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ABSTRACT. Using the past 45 years of climate data in south-western Ontario, Canada and a deterministic continuous simulation
model, this study investigates the long-term variability in rain-fed soil moisture in urban areas as influenced by climate change.
Statistical analyses of four variables, i.e., soil moisture, precipitation, temperature and evapotranspiration were carried out. As found
from other studies for other locations, these analyses confirm increasing temperatures and average growing season precipitation in
south-western Ontario. Results show that both overall soil moisture and evapotranspiration have increased throughout the 45-year
period. The probability/frequency distributions of soil moisture were obtained and the analysis shows an increasing average growing
season soil moisture availability from the 1960’s to the 1990’s. The direct influence of precipitation and temperature on soil moisture
and evapotranspiration were examined, revealing a stronger relationship of soil moisture and evapotranspiration with precipitation
rather than temperature. Overall increasing average growing season soil moistures have very likely resulted from overall increasing

rainfall during the growing seasons in south-western Ontario.
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1. Introduction

Studies have successfully shown that during the latter part
of the 20" century an increase in sulphate aerosol and green
house gas concentrations has resulted in not only increased
temperatures (Chen, 2007; Dang et al., 2007; Vinnikov and
Grody, 2003; Easterling et al., 2000; Whitfield and Cannon,
2000; Mavromatis and Jones, 1999) but also higher annual
precipitations (Groisman et al., 2005; Changnon and Westcott,
2002; Easterling et al., 1999; Kunkel et al., 1999; Angel and
Huff, 1997). Changes in temperature characteristics have been
identified as higher minimum temperatures more than higher
maximum temperatures (Hamlet et al., 2007; Wilby et al.,
2002; Easterling et al., 2000; Zhang et al., 2000) and also
higher average winter temperatures (Trenberth, 1999; Lewis,
1989). As the temperature increases, the moisture holding abi-
lity of the near-surface atmosphere also increases, resulting in
the possibility of higher magnitude rainfall events (Trenberth,
1999). For regions of Canada, it was established that annual
precipitation has increased during the latter part of the 20"
century (Wilby et al., 2002; Easterling et al., 2000; Stone et al.,
2000; Zhang et al., 2000). According to Trenberth (1999),
there is firm evidence that atmospheric moisture has increased.
Studies have shown that there are higher heavy (> 50.8 mm/
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day) rainfall events (Groisman et al., 2005; Kunkel et al.,
2003; Changnon and Westcott, 2002; Easterling et al., 2000;
Karl et al., 1995) and that there is a decline in moderate (12.7
~ 25.4 mm/day) and light (2.54 ~ 12.7 mm/day) precipitation
events and also an increase in the frequency of occurrence of
dry days (Trenberth, 1999; Karl et al., 1995; Smit, 1989). The
detailed characteristics of this increase in heavy rainfall ev-
ents depend on geographic locations. For example, in the UK,
heavy precipitation events have increased in winter and de-
creased in summer (Fowler and Kilsby, 2003; Osborn et al.,
2000; Mitchell and Warrilow, 1987). In contrast, increasing
trends of heavy precipitation in the US (except the West Coast)
and Southern and Eastern Canada for springs and summers
were observed (Stone et al., 2000; Kunkel et al., 1999; Grois-
man and Easterling, 1994; Lewis, 1989).

Nemec and Schaake (1982) predicted that the most pro-
minent effect of global warming is that snowmelt will increa-
se and sea levels will rise. The other concerns include decrea-
sing availability of plant water (Varanou et al., 2002; Mavro-
matis and Jones, 1999; Zweirs and Kharin, 1997; Smit, 1989),
increase in non-point source pollution (Chen et al., 2007; Tong
et al., 2007), and anomalies in vegetal patterns (Dang et al.,
2007, Manobavan et al., 2003; Lewis, 1989; Smit, 1989).
Knowledge of the impact of climate change on vegetation is
limited (Manobavan et al., 2003; Smit, 1989). In their study,
Dang et al. (2007) investigated the influence of global warm-
ing on seven vegetal land-use groups ranging from tropical fo-
rests to bare soils. They have shown that the most significant
influence was during 1950 to 2004. Porporato et al. (2004)
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examined the impact of rainfall amounts and frequency on
grasslands in arid regions. Their study showed that decreasing
total rainfall amounts and frequency have a great impact on leaf
carbon assimilation. Smit (1989) predicted that climate change
will affect forestry more than agriculture due to the longer grow-
ing cycle of trees allowing less adaptability. Other studies have
predicted that at the current increasing rate, grasslands will
replace the rainforests (Dang et al., 2007). It has been predict-
ed that in south-western Ontario and nearby US states, there is
a possibility of reduced yields of many crops due to the ex-
pected deficits of available soil moisture coupled with tempe-
rature increases (Smit, 1989). Mavromatis and Jones (1999)
used an atmosphere-ocean General Circulation Model (GCM)
to simulate future temperature and precipitation and predicted
decreasing yields in 2011 to 2099 due to decreasing soil moi-
stures and increasing evapotranspiration (ET), as winter tem-
peratures will continue to increase. It is therefore paramount
to study the response of soil moisture to global climate change,
especially in the agricultural sector.

As mentioned in various studies, long-term soil moisture
data is not readily available (Nishat et al., 2007; Guo and Dir-
meyer, 2006; Hirabayashi et al., 2005; Maurer et al., 2002;
Entin et al., 1999; Wang and Kumar, 1998). Only in recent years
a few soil moisture databases have been established. Soil moi-
sture data sets are now available for the Former Soviet Union
(FSU), Illinois, USA and China (Guo et al., 2006; Srinivasan
et al., 2000). Robock et al. (2000) have created a Global Soil
Moisture Data Bank (GSMDB) with soil moisture data from
over 600 stations across India, China, the US and Mongolia.
The GSMDB was identified as the most complete collection
of long term global soil moisture data by Guo and Dirmeyer
(2006). However, not all GSMDB stations have complete data
coverage for the time span of interest (Guo et al., 2006). Ano-
ther long-term soil moisture data set (1950 ~ 2000) is that of
Maurer et al. (2002). Mahmood and Hubbard (2003, 2004) de-
scribed the preparation of a data set (from 1982) for soils and
soil moisture from 150 ~ 200 sites. A long-term (since 1957)
data set from 35 stations across the Canadian Prairies is avai-
lable from Saskatchewan and Southern Manitoba (Wittrock
and Ripley, 1999). Unfortunately, these data sets are limited to
a few locations and significant differences exist between loca-
tions. Therefore, simulation models are still the best tool avai-
lable to examine soil moisture conditions for many locations
of interest. The dependency of soil moisture on climate condi-
tions has always been the center of many investigations and
even more so now with our changing climate.

2. The Climate and Soil Moisture

The availability of soil moisture depends on the climate
as precipitation is the principal source of soil moisture and
surface temperature, relative humidity, wind speed and solar
radiation etc. influence the loss of soil moisture via ET. In-
creasing temperatures will result in an increase in ET (Hamlet
et al., 2007; Smit, 1989; Nemec and Schaake, 1982). ET is
also closely related to precipitation (Mahmood and Hubbard,
2003; Liang et al., 1994) and soil moisture (Hamlet et al.,
2007; Srinivasan et al., 2000). China and North America have
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witnessed increasing magnitudes in relative humidity due to
climate change (Easterling et al., 1999). Changes in tempera-
tures have also resulted in changes in wind speeds (Zwiers
and Kharin, 1997; Lewis, 1989). Many have projected that in-
crease in precipitation is small compared to the increase in ET
due to increasing temperatures (Lewis, 1989). For example, in
the warmer parts of the world soil moisture availability has
decreased even with increasing precipitation (Easterling et al.,
2000; Zwiers and Kharin, 1997). In parts of Asia, Africa, and
North America, there has been a decrease in soil moisture due
to increasing temperatures (Easterling et al., 2000). Whereas
Sridhar et al. (2006) found from their six year study that an-
nual ET never exceeds annual precipitation. Interestingly, hi-
gher average winter temperatures have resulted in more preci-
pitation than snowfall (Lewis, 1989), allowing an increase in
Surface Runoff (Hamlet et al., 2007) and soil moisture (Tren-
berth, 1999). Surface Runoff (SR) has increased in various
parts of the world due to an increase in precipitation frequen-
cies (Hirabayashi et al., 2005; Angel and Huff, 1997). Other
studies have found an increase in summer growing season soil
moisture due to increasing summer rainfall (Hirabayashi et al.,
2005; Mahmood and Hubbard, 2004; Wittrock and Ripley,
1999).

The strong relation between climate characteristics and
long-term soil moisture has been demonstrated in many stu-
dies. Guo et al. (2006) showed a strong influence of radiation
on soil moisture. Research illustrated that soil moisture availa-
bility is temperature dominated (Zhang et al., 1999; Wang and
Kumar, 1998). Time series studies of precipitation and soil moi-
sture have demonstrated a strong relationship between the two
(Guo et al., 2006; Mahmood and Hubbard, 2003; Srinivasan
et al., 2000; Zhang et al., 1999; Mitchell and Warrilow, 1987).
Varanou et al. (2002) used GCM to simulate future climate cha-
racteristics and predicted, using the SWAT model, decreasing
soil moisture and SR due to decreasing summer precipitation
in Central Greece in the year 2050. Robock et al. (2000) ana-
lyzed soil moisture data of more than 15 years from over 600
stations located all over the world under grasslands and agri-
cultural land uses. They concluded that soil moisture availabi-
lity has increased as, contrary to popular belief, increasing pre-
cipitation compensates for increasing ET due to increasing
temperatures. In their study of 100 years of soil moisture from
various parts of the globe, Hirabayashi et al. (2005) support
Robock et al. (2000) in that soil moisture levels have gone up.

Many studies have shown that soil moisture in return is
an excellent predictor of surface temperature and precipitation
(Guo et al., 2006; Robock et al., 2000; Wang and Kumar, 1998).
Soil moisture is an important component in the climate system
(Douville and Chauvin, 2000; Mintz and Walker, 1993) as it
influences surface heat fluxes, surface temperatures (Guo and
Dirmeyer, 2006; Srinivasan et al., 2000; Robock et al., 1998;
Huang et al., 1996) and precipitation (Guo and Dirmeyer,
2006; Hirabayashi et al., 2003; Srinivasan et al., 2000). GCMs
widely used in predicting future temperature and precipitation
patterns require information of soil moisture for accurate si-
mulation (Guo and Dirmeyer, 2006; Hirabayashi et al., 2003;
Douville and Chauvin, 2000). The purpose of this study is to
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identify the temporal patterns of growing season soil moisture
in the urban areas of south-western Ontario, Canada, and to
investigate the influence of climate on long-term soil moisture
characteristics under urban land-use.

3. Materials and Methods

3.1. The Model

The water balance model developed by Nishat et al. (2007)
was used to simulate soil moisture in the root zone throughout
the growing season (May to October). The soil water balance
model, schematically represented by Equation (1), is one-di-
mensional, taking into account only the hydrological process-
es that operate in the vertical direction. The model represents
the soil domain as a single homogeneous layer. The model si-
mulates soil moisture at a point, and the output of the model
can be viewed as area/site-averaged values as the inputs are
all area/site-averaged values. The model was validated and its
performance was evaluated with observed field data (Nishat et
al., 2007):

an%: P(t)— SR(t)— ET(s) - L(5) Q)

where:

s = Volumetric Soil Moisture content in cm’/cm’;
Zr = Depth within the soil root zone in cm;

n = Porosity;

P = Precipitation in cm/day;

ET = Evapotranspiration in cm/day;

SR = Surface runoff in cm/day;

L = Deep Percolation in cm/day; and

t = Time index with an interval length of one day.

This continuous simulation model incorporates the well-
established models of each of the individual processes that
take part in the water-balance. SR is estimated using the US
National Resources Conservation Services (NRCS) curve num-
ber technique. This SR component was modified from that of
Nishat et al. (2007) to better represent urban land-use. Very
heavy precipitation events were given special attention. Very
heavy precipitation events will likely result in even the pervi-
ous areas to function as impervious. The soil may become fu-
Ily saturated allowing more SR to take place. As the NRCS
curve number technique models SR based on pre-existing soil
conditions, i.e., dry conditions, average conditions and wet con-
ditions, it was taken into consideration that high precipitation
days should fall into the wet condition criteria. It is assumed
that precipitation events greater than 2 inches (5 cm) fall into
the very heavy precipitation category. Potential Evapotranspi-
ration (PET) is estimated using Penman’s Method. Actual Eva-
potranspiration (AET) is then modelled from PET as a func-
tion of soil moisture and is further adjusted to represent vari-
ous plant growth stages. Plant growth stages are represented
by Leaf Area Index (LAI). Leakage is modelled as vertical per-

colation and as a function of soil moisture. The AET and lea-
kage calculation procedures included in this model emphasize
the soil moisture regime’s control over these two processes,
and is different from the way other deterministic models re-
present these two processes within the water balance. Equa-
tion (1) is solved numerically by using the backward finite di-
fference method. Detailed description of the continuous simu-
lation model is provided in Nishat et al. (2007).

3.2. The Study Area and Data

The study area is not an actual site but hypothetical urban
lands adjacent to the Toronto Pearson International Airport
(43°40"12" N, 76°36’' W), in Toronto, Ontario, Canada. An ur-
ban area is comprised of both pervious and impervious parts.
Pervious areas may be covered by natural vegetation or open
soils and impervious areas are covered by roads and buildings.
Two scenarios were examined in this study. For the first sce-
nario, it was assumed that a piece of land represented by the
point scale model is completely covered with grass. This sce-
nario is representative of large open spaces in urban areas. The
second scenario represents a composite land use with the exis-
tence of both grass cover (pervious) and impervious areas. The
second scenario is representative of average residential neigh-
bourhoods where impervious and pervious areas are intertwi-
ned. In this study, scenario 2 considers a specific case with
70% vegetation and 30% impervious area. The processes that
are directly influenced by this composite land-use are SR, ET,
and leakage. For SR a CN, that represents 70% vegetation and
30% impervious area is used to represent this composite land-
use. To model ET and leakage properly over composite areas,
the ET and leakage module of the point scale model were mo-
dified. PET was still determined using Penman’s method. PET
was then partitioned between Transpiration and Evaporation
using LAI. For scenario 2, LAI was reduced by 30% from that
of 100% grass cover. Similarly, leakage is first modeled the
same as in scenario 1 and then reduced by 30% as percolation
will not occur over the impervious portion.

It is noted the methodology used here simplifies the hy-
drological cycle over urban areas. However, the major influ-
ential factors are considered because the main focus is to un-
derstand better the long-term fluctuations of soil moisture. By
modeling the two scenarios, it is hoped that average conditions
in urban areas are well represented. The study period is from
1960 to 2004. Climate data including precipitation, tempera-
ture, solar radiation, relative humidity, and wind speed were co-
llected from the Ontario Climate Centre (station No. 6158733,
Toronto Pearson Airport). The original data are hourly values,
daily totals or averages were calculated from the hourly va-
lues. There were very few missing data, and the missing data
were replaced with data from an adjacent weather station (St.
No. 6158350). The growing season at this location was identi-
fied as from May to October. The climate here is humid conti-
nental with warm humid summers and fairly low diurnal tem-
peratures. Average annual precipitation is 83 cm. Summer is
the wettest season, with the bulk of rainfall falling during thun-
derstorms. Soil characteristics were available from Hoffman
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Figure 1. Model-simulated average growing season soil moisture for 1960-2004 (a) scenario 1 and (b) scenario 2.

and Richards (1953). Coarse textured sandy loam soils domi-
nate the top 30 ~ 40 cm, followed by medium textured loam
soils, with the last 30 ~ 40 cm of fine textured clay loam soils
followed by clay soils. Soil moisture is simulated for rooting
depths of 30cm, which is typical for grass lands. At this depth
the soil type is sandy loam. The input data used for the model
are summarized in Table 1.

Table 1. Soil, Plant and Climate Parameters Used as Input for
the Continuous Simulation of Growing Season Soil Moisture
under Urban Land-use

Parameters Input Values Parameters Input Values
A 5-17% n 0.434

K, 86.4 cm/day s 0.55

b 4.9 Sw 0.26

W 21.8 cm Sh 0.11

In Table 1, n represents porosity and A rainfall intercep-
tion. K is the saturated hydraulic conductivity required for cal-
culating leakage. Wy, and b are empirically determined parame-
ters required for obtaining soil moisture control criteria at no
water stress, s*, permanent wilting point, s, and hygroscopic
point, s,. The values of s*, s, and s, were calculated with the
soil water potentials of y,» = =30 kPa, y,,, = —1500 kPa,
and yg g, = —10°kPa respectively. From the curve number ta-
bles of Chow et al. (1988) and Viessman and Lewis (2003),
CN, was taken as 61 for scenario 1 and 72 for scenario 2. For
scenario 2, this is the average of the CN, values for residential
areas of '/, /5 and % acres. The CN, = 72 was computed
assuming that the runoff from the house and driveway is
directed to- wards the street with a minimum of roof water
directed to the lawn (Chow etal., 1988).

This is often seen in practice although the current Ontario
stormwater management policy encourages directing house
and driveway runoff to lawns. Values of LAI needed to
represent plant growth stages were varied between 0.2 to 0.9
m’/m” throughout the growing season. The sources of these
input data values and other data necessary to run the model
that could not be shown here due to space limitations can be
found in Nishat et al. (2007).
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4, Results and Discussions

Driven by the required climate data input, the model was
run for each individual growing season from 1960 to 2004 for
the two scenarios. Daily SR, ET, leakage and soil moisture etc.
were calculated for each year. In order to represent long-term
soil moisture characteristics in a concise way, various statisti-
cal calculations were performed using the simulated time seri-
es. For example, taking the average of May 1% 1960, May 1*
1961, May 1* 1962, etc. will determine the typical May 1* cha-
racteristics for the 45 year time series.

4.1. Soil Moisture

From the simulated daily soil moisture for each growing
season (1960 ~ 2004), the average soil moisture for each indi-
vidual year was obtained. The graphical representation of the
45 year average growing season soil moisture time series as
simulated by the continuous simulation model is presented in
Figure 1.

Simulation results from scenario 1 are most representative
of large open spaces (e.g. parks, baseball fields etc.) where soil
moisture is not affected by nearby roads and buildings. Wher-
eas those from scenario 2 are most representative of average
neighbourhoods or commercial districts where soil moisture is
affected by both the soils at the point and nearby impervious
areas. The two sets of results can give us an idea of soil mois-
ture behaviours in urban areas. Simulation of the two scenarios
is necessary, given the point nature (i.e., only the vertical com-
ponents of the water balance are considered) of the model. Inter-
annual growing season soil moisture variability is evident from
Figure 1. A linear regression line was fitted to the simulated
time series. It is evident from this trend line that there has been
a slight increase in overall growing season soil moisture for
both scenarios, since 1960, despite the fluctuations from one
year to the next. The Standard Deviations (SD) and the Co-
efficients of Variation (COV) of the daily soil moisture values
for each growing season were calculated. The results are pre-
sented in Figure 2.

From Figure 2(a) and 2(b), we see that there has been a
slight increase in the SD values from 1960 to 2004, which
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Figure 3. The coefficients of variation of the simulated growing season soil moisture from 1960 to 2004 (a) scenario 1

and (b) scenario 2.

means that the day to day variation of soil moisture has stea-
dily increased from the 1960’s to 2004. The COV of the soil
moisture time series were calculated for each individual grow-
ing season as well. These results are presented in Figure 3.

Figures 3(a) and 3(b) shows that the inter-annual COV
vary widely (0.2 ~ 0.6) from one another and the linear re-
gression line indicates that there is no significant increase or
decrease from 1960 to 2004. The fact the COV neither increases
nor decreases is a result of slightly increased average growing
season soil moisture accompanied by increased standard de-
viation of daily soil moistures in each growing season. To better
detectany possible changes in soil moisture, the simulated soil
moisture time series was divided into to equal parts, 1960 ~
1981 and 1982 ~ 2003 each consisting of 22 years. Given our
interest in the degree of fluctuation of soil moisture due to
climate change, the probability/frequency distributions (pdf) of
soil moisture during the two 22 year periods were obtained.
The pdfs are presented in Figures 4(a) and 4(b).

The pdfs clearly indicate that there has been a shift to the
right, indicating the more likelihood of occurrence of higher
soil moistures. The 1960 ~ 1981 pdf is unimodal, indicating

the dominance of soil moisture at 0.2 cm’/cm’. Whereas, the
1982 ~ 2003 pdf is bimodal, indicating the dominant peak at
0.2 cm’/cm’ and a second less dominant peak at 0.3 cm’/cm’.
It is evident from Figure 4 that 0.2 cm’/cm’ is still the most
common amount of soil moisture likely to exist throughout
the growing season (May to October). However, in recent years
there is an increased probability that soil moistures may attain
a higher value of 0.3 cm’/cm’. There is a significant difference
noticeable between Figures 4(a) and 4(b). When 30% imper-
viousness is taken into consideration, i.e., Scenario 2, the pos-
sibility of the existence of higher soil moistures is less than
that of complete grass cover, i.e., Scenario 1. This is because
more water is lost through SR in scenario 2.

Soil moisture characteristics per decade in response to glo-
bal warming were investigated by splitting the entire 45 year
time-series into individual decades. The four decades of the
60’s, 70’s, 80’s and 90’s were separated and analyzed. The
probability/frequency distributions of the four decades of soil
moisture values were obtained and are presented in Figures
5(a) and 5(b).

The comparison clearly shows that there has been a shift
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Figure 5. The probability density functions of the growing season soil moisture for the time periods of 1960-1969,
1970-1979, 1980-1989 and 1990-1999 (a) scenario 1 and (b) scenario 2.

to the right, again indicating the more likelihood of occurrence
ofhigher soil moistures. The 1960 ~ 1969 pdffor both scenarios
is unimodal, indicating the dominance of soil moisture at 0.2
em’/em’. The most significant difference between decades is
that between the 60’s and the 70’s. The 1970 ~ 1979 pdf for
scenario 1 is clearly bimodal, indicating the dominant peak at
0.2 cm’/cm’ and a second less dominant peak at 0.3 cm’/cm’.
For scenario 2, the 1970 ~ 1979 pdf is similar to that of sce-
nario 1 only that the higher soil moisture peak is less defined.
The bimodal trend continues in the following decade of 1980
~ 1989, having again two peaks at 0.2 and 0.3 cm’/cm’. The
overall distribution of 1970 ~ 1979 and 1980 ~ 1989 pdfs are
similar to each other however, the dominant peak in the 1980’s
pdf attains a smaller value than that in the 1970’s and in the
third decade for scenario 1, the falling limb is less steeper than
that from the previous decade, indicating the higher probabili-
ty of attaining higher moisture levels. The 1990 ~ 1999 pdf
for both scenarios is also unimodal, again indicating the domi-
nance of soil moisture at 0.2 cm’/cm’. However, the falling limb
ends near the 0.35 cm®/cm’ mark. The pdfs also show that the
probability of soil moisture amounts near 0.4 cm’/cm’ no
longer exists in the 1990s. Figure 5 confirms that 0.2 cm’/cm’
is the most common amount of soil moisture likely to exist
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throughout the growing season and the increasing trend of soil
moisture shown in the 1970s and 1980s does not seem to con-
tinue into the 1990s.

4.2. Precipitation

The precipitation characteristics of each individual grow-
ing season (1960 ~2004) were analyzed. The total growing sea-
son precipitation as well as the average daily growing season
precipitation were calculated. The results are shown in Figures
6(a) and 6(b). Figure 6 clearly shows the year to year fluctua-
tions in growing season precipitation. As can be seen from Fi-
gure 6, linear regression analysis was carried out and it shows
that there has been a steady increase in growing season preci-
pitation from 1960 to 2004. Similar to the soil moisture analy-
sis, the precipitation time series was divided into the two sets
of 1960 ~ 1981 and 1982 ~ 2003. The means, the SD, and the
COV of the two sets were calculated and are shown in Table
2.

There has been a 4.6% increase in average growing sea-
son precipitation in the 22 year period of 1982 ~ 2003 from
that of 1960 ~ 1981. What is interesting from Table 2 is that,
even though precipitation amounts have increased, the varia-
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Figure 6. Growing season precipitation characteristics from 1960 to 2004 (a) Total Precipitation and (b) Average Daily

Precipitation.

tion of precipitation from the previous 22 year period to the
next has decreased. As with the soil moisture time series, the
precipitation time series was also split up into the four de-
cades of the 60’s, 70’s, 80’s and 90’s and analyzed. The means,
the SD, and the COV of the four decades were calculated and
are presented in Table 3.

Table 2. Some Statistical Characteristics of Precipitation
during 1960-1981 and 1982-2003

Period 1960-1981 1982-2003 Increase
Average 0.217 cm/day 0.227 cm/day  4.6%
Standard Deviation  0.140 0.126 -10%
cov 0.643 0.557 -13.4%

Table 3. Some Statistical Characteristics of Precipitation
(cm/day) during the 1960°s, 1970’s, 1980’s and 1990’s

Period 1960-1969  1970-1979  1980-1989  1990-1999
Average 0.198 0.223 0.246 0.218
Standard 0.189 0.197 0.225 0.174
Deviation

Ccov 0.958 0.884 0.916 0.799

From the decadal analysis of precipitation it was found that,
average growing season precipitation has increased 12.6% from
the 1960’s to the 1970’s, and 10.3% from the 1970’s to the
1980’s. There has been a 12.8% decrease in average growing
season precipitation from the 1980’s to the 1990’s. However,
since the 1960’s to the 1990’s the average growing season
precipitation has increased by 10%. There has been an increase
in overall average growing season precipitation. The SD and the
COV analyses show no obvious trend in daily growing season
precipitation variations.

4.3. Temperature

The temperature characteristics of each individual grow-
ing season (1960 ~ 2004) were examined. The average grow-

ing season temperatures were calculated and are presented in
Figure 7.
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Figure 7. Average growing season temperature characteristics
from 1960 to 2004.

Table 4. Some Statistical Characteristics of the 1960-1981
and 1982-2003 Temperature (°C)

Period 1960-1981  1982-2003 Increase
Average 19.63 20.03 2%
Standard Deviation 4.4 4.64 5.45%
Maximum 25.83 26.08 0.8%
Minimum 8.42 9.55 13.4%

The inter-annual growing season temperature fluctuations
are evident from Figure 7. Linear regression analysis was car-
ried out and the result is shown in Figure 7. As can be seen from
the figure, there is a definite long-term increase in Toronto tem-
peratures. The analysis determines that there has been a steady
1 °C increase in average growing season temperatures in the
Toronto area from 1960 to 2004. The trend line analysis con-
firms global warming in south-western Ontario. The tempera-
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Figure 8. Model-simulated average growing season ET from 1960 to 2004 (a) scenario 1 and (b) scenario 2.

ture time series was split into the two sets of 1960 ~ 1981 and
1982 ~ 2003 as well. The means, the SD, the maximums and
the minimums of the two sets were calculated and are present-
ed in Table 4.

There has been a 2% increase in average growing season
temperatures in the 22 year period of 1982 ~ 2003 from that
of 1960 ~ 1981. Unlike precipitation, the variation of tempe-
rature from the earlier 22 year period to the next has also in-
creased. An analysis of the maximum and minimum growing
season temperatures indicates that there has been only a 1%
increase in maximum growing season temperatures compared
to a 13% increase in minimum growing season temperatures.
As with the soil moisture and precipitation time series, the
temperature time series was also divided up into the four de-
cades of the 60’s, 70’s, 80’s and 90’s and analyzed. The means,
the SD, the maximums and the minimums of the four decades
were calculated and are presented in Table 5.

Table 5. Statistical Characteristics of Temperature (°C) during
the 1960’s, 70’s, 80’s and 90’s

Period 1960-69 1970-79  1980-89  1990-99
Average 19.85 19.65 19.64 20.05
Standard Deviation  4.39 4.56 4.88 4.59
Maximum 26.11 26.42 27.09 26.69
Minimum 8.075 7.513 8.943 9.655

From the decadal analysis of temperature it was found
that, average growing season temperature had actually decrea-
sed 1% from the 1960°s to the 1970’s. Average growing sea-
son temperatures remained at 19.65°C throughout the 1970’s
to the 1980’s. However, there has been a 2.1% increase in aver-
age growing season temperature from the 1980’s to the 1990’s.
The SD and the COV analyses indicate that daily growing sea-
son temperature variations have increased but only very sli-
ghtly. There has been a steady 1 ~ 2% increase in the average
maximum growing season temperature, with the exception of
the 1990’s. There has been a steady 19 ~ 20% increase in the
overall minimum growing season temperature, with the excep-
tion of the 1970s.
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4.4. Evapotranspiration

To investigate the effect of global warming on ET and its
relation with soil moisture, the ET characteristics of each indi-
vidual growing season (1960 ~ 2004) were analyzed. From the
simulated daily ET for each growing season the average ET
for that individual year was obtained. The resulting annual ET
time series of the Toronto area as simulated by the continuous
simulation model is shown in Figure 8. Linear regression ana-
lysis was carried out and it shows that even though there are
significant inter-annual growing season ET variations, there has
indeed been a steady increase from 1960 to 2004. The pattern
of ET appears to be similar for both scenarios, however, with
30% imperviousness, scenario 2 has higher ET values. The
SD of the simulated daily ET values was calculated for each
individual growing season. The results are presented in Figure
9.

From the SD analysis we see that there has been a slight
increase in the SD values from 1960 to 2004 which means that
the day to day variation of ET has very steadily increased from
the 1960°s to 2004. Again, the pattern of scenarios 1 and 2 ap-
pear to be similar, however, scenario 2 SD are higher than
those of scenario 1. The range of SD of ET for scenario 1 falls
within 0.1 ~ 0.25 cm/day while the range of SD of ET for sce-
nario 2 falls within 0.1 ~ 0.3 cm/day. The COV of the simula-
ted daily ET values have been calculated for each individual
growing season. The results are presented in Figure 10.

From the COV analysis we see that there has been a very
slight increase in the COV values from 1960 to 2004 which
means that the day to day variation of ET has very steadily in-
creased from the 1960’s to 2004. Again, the pattern of scena-
rios 1 and 2 appear to be similar, however, the range of COV
of ET for scenario 1 falls within 0.15 ~ 0.25 cm/day while the
range of COV of ET for scenario 2 falls within 0.17 ~ 0.28
cm/day.

4.5. Influence of Precipitation and Temperature on Soil
Moisture and ET

The main focus of this study is to investigate the long-
term characteristics of soil moisture and to investigate the in-
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fluence of climate change on soil moisture availability. The
daily averages were used to calculate monthly values for mon-
th to month comparison of daily precipitation, temperature,
soil moisture and ET. It was found that in May and June, ave-
raging over the entire 45 years (1960 ~ 2004) for both scena-
rios 1 and 2, there is an increasing trend (not shown here due
to space limitations) in all of the four parameters. Figure 11
shows the comparison for the month of July.

This comparison seems to reveal a direct relationship of
soil moisture and ET with precipitation and an inverse rela-
tionship with temperature. This is because overall July pre-
cipitation, soil moisture and ET are deceasing from 1960 to
2004, whereas overall July temperatures are increasing. A si-
milar relationship, i.e., decreasing soil moisture and ET with
decreasing precipitation and increasing temperatures, was
found for both scenarios for the month of August (not shown
here to save space). However, for the following month of Sep-
tember there is an increasing trend (not shown here) in all the
four parameters and for both scenarios, similar to May and
June. For the month of October (1960 ~ 2004) it was found
that overall daily soil moisture and ET have increased with in-
creasing precipitation but overall daily temperatures have de-
creased, as can be seen in Figure 12.

It is interesting to see that in contrast to the finding that
growing season temperatures have on average increased throu-
ghout the 45-year period, in the month of October there is a
general trend of decreasing temperatures. This may be an in-
dication that the temperatures for the colder months have de-
creased overall. However, as the autumn and winter months
are beyond the scope of this paper, no such trend can be veri-
fied. Figure 12 confirms the inverse relationship between tem-
perature and soil moisture.

An analysis was carried out to find out if there is any di-
rect link between the wettest and driest years with the hottest
and coldest years, and the years registering the most and least
soil moisture and ET. It was found that 1986 was the wettest
year recording a total of 66.73 cm of precipitation, and 1998
was the driest year recording a total of 20.5 cm of precipita-
tion during the growing season of May to October. However,
the highest average growing season soil moisture of 0.32 and
0.297 cm/day was found to exist in 1992 for scenarios 1 and 2
respectively. The hottest year was found to be 1998, recording
average growing season temperatures of 21.4°C, which also is
the year with the lowest average growing season soil moisture
and ET for both scenarios 1 and 2. Similarly, the year with the
highest average soil moisture, 1992, is the coolest growing
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Figure 11. Daily July characteristics of the 45-year period of (a) soil moisture of scenario 1, (b) soil moisture of
scenario 2, (c) total precipitation, (d) temperature, (¢) ET of scenario 1, and (f) ET of scenario 2.

season year having an average temperature of 17.8°C. A sum-
mary of this analysis has been tabulated in Table 6. This ana-
lysis concludes that lowest soil moistures were found in the
year with the highest temperatures and lowest precipitation.
Whereas, the highest soil moistures were available in the year
with the lowest temperatures and second highest precipitation.
As for ET, the highest year coincides with the highest average
growing season precipitation. The analysis found a strong re-
lationship between precipitation and ET as contained in the
results of the simplified continuous simulation model.

The results presented in Table 6 demonstrate that average
growing season temperatures have a direct influence on ave-
rage growing season soil moisture, more than precipitation;
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this is in contrast to the monthly comparisons presented in
Figures 11 and 12. Similar to Sridhar et al. (2006), it was found
that average growing season ET is less than average growing
season precipitation. A direct measure of the relationship be-
tween the two time series is the Correlation Coefficient, pyy,
calculated using Equation (2):

Z(X,——yx)(yj—yy)
1= , -l<p,, <1 2

0,0,

S| =

Py =

where:

1= Average of the time series;
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Figure 12. Daily October characteristics of the 45 year period (a) soil moisture of scenario 1, (b) soil moisture of scenario 2,
(c) total precipitation, (d) temperature, (¢) ET of scenario 1, and (f) ET of scenario 2.

Table 6. A Summary of the Wettest, Driest, Coolest, and Hottest Growing Season Characteristics of the 45 year Period

Year  Aspect Total Average Average Scenario 1 Average Scenario 2 Average Average
Precipitation Temperature Soil Moisture Soil Moisture Scenario 1 ET Scenario 2 ET
(cm) (°C) (cm/day) (cm/day) (cm/day) (cm/day)
1986  Wettest 66.73 18.98 0.313 0.241 0.246 0.263
1992 Coolest 55.03 17.83 0.320 0.297 0.242 0.292
1998 Driest 5, 54 2141 0.149 0.146 0.107 0.123
Hottest
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o= Standard Deviation of the time series;

X = Variable 1;

y = Variable 2; and

n = Total number of observations in the time series.

A correlation coefficient value closer to positive 1 indi-
cates a strong direct linear relationship, while a value closer to
negative 1 indicates a strong inverse linear relationship. The
values of correlation coefficients between different average
growing season characteristics were obtained and are present-
ed in Table 7. Table 7 shows that both soil moisture and ET
have a strong positive correlation with precipitation, whereas
both soil moisture and ET have a moderate negative correla-
tion with temperature. Therefore the correlation coefficient
analysis supports the earlier conclusion that the influence of
precipitation is stronger than that of temperature on soil moi-
sture and ET. Table 7 also shows that there is a strong linear
relationship between ET and soil moisture, which is expected.
A clearer understanding of the correlation analysis for scena-
rio 1 is shown in Figure 13. Similar analysis was carried out
for scenario 2 but is not shown here due to limitation of space.

Table 7. The Calculated Correlation Coefficients between
Precipitation, Temperature, Soil Moisture and

Evapotranspiration”
Correlation SM SM ET ET SM
Coefficient vs. P vs. T vs. P vs. T vs. ET
Scenario 1 0.904  -0.577 0.930 -0.512 0.832
Scenario 2 0.827  -0.547 0.903 -0.500 0.808

" SM: Soil Moisture; P: Precipitation; T: Temperature; ET:
Evapotranspiration

5. Conclusions

With rising temperatures, increasing evapotranspiration
will significantly impact vegetation, particularly in the agri-
cultural community. Little attention however, has been paid to
urban areas. Using 45-years of climate data and a vertical wa-
ter balance model, this study investigated the growing season
soil moisture characteristics of urban landuse with changing
climate conditions. This study focused on urban grass lands in
the largest urban area of Canada.

The climate data confirm both a gradual increase in long-
term average temperatures and precipitation in south-western

Ontario, Canada during the growing season of May to October.

Since the 1960’s, average growing season temperature and pre-
cipitation have increased by 2 and 4% respectively. The study
found that average growing season minimum temperatures
have increased more than the average growing season maxi-
mum temperatures. This agrees with the findings of Wilby et
al. (2002), Easterling et al. (2000, 1999), and Zhang et al.
(2000). The monthly analyses showed an overall increase in
May to September temperatures but an overall decrease in Oc-
tober temperatures. The monthly precipitation analyses also
showed non-uniformity, with increasing precipitation in May,
June, September and October and overall decreasing precipi-
tation in July and August. An analysis of the model-simulated
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soil moisture values indicates that there has been a slight in-
crease in soil moisture from 1960 to 2004, despite fluctuations
from year to year. The model-simulated ET characteristics
also exhibit similar patterns (i.e., even though there are signi-
ficant inter-annual growing season ET variations, there has
been an overall increase from 1960 to 2004).

The probability/frequency distributions give insight into
the long-term soil moisture characteristics. All the pdfs gener-
ated showed the most likelihood of occurrence of volumetric
soil moisture values near 0.2 cm’/cm’, the overall range being
0.15 ~ 0.35 cm’/cnr’. The pdf comparison between the 1960 ~
1981 and 1982 ~ 2003 periods, each consisting of 22 years,
clearly indicates that there has been a shift to the right, mea-
ning the more likelihood of occurrence of higher soil mois-
tures. The 1960 ~ 1981 period pdf is unimodal, whereas, the
1982 ~ 2003 period pdf is bimodal, showing a second peak at
a higher soil moisture (0.3 cm’/em’) value. The simulated soil
moisture for the four decades of the 60’s, 70’s, 80’s and 90°s
were separated, their pdfs were derived and compared. The
comparison again shows that there has been a shift to the right.
The most significant difference between decades is that be-
tween the 60’s and the 70’s. The 1960 ~ 1969 period pdf is
unimodal, whereas the 1970 ~ 1979 period pdf is clearly bi-
modal, with a second peak at a higher soil moisture value. The
bimodal trend continues in the following decade of the 80’s,
and shows the probability of even higher soil moisture levels;
between 0.35 and 0.4 cm’/cm’. The 1990 ~ 1999 period pdf is,
however, unimodal and shifts to the left from the 80’s pdf. 0.2
cm’/em’ is the most common amount of soil moisture likely to
exist throughout the growing season (May to October).

It was shown in this study that precipitation has a strong-
er control over soil moisture and ET in south-western Ontario,
Canada. The monthly analyses showed that even in months
(May, June, and September) where temperatures are increa-
sing, both soil moisture and ET have also increased due to an
overall precipitation increase. In contrast, there are months
(July, August and October) where the inverse relationship is
exhibited. The inverse relationship has also been supported by
the correlation analysis and the coolest and driest year analy-
sis. However, the average growing season analysis showed an
overall increase in temperature, precipitation, soil moisture,
and ET throughout the 45-year period. Therefore, it is conclu-
ded that even though temperatures have indeed increased
throughout the 45 years analyzed, increasing precipitation has
allowed the overall volumetric soil moisture availability to in-
crease as well. This can be explained by the precipitation in-
crease being higher than the ET increase. This observation has
interesting implications on urban lawn care. With higher tem-
peratures comes the general anticipation that there will be a
need for increased lawn watering. The findings from this stu-
dy shows that water saving practices should be continued out
in south-western Ontario, Canada. More frequent watering of
urban grass lands in the Toronto area is perhaps not necessary
as the climate continues to change in the same direction.

Direct measurement of soil moisture is costly and it will
take a long time to accumulate sufficient data for statistical
analysis. This is especially true for south-western Ontario, Ca-
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nada, where long-term soil moisture data is not available. In
the absence of long-term observed soil moisture data, simp-
lified continuous simulation models are excellent tools in ana-
lyzing the general soil moisture characteristics for climate-
soil-vegetation systems. What is presented in this paper is an
example of this type of analysis.
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