ignored in climate change assessments. On the 
other hand, weeds, insects, and pathogen-mediated plant di- 
seases will be affected by global climate change. Alterations 
in the geographic distribution of these crop pests and their vi- 
gor in current ranges likely will occur. Existing research has 
investigated climatic determinants of the range of many pests, 
and a large body of literature addresses the effects of warmer 
drier climates on crops and some their pests (Patterson et al., 
1999). Correspondingly, the trends of pesticides application 
would be adjusted for adapting to such effects. Such adjust- 
ment (i.e. increase of pesticide usage) could cause impacts on 
pesticide loss to the environment eventually.  

In terms of weeds, worldwide losses of crop production 
from weed interference are estimated to be about 12% (Parker 
and Fryer, 1975). Extensive efforts are made to control weeds 
so that over half of the pesticides applied annually to cropland 
are herbicides for controlling weeds (Furtick and Weeds, 
1978). Temperature and precipitation patterns influence the 
distribution of weeds concurrently with the selection of crops. 
Weeds will benefit from the “CO2 fertilization effect” and 
from improvements in water use efficiency associated with 
the partial closure of stomata by increasing CO2 concentra- 
tions (Patterson et al., 1999). The range expansion of many 
weeds into higher latitudes may accelerate with global warm- 
ing (Patterson et al., 1993). For example, a 3 ºC warming of 
California areas would effectively shift the itchgrass (Rott- 
boellia cochinchinensis Lour.) zone of growth northward. In- 
creasing CO2 and climate change probably will require modi- 
fication of current weed control technology (Patterson et al., 
1995). Environmental factors such as temperature, precipita- 
tion, wind, soil moisture, and atmospheric humidity influence 
the application of herbicides and their effectiveness (Hatzios 
and Penner, 1982). For example, temperature and moisture 
availability affect both the uptake and metabolism of herbi- 
cides by crops and target weeds. The antitranspirant effects of 
higher CO2 levels could reduce plant uptake of soil-applied 
herbicides. In terms of insects, climate change will affect the 
distribution and degree of infestation of insect pests through 
both direct effects on the life cycles of insects and indirectly 

through climatic effects on hosts, predators, competitors, and 
insect pathogens. For example, there is some evidence that the 
risk of crop loss will increase due to poleward expansion of 
insect ranges (Southwood and Comins, 1976). Intense precipi- 
tation has been noted as a deterrent to the occurrence and 
success of oviposition by insects such as the European corn 
borer (Ostrinia nubilalis) (Davidson and Lyon, 1987). One 
principal concern is that global warming can increase their 
population size by undergoing and extra generation each year 
in warmer climates or expand their geographical distributions. 
It could also facilitate overwintering of insect populations and 
favour earlier poleward migrations in the spring (Patterson et 
al., 1999). Based on these predictions, more adaptations of 
insecticides application, such as improving efficiency and in- 
creasing quantity, would be conducted to control the negative 
effects. Correspondingly, more pesticide residues will be avai- 
lable for carrying out by surface runoff, sediment transport, or 
downward leaching processes. In terms of plant diseases, they 
may cause severe reduction in plant growth and further re- 
strict the limited range of crops/cultivars that are adapted to a 
changing climate (Chakraborty et al., 2000). Usually, the oc- 
currence of plant fungal and bacterial pests depends on tem- 
perature, rainfall, humidity, radiation, and dew. Climatic con- 
ditions affect the survival, growth and spread of pathogens as 
well as the resistance of their hosts to infection. For example, 
Meier (1985) found that mild winters have been associated 
with more rapid and stronger outbreaks of powdery mildew 
(Erysiphe grammis). Warmer, humid conditions lead to earlier 
and stronger outbreaks of late potato blight (Phytophthora 
infestans) (Parry et al., 1990). More new pesticides and 
effective practices would be desired, which cause potential 
risks to the environment. The challenges to protect agriculture 
from pests probably, as well as to prevent the environment 
pollution from pesticides loss, will increase. 

 

2.2. Disturbance on Pesticide Movement Caused by Cli- 
mate Change 

Pesticide movement in the environment involves a num- 
ber of dominant processes (Figure 1), which are the causes of 
pesticide loss. Meanwhile, such processes are subjected to the 
conditions of ambient environment including the changes of 
climate.  

Pesticide emission is the releasing process of pesticides 
into the air from agricultural fields. Following pesticide appli- 
cation to agricultural lands as spray or soil incorporation, the 
pesticide particles are emitted from plant canopy or soil sur- 
face to the atmosphere. The emission amount of pesticide us- 
ually depends on the vapor pressure and heat of vaporization 
of the chemicals, the partition coefficient between the atmos- 
phere and any other phase, and the air flow mass which will 
transport the airborne chemicals (Freed and Haque, 1973). 
Wash-off – Pesticides applied on leaves or crop residues are 
subject to interception by the plant material. These pesticides 
remain on the plant surface until they are removed by inter- 
cepted rainfall or volatilize (Willis et al., 1986). The wash-off 
of these pesticides will amend the pesticide load in the soil 
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and thus will alter the amount of pesticide available for move- 
ment by runoff and sediment. The wash-off amount of pesti- 
cides is especially affected by rainfall duration and intensity. 
Adsorption/desorption – Pesticide molecules in soils can be 
adsorbed/desorbed by soil particles. Adsorption refers to the 
adhesion or attraction of the ions or molecules to the soil 
particles’ surface. The degree of adsorption-desorption be- 
tween the soil and the pesticide influences the bioactivity, 
leachability, and degradability of these chemicals in a given 
environment, and affects their distribution through the soil 
profile (Wauchope and Myers, 1985). This process is affected 
by soil characteristics such as organic matter content, pH, soil 
particle size distribution, temperature, and moisture content. 
Volatilization – It refers to the diffusion of pesticides through 
the soil to the soil surface and the movement of a pesticide 
into and through the atmosphere (Azevedo, 1998). Volatili- 
zation of pesticides is dependent on the vapor pressure and 
heat of vaporization of the chemical, the partition coefficient 
between the atmosphere and any other phase, and the air flow 
mass which will transport the airborne chemical. Leaching – 
Pesticide leaching through soil is an environmental concern 
because of the possibility that they will reach the water table 
and contaminate the ground water. Two different pathways are 
normally dominant for pesticide leaching through the soil pro- 
file: with the water into the soil matrix, and through macro- 
pores (Hamaker, 1975). This process is affected by various 
factors, such as pesticide retaining time in the top soil, soil 
types and properties, preferential flow, tillage activities, water 
content. Surface runoff – Pesticides carried by surface runoff 

from agricultural areas constitute a significant portion of the 
pesticide pollutant loading rates to surface water bodies. A 
pesticide molecule during the transport can exist either in the 
dissolved phase or in a solid phase associated with a soil 
particle or colloid (Larson et al., 1997). Such transport de- 
pends on the form in which the compounds exist in the water, 
the hydrodynamics of the watershed system, and meteoro- 
logical conditions. Degradation – This process refers to the 
breakdown of pesticides by photochemical, chemical, and mi- 
crobial decomposition within the environment. Biological de- 
gradation, which is the result of microbial metabolism of pes- 
ticides, is often the main source of pesticide degradation in 
soils (Freed and Haque, 1973). Soil organic matter content, 
moisture, temperature, aeration, and pH all affect microbial 
degradation. Plant uptake – The experiments have proved that 
pesticides can enter the plant issues and are found in foods 
(Kaufman, 1983). Such process is called plant uptake, which 
is affected by many factors. The most important factors are 
the plant species, growth stage, and intended use. Soil cha- 
racteristics such as pH, temperature, clay fraction, moisture 
content, and particularly organic matter content also influence 
the uptake of pesticides by plants (Finlayson, 1973).  

The above discussion shows the pesticide loss (or trans- 
port) can be affected by the environmental conditions, such as 
soil moisture, pH, organic matter content, ambient tempera- 
ture, precipitation, vapor pressure. The variances of these fac- 
tors are all subjected to the change of meteorological condi- 
tions. Generally, climate change has significant impacts on 
pesticide movement processes, which will eventually influ- 

 

Precipitation

Volatilization

/emission

Pesticide

application

Infiltration

Transpiration

Interception and

evaporation

Evaporation

Leaching

Pesticide

application

Wash-

off

Emission

Advection/

diffusion

Runoff

Adsorption/

desorption

Root

uptake

 
Figure 1. Diagram illustrating processes of pesticide movement. 
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ence the quantity and distribution of pesticide loss. 

3. Climate Change Scenarios and Numerical 
Simulation 

3.1. Climate Change Scenarios 

Emissions scenarios provide an important input for the 
assessment of future climate change (IPCC, 2000). Future an- 
thropogenic GHG emissions depend on numerous driving 
forces, including population growth, economic development, 
energy supply and use, land-use patterns, and a host of other 
human activities. The simulation scenarios used in this study 
are based on the IPCC SRES (Special Report on Emission 
Scenarios) B2 scenario. The B2 scenario should represent a 
world in which the emphasis is on local solutions to economic, 
social and environmental sustainability. This scenario is based 
on the IPCC IS92a scenario, which specifies equivalent green- 
house gas (GHG) concentrations and sulphate aerosol load- 
ings from 1850 to 2100 (CCCma, 2004). Climate change si- 
mulations based on this scenario have been performed by a 
number of climate modeling groups who have contributed to 
the IPCC Third Assessment Report. The IPCC SRES provides 
40 different scenarios which are deemed "equally likely". For 
the Third Assessment Report, the IPCC facilitated the conver- 
sion of two of these emission scenarios (A2 and B2) into con- 
centration scenarios for use in climate simulations. The A2 
scenario envisions population growth to 15 billion by the year 
2100 and rather slow economic and technological develop- 
ment. It projects slightly lower GHG emissions than the IS92a 
scenario, but also slightly lower aersol loadings, such that the 
warming response differs little from that of the earlier 
scenario. The B2 scenario envisions slower population growth 
(10.4 billion by 2100) with a more rapidly evolving economy 
and more emphasis on environmental protection. It therefore 
produces lower emissions and less future warming (CCCma, 
2004). The B2 scenario produces a more modest warming 
compared to the "IS92a" and "A2" scenarios (Figure 2). This 
study selects it to examine the future pesticide pollution under 
the most conservative scenario or optimistic climate-change 
conditions. 

To examine the possibility of adaptation to climate 
changes through adjusting pesticide application rate, pesticide 
loss prediction under different scenarios were conducted. 
According to the study by Reilly et al., 2003), the increase of 
pesticide expenditure under changing climatic conditions is 10 
to 20% on maize, 5 to 15% on potatoes, 2 to 5% on cotton and 
soybean, and –15 to +15% on wheat in United States. Thus, 
10 and 20 % of increase for pesticide usage are assumed in 
2050 and 2100, respectively. Therefore, the three simulation 
scenarios were set based on the IPCC SRES B2 scenario 
(Table 1). Because of the long time horizons involved in cli- 
mate change assessments and uncertainties concerning the 
rate at which climate will change, it is difficult to quantify the 
interactions among climate conditions, soil properties, agri- 
cultural production, pesticide usage, and pesticide loss in the 
future. In current stage, this research employs two assump- 
tions to simplify the study system: (a) neglecting the changes 

of soil properties like soil moisture caused by climate changes, 
and (b) neglecting the changes of growing seasons and the 
movement of the limits of crops growth. In addition, another 
assumption should be set for considering no new or modified 
pesticides involved through the simulation periods. 
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Figure 2. Equivalent CO2 concentration (ppmv) under 
Scenarios IS92a, A2, and B2 (CCCma, 2004). 
 

Table 1. Simulation Scenarios 

Pesticide usage Scenario Climate change 

2050 2100 

I IPCC SRES B2 
scenario 

No change 
(using average 
usage of 
1990-2002) 

No change 
(using average 
usage of 
1990-2002) 

II IPCC SRES B2 
scenario 

5% increase 10% increase 

III IPCC SRES B2 
scenario 

10% increase 20% increase 

 

3.2. Modeling Formulation 

The pesticide loss model (PeLM) developed by Chen et 
al. (2003, 2004) was employed to predict the pesticide losses 
through runoff from agricultural lands. The model is an inte- 
gration of a mathematical model and a geographic informa- 
tion system (GIS). The model not only insures adequate predi- 
ction of hydrologic response and pesticide fate and transport, 
but also is modest in data requirements. It also incorporates 
GIS and relational database management system to facilitate 
the spatial data organization.  

The model is an integration of a mathematical simulation 
model and a GIS, which accounts for the transport of pesticide 
and its spatial distributive characteristics. The simulation mo- 
del consists of six modules: (a) hydrology module, to calcu- 
late the volume of runoff, (b) pesticide wash-off module, to 
simulate the pesticide wash-off from crop canopy and surface 
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residue, (c) pesticide adsorption/desorption module, to des- 
cribe the adsorption/desorption process in the mixing soil 
layer, (d) pesticide concentration available for runoff, to cal- 
culate the pesticide concentration available in the soil for 
runoff, (e) pesticide sediment module, to calculate the pesti- 
cide concentration in sediment leaving the field by runoff, and 
(f) pesticide routing module, to route the pesticide during run- 
off using a continuity equation. In the GIS integration model, 
the pesticide runoff model was combined with a database and 
a GIS. Based on the specific GIS software, some necessary 
parameters that were used in pesticide runoff model, such as 
slope, aspect and flow-direction, could be obtained through 
spatial analysis. To reflect the spatial distribution, the water- 
shed is conceptually divided into a number of grid cells. Each 
cell can be treated as a unit for pesticide behaviours with in- 
flows from and outflows to other grid cells. The spatial data 
from GIS and remote sensing (RS) studies, combined with re- 
lated pesticide properties and soil characteristics, are com- 
bined into the grid system and stored in the database for mo- 
deling the pesticide losses. The database can not only store the 
initial and final data, but format the raw data and transfer 
them between the GIS model and simulation model. The final 
results can be presented graphically in the GIS model. The de- 
tail formulations of PeLM can be found in Chen et al. (2003, 
2004). 

4. Study Area and Data Acquisition 

4.1. Overview of the Study Area 

The Auglaize-Blanchard Watershed (Latitude: 40.49º ~ 
41.28º, Longitude: -83.38º ~ -85.01º) is located in northern 
Ohio, USA (Figure 3). It contains two adjacent sub-basins. 
The western portion is the Auglaize River Sub-Basin and the 
eastern one is the Blanchard River Sub-Basin. The length of 
the Auglaize River is 163 km, with the river basin covering an 
area of 6,234 km2. The Blanchard River extends 146 km, with 
its basin covering 1,974 km2.  

 

 
Figure 2. The study area. 

 
The watershed comprises a flat lake plain in the center, 

and sloping till plains around the edges. The U.S. Department 
of Agriculture (USDA, 1993) reported the average slope of 
0.61 m/km for the Auglaize River and 0.17 m/km for the 
Blanchard River. Sand and gravel are present as discontinuous 
deposits in the river valleys as well as the western part of the 
basin. Annual precipitation between 1990 and 1998 in the 
Auglaize-Blanchard Watershed ranged from 853.4 mm 
(Paulding County) to 932.2 mm (Van Wert County). Rainfall 
peaks in May or June, while the lowest precipitation occurs in 
January or February. In this watershed, about 75% of the land 
is for agricultural uses while 10% for forest. The study area 
lies in the eastern U.S. Corn Belt (Hess, 1995). The major 
crops are corn, soybeans, wheat, oats, and alfalfa (hay). Other 
agricultural land uses include pasture and forage crops (USGS, 
2000).  

An index of watershed indicators (IWI) proposed by the 
USEPA (USEPA, 2002) was utilized to describe the health of 
the aquatic resources in this watershed. The Auglaize River 
Basin scored 5 which represents the level of “more serious 
water quality problems” -- “High Vulnerability” to stressors 
such as pollutant discharges. The Blanchard River Basin got a 
score of 3, which indicates “less serious water quality pro- 
blems” - “Low Vulnerability” to stressors. Nonpoint source 
pollutions including pesticide loss have been one of the most 
serious environmental problems in Ohio. Pesticide applica- 
tions to crop lands are among the highest nationwide. The five 
most heavily applied agricultural pesticides are metolachlor, 
atrazine, cyanazine, acetochlor, and alachlor. Among them, 
atrazine, which is the target of this study, has been found in 
every streams and its pollution problem acquired more atten- 
tion recently. 

 

4.2. Data Acquisition 

For the verification part, the precipitation and tempera- 
ture data are obtained from the dataset of NOAA (National 
Oceanic & Atmospheric Administration), NCDC (National 
Climatic Data Center) DAILY FSOD (USNOAA, 2003). Sta- 
tion 14825 at the Findlay Airport, Ohio was selected for this 
study. Its data cover the period between 1990 and 1998. Two 
concerned outlets located in the area have been selected: Fort 
Jennings that is the outlet at the center of the watershed, and 
Defiance that is the outlet of the entire watershed. Runoff 
simulation was conducted to provide basis for estimating 
atrazine loss. An accurate simulation of runoff volume would 
render reliability of atrazine-loss estimation. The stream flow 
data came from the National Water Information System of 
USGS. Two stations located in the study area were selected: 
USGS Station 04186500 at Fort Jennings, Ohio and USGS 
Station 04191500 at Defiance, Ohio. The monitoring dates 
ranged from 1990 to 2001. The information about the ob- 
served atrazine concentrations was acquired from the USGS 
Water Quality Sample Site at Fort Jennings. Eleven sets of the 
observed atrazine concentrations as obtained from monitoring 
programs during May 1997 and June 1998 were available for 
verifying the developed model. Gridded atrazine usage (1990 
to 1998) in the United States was estimated from the data 
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provided by the U.S. Geological Survey (USGS) Pesticide 
National Synthesis Project, while that in Canada was from 
Environment Canada (Li et al., 2003b). The raw data of soil 
properties, such as bulk density, organic-matter content, and 
soil hydrology group, were acquired from STATSGO - State 
Soil Geographic Data Base organized by USGS (USDA, 
1991). For the prediction part, the precipitation and tempera- 
ture data are obtained from the Data obtained through 
CGCM2 (Canadian Global Coupled Model v.2) developed by 
Canadian Centre for Climate Modelling and Analysis 
(CCCma). The CCCma is a division of the Climate Research 
Branch of the Meteorological Service of Canada of Environ- 
ment Canada. The data were extracted from the simulation re- 
sults using CCCma coupled global climate model (CCCma, 
2004). 

The digital elevation model (DEM) data of the study area 
were obtained from the DEM STATUS GRAPHICS Dataset 
of USGS. The 7.5-minute DEM dataset casts on the UTM 
projection system referenced to the North American Datum of 
1927 (NAD 27) (USGS, 2004). The dataset is stored as pro- 
files with a 30-meter square grid spacing along and between 
each profile. The DEM datasets were used to generate basic 
hydrological inputs for the pesticide loss model. Several para- 
meters, such as flow accumulation, aspect, and slope, were 
derived by using ArcView 3.2 GIS®. In this study, a 10 km  
10 km (or 1/12˚  1/8˚ latitude-longitude) grid system was 
created for the distributed modeling system. For each grid cell, 
the following parameters were acquired: latitude and longi- 
tude coordinates for each grid centroid, predominant soil type, 
soil bulk density, organic matter, land-use type, SCS curve 
number, total atrazine-application amount, atrazine-applica- 
tion efficiency, the first atrazine-application date (and percent- 
tage of application amount), and the second atrazine-applica- 
tion date (if any, as well as percentage of application amount). 

 
4.3. Model Verification 

In the Great Lakes Basins, atrazine is usually applied in 
May by spray and soil incorporation. A period between May 
1996 (right after pesticide application) and April 1997 was 
selected for simulating the fate of atrazine in the Auglaize- 
Blanchard Watershed through the pesticide runoff model. 
Atrazine concentration (µg/L) in the river was used for ana- 
lyzing the pollution conditions. The mass flux of atrazine 
could then be estimated based on the predicted concentrations 
and the total water discharge. The modeling results of runoff 
and atrazine concentration under different time scales were 
obtained and then compared with the observed data whenever 
they are available. The details are reported in the “Appendix: 
Supporting Information”. 

5. Results and Discussion 

5.1. Pesticide Loss Prediction 

Using the proposed model, the pesticide losses through 
surface runoff from the study watershed were predicted under 
three scenarios. Figures 4a and 4b show that the plots of daily 
precipitation and maximum temperature for three time periods, 

1996 to 1997, 2049 to 2050, and 2099 to 2100. The history 
data were obtained from the weather station at the Findlay 
Airport, Ohio. The future daily meteorological data were 
extracted from CGCM2 developed by CCCma under IPCC 
SRES B2 scenario. In terms of precipitation, the annual value 
would increase by 14% in 2050 and 9% in 2100. Based on the 
30-year historical data in the study area, May and June have 
the highest monthly precipitation. Such wet seasons for the 
three time periods would be still stick to the same period 
(May to June), where approximately 21 to 25% of total preci- 
pitation occurs. However, the rainfall would be scattered 
lightly. For example, there would be highest rainfall in fall in- 
stead of in spring during 2049 to 2050. It could be good for 
lowering pesticide-pollution risks during planting season for 
pesticide losses are much subjected to rainfall intensity. In 
terms of temperature, there is a trend of gently elevation in the 
future. The weather in the study area would become warmer 
by 0.2 to 2.65 ºC within 100 years. The hot days with over 
30ºC would be increasing from 36 to 48 in 2050 and 61 in 
2100. Meanwhile, the winter period would be shrinking. The 
freezing days with temperature below 0ºC during 1996 to 
1997 are 54, while, the numbers for 50 and 100 years later 
would be 37 and 17, respectively. A shorter winter indicates 
more snowmelt leading to larger surface runoff, which could 
remove more pesticide residues from crop lands, on the other 
hand, more snowmelt causing larger flow volume, which 
could dilute pesticide concentrations in the river water.  

Figure 4c shows that the plot of daily streamflow at the 
Defiance outlet for three time periods, 1996 to 1997, 2049 to 
2050, and 2099 to 2100. The annual average streamflow 
would increase by 3 to 5% within 100 years for the elevation 
of precipitation. The river channel would carry out more 
water in 2050 than that in 2100. In comparison, peaks of 
streamflow always follow after peaks of precipitation with a 
time lag, which results from the process of surface runoff 
transport. For example, the highest rainfall (3.76 cm) during 
the year would be found on June 11, 2100, and a week later, 
the highest streamflow (374 m3/s) would occur at the De- 
fiance outlet. Considering the washing off function of rainfall 
to the pesticide residues, it will take highest risk of river po- 
llution to apply pesticides during high-rainfall season. During 
the wet season (May to June), intensive rainfall leads to a high 
level of streamflow for all the three time periods. During the 
dry (or winter) season, the melt snow caused by warmer wea- 
ther keeps the channel being charged with a relatively high 
water flow, especially in the winter of 2100. 

Figure 4d shows that the trend of daily atrazine concen- 
tration in the river water at the Defiance outlet for three time 
periods. The results for 2050 and 2100 were generated 
through the proposed model under Scenario III. The concen- 
trations decreased significantly with time due to the natural 
attenuation. The maximum concentration would gradually in- 
crease from 1.11 μg/L on May 14, 1996 to 1.81 μg/L on May 
19, 2050 and 2.03 μg/L on May 12, 2100. They are all lower 
than the maximum allowable contaminant level of 3.0 μg/L as 
regulated in the water quality criteria (3745-1-34) under the 
“Safe Drinking Water Act” of Ohio (Ohio Environmental Pro-
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Figure 3. Comparison of daily (a) precipitation, (b) maximum temperature, (c) streamflow, and (d) atrazine  
concentration at the Defiance outlet.
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tection Agency, 2002). However, the assumption that the cri- 
teria will not be changed within 100 years seems not reason- 
able with the inevitable elevation of requirements for environ- 
mental quality. Furthermore, the climate change scenario, 
IPCC SRES B2, is the most conservative one among the 40 
scenarios provided by IPCC. The atrazine pollution under the 
three scenarios would be the best situation if compared with 
the prediction results conducted under other IPCC scenarios.  

As discussed above, the pesticide losses are subjected to a 
number of factors, such as meteorological conditions, soil 
properties, pesticides characteristics/application methods. The 
impacts caused by climate change on pesticide loss would 
depend on two ways: fluctuation of usage amount and distur- 
bance on movement process. Pesticide usage varies by crop, 
region, and year. Changes in local conditions and climate, as 
manifest in changes in pest population and incidence, alter the 
total cost of pesticide usage, the mixture of compounds em- 
ployed and the application rates for any given crop. Further- 
more, the pattern of precipitation and temperature will also af- 
fect the pesticide movement processes through changing run- 
off volume, river flow speed, degradation rate, etc. Thus, pes- 
ticide loss would be different based on variations of scenarios. 
The possibility of adaptation to climate changes through ad- 
justing pesticide application rate was examined through the 

case study. Figure 5 shows that the trend of daily atrazine con- 
centration in the river water at the Defiance outlet under three 
scenarios in the future. During May 2049 to April 2050, the 
atrazine losses would increase with the elevation of pesticide 
usage (Figure 5a). For example, the 5% and 10% augment of 
atrazine usage in 2050 would raise the maximum concen- 
trations by 2.5% and 7.4%, respectively. Similarly, the atra- 
zine losses would be also increased with more atrazine ap- 
plied during May 2099 to April 2100. The maximum concen- 
trations would be elevated by 13% and 23% with 10% and 
20% augment of atrazine usage during such period, respect- 
tively.  

To examine the total losses of atrazine from crop lands, 
the mass fluxes of atrazine were estimated based on the pre- 
dicted concentrations and the total water discharge. The mon- 
thly values under different scenarios were shown in Figure 6. 
The results indicated that over 8%, 9.4%, and 9.7% of total 
applied atrazine would be removed through surface runoff 
from crop lands under the Scenario I, II, and III, respectively. 
The wet season (May to June) would always take the biggest 
share of pesticide-loss contribution to the river. For example, 
approximately 60% of the total atrazine losses would occur 
during such season under the Scenario II in the period of May 
2049 to April 2050. Similarly, such season would be also 
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Figure 4. Daily atrazine concentration at the Defiance outlet (a) during 2049 to 2050 and (b) 2099 to 2100 
under three scenarios. 
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responsible for approximately 58% of the total atrazine losses 
under the Scenario II in the period of May 2099 to April 2100. 
Therefore, the regions, like Great Lakes Basins, where atra- 
zine is usually applied in May by spray and soil incorporation, 
would face to a more and more serious atrazine pollution pro- 
blems if no adaptations were conducted in the future. The 
employment of appropriate approaches, such as reducing ap- 
plication rate, using post-emergency application, and impro- 
ving tillage methods, in the study areas would help control 
atrazine loss and mitigate related pollution.  
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Figure 5. Modeling results for monthly atrazine mass flux at 
the Defiance outlet (a) during 2049 to 2050 and (b) 2099 to 
2100 under three scenarios. 
 

5.2. Sensitivity of Pesticide Loss to Variations of Tempera- 
ture and Precipitation 

To examine the impacts of climate change on pesticide 

loss, the sensitivity of model output to variances of model 
input parameters (see “Appendix: Supporting Information”) 
and climate conditions were conducted using proposed model. 
The fluctuations of streamflow and pesticide concentration 
were observed based the variations of two meteorological pa- 
rameters, temperature and precipitation. Figure 7a shows the 
sensitivity of streamflow variation of ± 1 ºC change on tem- 
perature and ± 1% change on precipitation. The results indi- 
cate that streamflow is more sensitive to temperature increase 
than decrease, with an average elevation of 6.4%. However, 
the maximum elevation reaches 309%, which occurs in Nove- 
mber. During the winter, one-degree temperature increase 
leads to approximately 15.4% elevation on streamflow in the 
study watershed. Meanwhile, temperature decrease would 
also affect the streamflow although its sensitivity to the de- 
crease is lower than the increase with an average decline of 
3%. These results disclose a key role of snow played in the 
hydrological cycle. For snowmelt is one of the major water 
resources for the local river flow, it would be significantly 
influenced by fluctuation of temperature, especially the in- 
crease. On the other hand, streamflow is also sensitive to pre- 
cipitation variations. The +1% increase and –1% decrease of 
precipitation would cause maximum 3.9% elevation and 3.8% 
decline of streamflow, respectively.  

Figure 7b shows the sensitivity of pesticide concentration 
variation of ±1 ºC change on temperature and ± 1% change on 
precipitation. The results indicate that pesticide concentration 
is more sensitive to temperature increase than decrease. The 
fluctuation of pesticide concentration is quiet large and ranges 
from -9 to 25% with one-degree temperature increase. Mean- 
while, such fluctuation is relatively small with a range of -0.2 
to 0.4% with one-degree temperature decrease. The maximum 
changes of pesticide concentration occur in winter, which 
indicated that snowmelt is also critical to pesticide pollution 
through changing the streamflow volume. On the other hand, 
pesticide concentration is also sensitive to precipitation varia- 
tions. On the other hand, streamflow is also sensitive to preci- 
pitation variations. For pesticide concentration in the river wa- 
ter depends on multiple factors, such as the amount of pesti- 
cide losses from crop lands, flow volume, degradation (related 
to half-life and time). The flow volume, one the most im- 
portant factors, would be directly influenced by the variations 
of precipitation, which could be indicated by Figure 7a. The 
augment of flow volume will dilute the pesticide concen- 
tration, so that the decline of pesticide concentration would 
occur with increase of precipitation. Actually, the results show 
that the 1% increase of precipitation would cause maximum 
0.02% elevation and 0.04% decline of concentration, the 1% 
decrease of precipitation would cause maximum 0.04% eleva- 
tion and 0.02% decline of concentration. 

6. Conclusion 

This study attempted to analyze and predict the impacts 
of climate change on pesticide pollution through a mathe- 
matical simulation model. An integrated modeling system 
which combined a distributed pesticide loss model with geo- 
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graphic information system (GIS), database, and climate 
change scenarios was developed. It can simulate the pesticide 
movement processes, such as wash-off, degradation, adsorp- 
tion, surface runoff, and sediment transport. A case study con- 
ducted in the Auglaize-Blanchard Watershed, northern Ohio, 
was used to validate the proposed system and the results indi- 
cated a satisfactory accuracy of simulation.  
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Figure 6. Sensitivity of (a) streamflow and (b) pesticide 
concentration variations of temperature and precipitation. 

 

The modeling system was then applied to predict the pes- 
ticide loss in the future (2050 and 2100) under different sce- 
narios. The results indicated that the elevation of precipitation 
and temperature would result in the gradually increase of 
streamflow and atrazine loss. Under the three scenarios, the 
atrazine concentrations in river water would increase along 
with augment of pesticide usage and approach to the standard. 
It was found that the wet season (May to June) would always 
take the biggest share of pesticide-loss contribution to the 
river, which implies that the risk of river pollution caused by 
applying pesticides during such a season would be highest. It 
also disclosed that both of streamflow and pesticide loss are 
more sensitive to temperature increase than decrease. Mean- 
while, they were also changed in various ranges with the fluc- 

tuation of precipitation trends. 

This study is among the first ones to quantitatively reveal 
the relationships between climate change and pesticide loss 
through a mathematic modeling system. The system could not 
only tell the impacts of elevation of temperature and precipi- 
tation on pesticide loss, but also predict the future situation of 
pesticide pollution under changing climatic conditions. The 
results could help people get insight of the effects of global 
warming on the environment and make more efficient deci- 
sions in pesticide practice and watershed management. In 
addition, the system could also support adaptation planning in 
mitigation of pesticide pollution under changing climatic 
change. 

However, some prediction errors exist inevitably owing 
to the uncertainties of the input data (i.e. meteorological data 
extracted from GCM). Increasing the certainty of the data sets 
through further investigation and high-resolution RCM em- 
ployment would help increase the prediction accuracy. In 
addition, considering the complexities of the study system, se- 
veral assumptions were employed, such as neglecting the 
variances of soil properties, growing seasons, and pesticide 
types along with climate change. These assumptions would 
weak the feasibility of the proposed system, which will be im- 
proved in the future study. 
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