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Abstract: Patterns in historical climate data were analyzed for Ottawa, Ontario, Canada, for the
interval 1890–2019. Variables analyzed included records of annual, seasonal, and extreme temperature
and precipitation, diurnal temperature range, and various environmental responses. Using LOWESS
regressions, it was found that annual and seasonal temperatures in Ottawa have generally increased
through this interval, precipitation has shifted to a less snowy, rainier regime, and diurnal temperature
variation has decreased. Furthermore, the annual growing season has lengthened by 23 days to
~163 days, and the annual number of frost-free days increased by 13 days to ~215 days. Despite these
substantial climatic shifts, some variables (e.g., extreme weather events per year) have remained
largely stable through the interval. Time-series analyses (including multitaper spectral analysis
and continuous and cross wavelet transforms) have revealed the presence of several strong cyclical
patterns in the instrumental record attributable to known natural climate phenomena. The strongest
such influence on Ottawa’s climate has been the 11-year solar cycle, while the influence of the El Niño-
Southern Oscillation, Arctic Oscillation, North Atlantic Oscillation, and Quasi-Biennial Oscillation
were also observed and linked with the trends in annual, seasonal, and extreme weather. The results
of this study, particularly the observed linkages between temperature and precipitation variables and
cyclic climate drivers, will be of considerable use to policymakers for the planning, development,
and maintenance of city infrastructure as Ottawa continues to rapidly grow under a warmer, wetter
climate regime.

Keywords: climate change; climate teleconnections; time series analysis; historical temperature
precipitation

1. Introduction

Since the late 1980s, the potential environmental impact of a warming world has
become an increasingly prominent focus of political discourse (e.g., [1–3]). The analysis of
global or regional trends dominates both the scientific and popular literature. For example,
in North America, there is a large body of scientific literature assessing climate trends at
not only the continental scale but also at the regional level, as well as at the provincial
and state level [4–11]. However, there is a dearth of analysis of more localized climate
trends. Such data is highly useful, though, as local climate variations can differ significantly,
either periodically or as part of longer-term temporal trends, from regional or global
records [12,13]. By studying existing localized historical temperature and precipitation
records, an objective assessment of the nature of fine-scale climate trends can be made,
which in turn can be used to make a more realistic assessment of possible climatic trends
to come.

The existing body of scientific literature that has specifically assessed climate variabil-
ity for Ottawa, Ontario, Canada, and surrounding area, is limited (e.g., [14–18]). Of these
studies, ref. [18] focused less directly on climate trends and more on the effect of general
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climate warming as a possible influence on insect populations in the Ottawa area. The other
studies variously noted trends such as an increase in wet and humid conditions [14]; sea-
sonal increases in daily minimum temperature values, as well as seasonal variation in daily
maximum temperature trends [17]; the attribution of the urban heat island effect as a cause
of observed winter warming in Ottawa when contrasted with smaller surrounding com-
munities [15]; and decreased fluvial discharge throughout the Ottawa area [16]. Coverage
of the potential impact of climate change has received considerable local media attention
though (e.g., Ottawa Citizen newspaper [19]; Canadian Broadcasting Corporation [20]), as
well as attention from the City of Ottawa’s planning and development division, which has
developed a Climate Change Master Plan [21]. This plan focuses on lowering greenhouse
gas emissions and encouraging sustainable development as a contribution to combatting
global climate change.

Though there have been previous studies on several distinct aspects of climate in Ot-
tawa, these analyses are somewhat scattered and generally do not provide syntheses of the
many interactive components of the local climate. The objective of this study is to provide
a systematic historical overview of observed trends and cycles in Ottawa’s instrumental
climate record through the past 130 years (1890–2019) by reviewing several important
climate variables, with a focus on synthesizing the results. Specifically, the research assesses
(1) trends in temperature and precipitation; (2) environmental responses, specifically the
length of the growing season and number of frost-free days, as well as the local fluvial
discharge; and (3) trends in extreme weather. Such data will be of considerable use to
policymakers and planners as they determine what changes to Ottawa’s infrastructure
need to be made to make the city more resilient and better able to respond to current and
future effects of climate change.

2. Climatic Setting

Ottawa, located in eastern Ontario (45◦ N, 76◦ W; Figure 1a), is characterized by a
humid continental climate, having warm, humid summers and cold, snowy winters. The
regional climate in this part of North America is influenced by trends and cycles at annual
and/or seasonal scales and are characterized by patterns driven by the interaction of several
climatic oscillations. These include the Schwabe solar cycle (SSC), Atlantic Multidecadal
Oscillation (AMO), North Atlantic Oscillation (NAO), Arctic Oscillation (AO), El Niño
Southern Oscillation (ENSO), and the Quasi-Biennial Oscillation (QBO) [22–27]. Each of
these oscillations and their influence on the climate of eastern North America are described
in Table 1.
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Table 1. Descriptions and regional effects of various climatic oscillations known to impact the region (eastern North America) Ottawa, ON is situated in.

Climatic
Oscillation Notation Cycle Length (Years) Description Common Impact on Eastern North

American Climate Citations

Schwabe
Solar Cycle SSC ~11, 8–17

An oscillation in the annual number of sunspots occurring,
relating to total solar irradiance. The increases in total solar
irradiance and UV irradiance during sunspot maxima drive
dynamic changes in global stratospheric and
tropospheric temperatures.

Increases in temperature during sunspot
maxima, decreases in temperature during
sunspot minima. Various links to
precipitation and precipitation-related
parameters.

[28–31]

Atlantic
Multidecadal
Oscillation

AMO ~64, 50–90,
16–24 subharmonics

An oscillation in the circulation pattern of warm and cool
Atlantic Ocean surface waters. Warm (AMO+) phases occurred
from ~1925– 1965 and ~1990-present, cool (AMO−) phases
occurred from ~1900–1925 and ~1965–1990.

AMO+ is associated with increased
temperatures, decreased precipitation, and
greater drought probability.

[32–39]

North
Atlantic
Oscillation

NAO poorly defined, typically
subdecadal–interdecadal

A localized oscillation in the sea level pressure differential
between the Azores High and the Icelandic Low in the northern
Atlantic Ocean.

NAO+ phases are typically associated with
more moderate temperatures and wetter
conditions in eastern North America, and
drier, more extreme temperatures during
NAO phases.

[40–43]

Arctic
Oscillation AO poorly defined, typically

subdecadal–interdecadal

A broad oscillation in sea-level pressure in the Northern
Hemisphere, occurring in an annular band around the northern
midlatitudes. During its positive phase, the AO supports a
low-amplitude jet stream; during an AO- phase the jet stream
becomes a high amplitude waveform. The localized NAO is a
constituent of the broad-scale AO.

Brings cool Arctic air to the mid-latitudes
during AO+; cool Arctic airmasses travel
further south into North America
during AO-.

[44–47]

El Niño
Southern
Oscillation

ENSO 2–10

An oscillation characterized by the changes in sea surface
temperatures in the tropical Pacific. Driven by the variation in
strength of tropical trade winds—causing greater or weaker
degrees in the upwelling of cool, deep ocean water during El
Niño (ENSO+) and La Niña (ENSO-), respectively—this
oscillation influences many regions of the world via various
global interactions.

Warmer, drier conditions during El Niño;
cooler, wetter conditions during La Niña. [48–52]

Quasi-
Biennial
Oscillation

QBO 2.1–2.4

The oscillation between westerly and easterly winds in the
equatorial stratosphere. Air masses then propagate downward
to the troposphere and are subsequently propagated poleward
via interactions with surface waves.

Cooler temperatures during the westerly
(QBO+) phase, warmer temperatures
during the easterly (QBO−) phase.

[53–59]



Environments 2022, 9, 35 4 of 32

As of 2019, the population of the Ottawa-Gatineau Metropolitan Area was 1.48 mil-
lion [60]. As urban areas increase in size and population, the development of a heat island
effect, where due to an increase in sunlight absorbing paved areas and percentage of area
covered by buildings, urban areas tend to be warmer than the surrounding rural areas.
This effect has been previously studied in several Canadian cities, including Ottawa [15,16],
Montreal, Toronto, and Vancouver, and across the globe [61–63].

3. Methods

Daily resolution climate data for Ottawa was retrieved from [64] with data spanning
from 1890–2019 with 98.9% data availability. This record contains information pertaining
to daily minimum and maximum temperatures and precipitation in the form of rainfall
and snowfall.

Time series data based on daily weather records contain high-frequency noise, which
was smoothed by variously computing a mean annual value for temperature and by
summing the precipitation for each year. This smoothing procedure was also carried
out on a seasonal basis by dividing the daily weather record into meteorological seasons
(winter (DJF), spring (MAM), summer (JJA), autumn (SON)), then applying the averaging or
summations. Locally weighted regressions (LOWESS; [65,66]) were carried out over 20-year
periods for each of the annual and seasonal average maximum and minimum temperatures,
and the annual and seasonal rainfall and snowfall totals. LOWESS smoothing provides
a clearer assessment of the long-term changes in these long-running time series data sets.
The 95% confidence intervals were computed using bootstrap resampling (1000 iterations).

To assess the potential impact of the urban heat island effect (UHIE) in Ottawa, similar
data were obtained and processed on a seasonal basis for three additional nearby lesser-
urbanized locations (Figure 1b): Chelsea, QC (20 km N, population 6900; [67]), Belleville,
ON (190 km SW; population 50,000; [68]), and Morrisburg, ON (70 km S; population
2300; [69]). These three additional communities are considerably smaller than Ottawa
but are climatologically similar [70]. Seasonal regressions of maximum and minimum
temperatures were carried out for each of the three additional locations. These regressions
were then compared to the corresponding Ottawa regressions using a t-value for comparing
slopes [71]. Any significant positive differences between stations would indicate that
Ottawa is warming faster than surrounding areas and implicate UHIE as a contributor to
climate change in Ottawa.

To assess the day-to-day dynamics in temperatures, the diurnal temperature range
(DTR) was computed as the difference between daily maximum and minimum temperature
on both an annual and seasonal basis. LOWESS smoothing was also performed on the
DTR records.

Environmental changes, including the length of the growing season, the number of
frost-free days, and discharge for the Ottawa and Rideau rivers, were each analyzed on
an annual basis. The length of the growing season and the number of frost-free days each
year were derived from Ottawa’s minimum temperature record. The start of the growing
season was defined as the first span of five days where the minimum temperature was
greater than 5 ◦C, and the end of the growing season was defined as the first span of five
days (after the beginning of the season) where the minimum temperature was less than
5 ◦C [72,73]. A frost-free day is observed when the daily minimum temperature is greater
than 0 ◦C [74]. LOWESS smoothing was carried out for the annual time series of growing
season length and number of frost-free days. Data on river discharge was obtained from
the [75] via the hydrometric monitoring stations on the Ottawa River and the Rideau River.
Annual averages were computed for the discharge data from each river and plotted along
with their respective LOWESS models. This information was then compared to that of total
annual precipitation input in the Ottawa area using Pearson’s correlation coefficient.

Extreme weather was analyzed based on the 95th percentile definition; when the
mean of all weather events was considered, anything beyond two standard deviations
from the mean was considered to be extreme [76,77]. This analysis was carried out only at
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the seasonal resolution to better assess patterns within the record of annual-scale extreme
events. The means and standard deviations for temperature (maximum and minimum)
and precipitation (rainfall and snowfall) was computed for each season, and the number of
extreme events were tabulated for each year. Only non-zero precipitation days were used to
calculate means and standard deviations to minimize skewing of the rainfall and snowfall
event distributions. While some studies of extreme weather in the region have used a
similar methodology (e.g., [78]), other works have defined extreme events in a different
manner. For example, ref. [17] specifically examined Ottawa extreme temperature trends as
part of their regional Ontario study but defined extreme high and low temperatures as the
per annum highest and lowest daily mean recorded temperatures.

For precipitation, a common approach is to combine rainfall and snowfall into a single
data type. Precipitation can be binned in discrete intervals (e.g., frequency of rainfall
events totaling 0–10 mm, 10–20 mm, etc.; [79]). This approach is commonly used in regions
where precipitation patterns are influenced by monsoons. The advantage of using the
95th-percentile definition as used here is that it permits a more nuanced analysis of extreme
weather trends, most notably by making it possible to distinguish seasonal variations in
long-term trends. This approach also makes it much easier to compare results obtained from
multiple locations where different climate conditions exist (e.g., arid vs. humid conditions).
LOWESS smoothing was carried out for the discrete counts of extreme weather events.

For each of the annual, seasonal, and extreme weather records described above,
spectral analyses were performed to determine whether there were any periodic (cyclic)
components within each time series. The methodology employed included red noise spec-
tral analysis [80], which is based on Thomson’s multitaper power spectrum estimate [81]
and uses chi-squared and Monte Carlo methods to estimate red noise and confidence
levels [82]. This analytical approach converts time-domain data into the frequency domain,
quantifying the various cycles that make up a time series. This method provides discrete
peaks in the frequency data for simple interpretation, though it carries the assumption that
any contained cyclicity is stationary and not intermittent. Continuous wavelet transforms
(CWTs) provide the same time-frequency transformation as obtained through red noise
spectral analysis, but this method assumes that there are non-stationary data components.
Thus, CWTs permit the recognition of changes in frequency information over time [83]. In
contrast to red noise spectral analysis, CWTs are not accompanied by discrete peaks, though.
Due to the complementary nature of spectral and CWT analysis, these two methods are
often used in tandem (e.g., [62,84]).

In addition, cross wavelet transforms (XWTs) were carried out to compare the annual,
seasonal, and extreme weather records with several natural climate phenomena that are
known to influence the Ottawa regional climate. Cross wavelet analysis, as described in [83],
is similar to continuous wavelet analysis in that recorded time series are analyzed for the
presence of periodic signals and their variation through time. However, XWTs process the
time domain to frequency domain transformation for two time series (a reference signal
and an analyte signal) and compare the time-frequency information within each series.
Similar to statistical correlations obtained when comparing linear data sets, XWTs are
used to reveal any relationships between the periodic elements contained within two time
series. Here, the reference signals were the historical annual, seasonal, and extreme weather
records, and the analyte signals were the quantitative records of the SSC [85], AMO [86],
NAO [87], AO [88], ENSO [89], and QBO [90].

4. Results
4.1. Long-Term Climate Changes
4.1.1. Temperature and Precipitation

Ottawa’s temperature and precipitation record has significantly changed since record-
keeping began in 1890 (Figure 2). The annual average maximum and minimum tempera-
tures have generally increased, albeit with periodic reversals through that interval, a trend
that has been more pronounced for minimum temperatures. The minimum temperature
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has risen fairly steadily since ~1950, whereas maximum temperature shows a sharper rise
after 1980, peaking around 2010. Through the entire 130 years span of the data analyzed, the
annual average maximum temperature has increased by 1.3 ± 0.2 ◦C, and the annual aver-
age minimum temperature has increased by 2.3 ± 0.2 ◦C. Seasonally, changes in maximum
temperature have occurred most strongly during winter (+1.7 ± 0.3 ◦C since 1890) and least
strongly during spring (+0.7 ± 0.5 ◦C; Figure 3, Table S1). Minimum temperature changes
were significant in each season, with summer and autumn having the smallest increases
(1.5 ± 0.2 ◦C and 1.8 ± 0.3 ◦C) and winter having the strongest change (3.0 ± 0.2 ◦C) since
1890. Many of the annual and seasonal maximum and minimum temperature records peak
in the 2000–2010 span before decreasing slightly in the 2010s.
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Annual rainfall and snowfall totals have exhibited opposite trends through the 1890–2019
interval with annual rainfall totals increasing by 46.3 ± 35.3 mm, and snowfall totals
decreasing by 20.1 ± 18.2 cm, due to the shift toward warmer conditions during the colder
months when precipitation that previously fell as snow subsequently fell as rain (Figure 2).
Figure 4 also depicts this information as a ratio of rainfall to snowfall, which shows a clear
increase in this ratio over time. Seasonally, summer rainfall has shown the steadiest trend
through the past 130 years (with the exception of a substantial decrease from ~1890–1920),
whereas autumn is characterized by the greatest increase, followed by smaller increases
in winter and spring (58.3 ± 16.3 mm, 21.5 ± 8.1 mm, and 20.6 ± 28.0 mm, respectively;
Figure 3 and Table S1). Seasonal snowfall changes since 1890 occurred most strongly during
winter (−4.9 ± 9.6 cm) and minimally in spring (2.8 ± 6.2 cm) and autumn (2.5 ± 3.4 cm).
As with the temperature records, both annual and seasonal rainfall (snowfall) records
peaked (troughed) between 2000–2010 and decreased (increased) in the 2010s.
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4.1.2. Diurnal Temperature Range (DTR)

The trends in DTR are shown on both an annual (Figure 5) and seasonal (Figure 6) basis.
Since 1890, DTR has decreased on an annual basis by 1.0 ± 0.2 ◦C. This decrease is more
notably pronounced in the winter and spring, where decreases in range of 1.3 ± 0.4 ◦C
and 1.2 ± 0.3 ◦C are observed, respectively. In contrast, the DTR during the summer and
autumn seasons has decreased by only 0.4 ± 0.3 ◦C and 0.2 ± 0.3 ◦C. Also of particular note
is that annually and mainly in summer and autumn, there is a common trend where the
DTR increased from approximately 1890 to 1910 and then decreased until approximately
1980. Since then, the DTR in annual, summer, and autumn records have slightly increased.
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4.1.3. Comparing Ottawa Temperature Trends to Lesser or Non-Urban Areas

The maximum and minimum temperature difference (∆T) between Ottawa and, re-
spectively, for Belleville, Morrisburg, and Chelsea, is shown in Figure 7. In most cases, ∆T
maximum/minimum temperature regressions between Ottawa and each of the communi-
ties are near-zero to slightly positive (Table S2), indicating that the rate of change within
Ottawa’s maximum and minimum temperature records are similar to those of Belleville,
Morrisburg, and Chelsea. In most cases where these regressions indicate a mild positive
trend, the statistical significance at the 95% confidence level is low. Only two of the com-
parisons of maximum temperature regressions are statistically significant (with opposite
signs), and five of the minimum temperature comparisons are significant (with one negative
relationship and four positive). The strongest indication of Ottawa temperature having a
differing rate of change than surrounding communities for any measured variable is within
the summer minimum temperature record, with Ottawa’s rate of change being significantly
higher than those of Belleville and Chelsea but significantly lower than Morrisburg’s.

4.1.4. Changes in Environmental Responses

As suggested by the increases in average annual minimum and maximum temper-
atures since 1890, the length of the Ottawa growing season and the number of frost-free
days have significantly increased by 23.3 ± 4.2 days through the past 130 years (Figure 8).
There has also been a sustained increase in the number of frost-free days, particularly since
1950 (Figure 8 and Table S1). In a typical year at present, there are 12.7 ± 3.0 more frost-free
days than in 1890, though the average number of frost-free days has declined since ~2010.

4.1.5. Changes in River Discharge

The discharge of both the Ottawa and Rideau rivers has increased dramatically since
record-keeping began (Figure 9). Since 1960, the Ottawa River’s annual average discharge
has increased by 34.7 ± 0.8% (360.4 ± 6.4 m3/s), and during the same timeframe, the
Rideau River’s discharge has increased by 40.6 ± 1.1% (13.9 ± 0.4 m3/s). For the total
length of the available record for the Rideau River (1933–2018), its discharge has increased
by a remarkable 252.4 ± 4.8% (34.4 ± 0.4 m3/s). For both rivers, these are substantial
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changes and are indicative of a changing environment. It is important to note, though, that
both the Ottawa River and Rideau River are subject to active flood management control
practices in the spring and autumn. While autumn drawdown and spring flood control
measures are observable in the discharge records, this semi-annual pattern does not appear
to have influenced the overall increase in river discharge in either of the two rivers.
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Furthermore, the flow rates in both rivers are characterized by a moderate correlation
to the total Ottawa precipitation record. An annual sum of the Ottawa total precipitation
data was compared to the river discharge data of both rivers via linear correlation. At the
95% confidence interval, this yielded Pearson’s correlation coefficients of 0.49 and 0.62 for
the Ottawa and Rideau rivers, respectively, implying that the increase in river discharge in
both rivers is moderately related to the increase in precipitation in the region. Additionally,
the flow data was recorded on both rivers in Ottawa, near the ends of their catchments.
The increase in discharge in both rivers is likely related to increased precipitation and other
environmental changes upstream, as well.
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4.1.6. Extreme Weather

Examination of the various extreme weather histograms and their associated smoothed
trends indicate relatively small changes over time, with the strongest trends being those
describing changes in extreme minimum temperature events (Figure S1 and Table S1).
Depending on the season, extreme minimum temperatures in Ottawa have decreased in
number by between 1.9 ± 0.5 events (autumn, Table S1) and 0.5 ± 0.9 events (spring).
Spring extreme events have generally undergone a stronger decline but underwent an
increase from 2010 to 2019). The next strongest of the smoothed extreme weather trends
are for extreme maximum temperatures in both spring (2.8 ± 0.4 events) and summer
(1.3 ± 0.4 events). It should be noted that the most significant part of the increase in
extreme maximum spring and summer temperatures was from ~1980 onward. There have
been minimal changes in the periodicity of extreme autumn and winter temperature events.
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Changes in the occurrence of extreme precipitation events have undergone relatively
minimal change since 1890. The exception to this trend has been the occurrence of extreme
autumn rainfall (1.5 ± 0.3 events), which is primarily due to a lack of extreme rain events
in the 1890s. There has also been a decrease in the occurrence of extreme winter snowfall
through the entire record (−1.3 ± 0.5 events). The observed stability in the occurrence of
spring and autumn extreme snowfall is likely due to the lack of consistent snowfall during
these shoulder seasons.

4.2. Periodic Patterns in Ottawa Climate
4.2.1. Periodicity in Annual and Seasonal Weather

Annual weather records (maximum/minimum temperature, rain, snow, DTR, growing
season length, and frost-free days) are most strongly characterized by ~3–5-year oscillations
that occur intermittently throughout the entire 1890–2018 interval (Figures S2 and S3).
Cycles of ~8–11 years are also frequent and occur most strongly prior to ~1950, a pattern
most apparent in the temperature-related weather variables. A longer period and generally
stationary ~20–40-year oscillations are also observed in the annual weather records. Both
the frost-free days and growing season length records are characterized by ~30–40-year
oscillations. However, for the frost-free days’ record, this oscillation is primarily limited to
the 1900–1960 window, whereas with the growing season record, this oscillation spans a
larger proportion of the record.

Seasonal weather records (maximum/minimum temperature, rain, snow, DTR) are
also characterized by strong 3–5-year oscillations (Figure S4). In addition, 2.0–2.5-year
and 8–11-year oscillations are particularly common in spring records. Longer period
~20–40-year cycles are also present but are primarily concentrated in summer records.
Distinct similarities were observed between the oscillatory components of the seasonal
maximum and minimum temperature records, as well as between rainfall and snowfall
records. The occurrence of each of the short (<5 years) seasonal oscillations through
time was quite variable for each seasonal weather variable, though the 8–11-year os-
cillations typically occurred at similar times for maximum and minimum temperature
records (e.g., Spring ~1980–2010, winter ~1900–1920) and occasionally DTR (e.g., summer
~1900–1940; Figure S5). While rainfall and snowfall generally contained similar oscillatory
components, they were not necessarily coherent in their occurrence.

4.2.2. Periodicity in Extreme Weather

Spectral analysis and CWTs for Ottawa’s extreme weather records are shown in
Figures S6 and S7. Periodicities that varied from 2–8 years were most common throughout
each weather variable and season. Less frequently, 10–20-year cycles were observed, as
well as some occurrences of ~30, ~40, and ~50-year cycles. The occurrence of 2–8-year
cycles are dispersed throughout the record and are non-stationary with no discernable
pattern (Figure S6), though the significant 10–20-year cycles occur most often in the early
20th century. Each of these patterns is pervasive in each season.

4.2.3. Cross Wavelet Transforms

Cross wavelet transforms (XWTs) were used to determine which, if any, long-term
oscillations that are known to regionally impact climate have relationships with annual, sea-
sonal, and extreme weather patterns in Ottawa. Each annual, seasonal, and extreme weather
record was compared against the SSC [85], AMO [86], NAO [87], AO [88], ENSO [89], and
QBO [90] (Figures 10–20).

By far, the SSC displays long-running continuous or semi-continuous relationships
with the annual, seasonal, and extreme weather variables. Of these variables, SSC had a
strong correlation with maximum summer temperature, summer minimum temperature,
and DTR prior to ~1940, which weakened considerably in the latter part of the record
(Figures 12–14). Rain and snow records (both annual and seasonal) indicate reasonably
continuous relationships to the SSC (Figures 10, 15 and 16).
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For extreme weather and the SSC, all four of the extreme seasonal variables (i.e., maxi-
mum and minimum temperature, snow, and rain) indicate a continuously strong relation-
ship with SSC. Where discontinuities exist, they are dispersed, with no discernable seasonal
or extreme weather-type pattern (Figures 17–20).

The AMO has a significantly weaker relationship with the examined Ottawa weather
variables than observed with the SSC. The most significant AMO-related periodicities are
comprised of ~5-year cycles dispersed intermittently throughout the records (Figures 10–20).
However, a common but statistically less significant relationship (below 95% confidence)
with an oscillation of ~16–32-years is found in all the annual weather records, which is
comparable to previously reported 16–24-year harmonics [42,62]; Figures 10 and 11). This
relationship was also found between the AMO and seasonal maximum and minimum
temperature records (winter and summer only), and snowfall (all seasons). Correlation
between the AMO record and extreme weather is primarily limited to the short intermittent
cycles, although the ~16–32-year cyclicity is again observed in these records, particularly
with extreme snowfall (Figure 20).

Environments 2022, 9, x FOR PEER REVIEW  12  of  33 
 

 

4.2.2. Periodicity in Extreme Weather 

Spectral analysis and CWTs for Ottawa’s extreme weather records are shown in Fig‐

ures S6 and S7. Periodicities that varied from 2–8 years were most common throughout 

each weather variable and season. Less frequently, 10–20‐year cycles were observed, as 

well as some occurrences of ~30, ~40, and ~50‐year cycles. The occurrence of 2–8‐year cy‐

cles are dispersed throughout the record and are non‐stationary with no discernable pat‐

tern (Figure S6), though the significant 10–20‐year cycles occur most often in the early 20th 

century. Each of these patterns is pervasive in each season. 

4.2.3. Cross Wavelet Transforms 

Cross wavelet transforms (XWTs) were used to determine which, if any, long‐term 

oscillations that are known to regionally impact climate have relationships with annual, 

seasonal, and extreme weather patterns in Ottawa. Each annual, seasonal, and extreme 

weather record was compared against the SSC [85], AMO [86], NAO [87], AO [88], ENSO 

[89], and QBO [90] (Figures 10–20). 

 

Figure 10. Cross wavelet (XWT) analysis between Ottawa annual maximum and minimum temper‐

atures, rainfall, and snowfall (columns) and six climate phenomena (rows, right y−axis). Areas of 

high common spectral density that are above the 95% confidence interval are outlined in black. 

Figure 10. Cross wavelet (XWT) analysis between Ottawa annual maximum and minimum temper-
atures, rainfall, and snowfall (columns) and six climate phenomena (rows, right y−axis). Areas of
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growing season length, and frost−free days (columns) and six climate phenomena (rows, right
y−axis). Areas of high common spectral density that are above the 95% confidence interval are
outlined in black.
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Figure 12. Cross wavelet  (XWT) analysis between Ottawa seasonal maximum  (columns) and six 
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Figure 12. Cross wavelet (XWT) analysis between Ottawa seasonal maximum (columns) and six
climate phenomena (rows, right y−axis). Areas of high common spectral density that are above the
95% confidence interval are outlined in black.

The records of NAO, AO, and ENSO, despite being distinct phenomena, individually
have similar influences on annual maximum temperature, minimum temperature, rainfall,
and snowfall patterns in Ottawa (Figure 10). The XWTs between each of these climate
drivers and the analyzed temperature and precipitation records are characterized by similar
patterns. For example, individual comparisons between the annual minimum temperature
record and NAO, AO, and ENSO are characterized by common ~4-year and 4–10-year
cycles, centered on ~1940 and ~1990–2010, respectively.

This relationship was also prevalent with seasonal and extreme weather records
(e.g., winter minimum temperature, Figure 13; spring extreme maximum temperature,
Figure 17). The NAO, AO, and ENSO also exhibited very strong relationships with both
extreme maximum and minimum temperature (Figures 17 and 18), but only weak to moder-
ate correlations with the rest of the analyzed seasonal and extreme weather records. There
was a greater distinction between the NAO, AO, and ENSO influences (e.g., growing season
length, frost-free days, and both annual and seasonal DTR were characterized by more
distinct patterns in their interactions with the NAO, AO, and ENSO; Figures 11 and 14).
Overall, the AO had the weakest influence, with NAO and ENSO having a more significant
influence on these variables.
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Figure  13. Cross wavelet  (XWT)  analysis between Ottawa  seasonal minimum  temperature  (col‐
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are above the 95% confidence interval are outlined in black. 

Figure 13. Cross wavelet (XWT) analysis between Ottawa seasonal minimum temperature (columns)
and six climate phenomena (rows, right y−axis). Areas of high common spectral density that are
above the 95% confidence interval are outlined in black.

When examining these instances of NAO-AO-ENSO relationships with annual and
seasonal weather, several peaks in the weather records are observable, indicating warmer
or wetter conditions (e.g., spring/summer maximum and minimum temperatures, ~1920;
winter maximum and minimum temperatures, the late 1990s, Figure 3). Particular phase
relationships between the NAO, AO, and ENSO can be identified from the indices of the
climate oscillations (Hurrell and NCAR, 2020; NCAR, 2020; Trenberth and NCAR, 2020)
when examining these peaks in annual and seasonal weather, suggesting an increased like-
lihood of warmer or wetter years during certain phase combinations. For example, NAO+,
AO+, and ENSO- tend to typify warmer annual and seasonal temperatures compared to
other phase combinations (e.g., ~1920 and late ~1990s), whereas instances of NAO+, AO+,
and ENSO+ result in wetter periods (e.g., autumn rain, ~1915; spring/summer rain and
winter/spring snow, early 1970s; Figure 3).
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Figure 14. Cross wavelet (XWT) analysis between Ottawa seasonal, diurnal temperature range (DTR 
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Figure 14. Cross wavelet (XWT) analysis between Ottawa seasonal, diurnal temperature range (DTR
(columns) and six climate phenomena (rows, right y−axis). Areas of high common spectral density
that are above the 95% confidence interval are outlined in black.

Both extreme maximum and minimum temperatures are characterized by distinct
discontinuous relationships with the AMO, NAO, AO, and ENSO records, particularly in
winter. For extreme maximum temperature, this discontinuity occurred in the ~1960–1970
interval, after which the relationship between maximum and minimum temperature and
the AMO, NAO, AO, and ENSO climate drivers strengthened. A similar pattern was
observed with the spring maximum and minimum temperature records, though rather
than there being just one discontinuity being present in the ~1960–1970 interval as observed
with the winter record, there was an additional discontinuity at ~1920. Furthermore, the
strength of the association between AMO, NAO, AO, and ENSO and extreme maximum
and minimum spring temperatures between ~1920 and 1970 was relatively weak compared
to the winter record.
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Figure 15. Cross wavelet (XWT) analysis between Ottawa seasonal rainfall (columns) and six climate 
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Figure 15. Cross wavelet (XWT) analysis between Ottawa seasonal rainfall (columns) and six climate
phenomena (rows, right y−axis). Areas of high common spectral density that are above the 95%
confidence interval are outlined in black.

The QBO exhibited a weak to moderate and intermittent influence on weather patterns
in Ottawa. In general, the XWT cycles based on the QBO data were typically 2–3 years
in length, although there was also an 8–16-year cycle present between the 1950s–1980s
for some seasonal level QBO derived XWTs (e.g., winter, spring, and autumn extreme
maximum temperature, Figure 17). By and large, the relationship between QBO and
the assessed weather variables was strongest with seasonal extreme maximum and min-
imum temperatures and extreme rainfall records (Figures 17–19), as well as seasonal
temperature, precipitation, and DTR records (Figures 12–16), and the annual growing
season and frost-free days records (Figure 11). Annual-scale temperature and precipitation
records (including DTR) generally exhibited comparatively weaker relationships with QBO
(Figures 10 and 11).



Environments 2022, 9, 35 18 of 32Environments 2022, 9, x FOR PEER REVIEW  18  of  33 
 

 

 

Figure 16. Cross wavelet (XWT) analysis between Ottawa seasonal snowfall (columns) and six cli‐

mate phenomena (rows, right y−axis). Areas of high common spectral density that are above the 
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Figure 16. Cross wavelet (XWT) analysis between Ottawa seasonal snowfall (columns) and six
climate phenomena (rows, right y−axis). Areas of high common spectral density that are above the
95% confidence interval are outlined in black.
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Figure  17. Cross wavelet  (XWT)  analysis between Ottawa  extreme maximum  temperature  (col‐

umns) and six climate phenomena (rows, right y−axis). Areas of high common spectral density that 

are above the 95% confidence interval are outlined in black. 

Figure 17. Cross wavelet (XWT) analysis between Ottawa extreme maximum temperature (columns)
and six climate phenomena (rows, right y−axis). Areas of high common spectral density that are
above the 95% confidence interval are outlined in black.
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Figure 18. Cross wavelet (XWT) analysis between Ottawa extreme minimum temperature (columns) 

and six climate phenomena (rows, right y−axis). Areas of high common spectral density that are 
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Figure 18. Cross wavelet (XWT) analysis between Ottawa extreme minimum temperature (columns)
and six climate phenomena (rows, right y−axis). Areas of high common spectral density that are
above the 95% confidence interval are outlined in black.



Environments 2022, 9, 35 21 of 32Environments 2022, 9, x FOR PEER REVIEW  21  of  33 
 

 

 

Figure 19. Cross wavelet (XWT) analysis between Ottawa extreme rainfall (columns) and six climate 

phenomena  (rows, right y−axis). Areas of high common spectral density  that are above  the 95% 
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Figure 19. Cross wavelet (XWT) analysis between Ottawa extreme rainfall (columns) and six climate
phenomena (rows, right y−axis). Areas of high common spectral density that are above the 95%
confidence interval are outlined in black.
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Figure 20. Cross wavelet (XWT) analysis between Ottawa extreme snowfall (columns) and six cli‐

mate phenomena (rows, right y−axis). Areas of high common spectral density that are above the 

95% confidence interval are outlined in black. 
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Figure 20. Cross wavelet (XWT) analysis between Ottawa extreme snowfall (columns) and six climate
phenomena (rows, right y−axis). Areas of high common spectral density that are above the 95%
confidence interval are outlined in black.

5. Discussion
5.1. A Warmer, Wetter Climate

Over the past 130 years, Ottawa’s climate has seen a gradual shift to warmer tempera-
tures, less snow, and more rain. More specifically, there has been an increase in average
annual and seasonal maximum and minimum temperature, an increase in annual and
seasonal total rainfall, a decrease in annual and seasonal total snowfall, an increase in the
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length of the growing season, and an increase in the number of frost-free days. Spring
and summer maximum temperatures have remained largely unchanged since 1890, with
the exception of year-to-year variations, though daily low temperatures during Ottawa
summers have increased and are on par with conditions observed during the other seasons.
As previously reported by [15], the most significant long-term changes in Ottawa’s climate
have predominantly occurred during winter, which has seen a significant increase in max-
imum and minimum temperatures and rainfall, as well as a large decrease in snowfall.
The spring and autumn seasons have generally been characterized by somewhat more
moderate changes than during winter, though on a smaller scale, they largely reflect the
annual changes that have occurred in Ottawa’s climate.

A shift to warmer annual temperatures is consistent with trends reported globally
and regionally [91–96]. For Canada in the 20th century, both minimum and maximum
temperature trends were near-universally positive during this timeframe (minimum tem-
peratures had a more substantial and significant increase), particularly for southern
Canada [4,6,78,97]. In eastern Ontario, the region where Ottawa is located, increases
in temperature have been reported at various weather stations in southern Ontario and
Quebec [98]. Ref. [99] also noted increases in southern Ontario temperature by as much as
0.1 ◦C/year from 2001 to 2014, depending on the season and location.

The increase in rainfall and the associated decrease in snowfall in Ottawa is attributable
to the general increase in regional temperature, which has turned what formerly would
have been snow events into rain events. This transition is consistent with the observed
increase in the number of frost-free days and concomitant increase in the length of the
growing season. There has also been an overall increase in precipitation over the past
130 years that can be directly attributed to warmer temperatures, as there is a higher
rate of evaporation and warmer air has a greater capacity for increased humidity [100].
Similar precipitation trends have been reported from across North America [101,102], and
in Canada, a similar decrease in snowfall accompanied by an increase in rainfall has also
been observed regionally in southern Ontario and Quebec [78,103,104], as well as in other
regions across the country [4,105]. As a consequence of the increased precipitation patterns,
the discharge through rivers traversing within the Ottawa area has also increased. This
combination of a long-term increase in precipitation overprinted by several cyclical drivers
of precipitation with subdecadal to decadal return times (e.g., SSC, ENSO, NAO, AO, QBO)
may result in more frequent major flood events in the future. Two particularly significant
floods of the Ottawa River took place during spring freshet in 2017 and 2019, which were
generally attributed to heavy spring rain and thick winter snowpacks [106]. It is critical
that city planners charged with developing Ottawa’s New Official Plan fully understand
the changing flood risk associated with precipitation that will only continue to grow during
the 21st century [107,108].

A further significant long-term trend in Ottawa’s climate has been the pronounced
decrease in DTR, where there has been a greater increase in minimum temperature than in
maximum temperature. In other words, while daytime highs are somewhat warmer now
than 130 years ago, the nighttime lows are much warmer than in the past. These changes
in DTR are seasonally dependent, being most pronounced during the summer months,
with the summer DTR trend being most influential on an average annual DTR trend. A
possible explanation for the observed DTR trend is UHIE, which was found to be most
significant during summer in Ottawa. As insolation is highest during the summer, Ottawa’s
urban area, with its considerable number of densely packed buildings, large expanses of
pavement, and an associated loss of naturally cooling vegetated landscapes, absorbs a
greater amount of heat in the summer compared to other seasons. The increase in these
heat-absorbing surfaces means that summer nights have less potential to cool off compared
to the other seasons when the sun is tracking lower during the day. The Ottawa-Gatineau
Metro area population had increased from just over 100,000 at the end of the 19th century
to 282,000 in 1950, was 1.4 million in 2020, and is projected to grow to up to 1.6 million by
2045 [109].
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With this considerable population growth, UHIE and associated DTR is an issue that
policymakers and planners will need to pay close attention to [28]. A similar trend in
decreased DTR was reported by [100] and [4] from many locations across Canada and
worldwide [110–112]. Furthermore, ref. [100] found a relationship between decreasing
DTR and increases in monthly precipitation. From the results of our study, it is unclear
if the decrease in the diurnal temperature range in Ottawa shares a causal relationship
with the increase in precipitation. Properly assessing this relationship provides scope for
future work.

In addition to the long-term trends in average temperatures in Ottawa described
above, there are several significant observable extreme weather trends observable within
the instrumental record for this city, specifically:

1. A decrease in extreme minimum temperature events across all seasons.
2. An increase in extreme maximum temperature events in the winter.
3. A decrease of extreme maximum temperature events in the summer.
4. A decrease in extreme snowfall events in the winter.

These four extreme weather trends can somewhat be corroborated against the patterns
in annual and seasonal weather discussed previously. An explanation for the decrease
in extreme minimum temperature events across the seasons combined with a decrease
in extreme maximum and minimum temperature events in the summer follows from the
overall observed increases in annual and seasonal temperature through the interval spanned
by the instrumental record. This is because the warmer air masses in the mid-latitudes
of eastern North America that tend to hold more humidity and which moderates climate
are more prevalent today than in earlier decades [113]. As the capacity for the air masses
over Ottawa to store humidity has increased, heat is better retained by these air masses,
which leads to warmer nights and fewer extreme cold events in the winter or summer. The
prior-mentioned significant decrease in DTR in Ottawa is a related phenomenon. At the
same time, humid air masses require more energy input to heat up, which may explain
the decreased observed frequency of extreme maximum temperature events. In contrast
to summer, extreme maximum temperature events in the winter have increased with
time. This difference can, once again, be explained by a higher incidence of humid air
masses reaching Ottawa [114], which is consistent with observing fewer extreme minimum
temperature events in the winter, and fewer extreme minimum and maximum temperature
events in the summer. Finally, a decrease in extreme snowfall events in the winter is
consistent with the overall temperature rise in Ottawa. A corresponding increase in extreme
winter rainfall events might not become established for at least two reasons: (1) most winter
precipitation in Ottawa falls in the form of snow, and (2) the incidence of mixed precipitation
that falls in the Ottawa Valley in winter. In the latter case, a winter storm that might in
the past have been an extreme snowfall event may in more recent times be characterized
as a mixture of snow and rain, where neither snow nor rain totals can be characterized
as extreme. These results are broadly similar to those patterns previously reported in
the literature for the region [5,6,9,11,17,78,79,115,116], although the considerable variety
in methodology limits the usefulness of directly comparing these previous studies with
our results.

Comparisons of Ottawa’s warming trends to those of the smaller or non-urbanized
nearby communities of Belleville, Morrisburg, and Chelsea yielded inconclusive results.
While there was some indication of statistically different rates of change for Ottawa’s
minimum and maximum temperatures when compared to these communities, most of
the comparisons reflected small or insignificant differences in rates of change. Thus, no
statistically significant urban heat island effect could be specifically established for Ottawa.
There have been previous claims in the literature that UHIE has contributed to the climate
trends in Ottawa as the city’s urban footprint has expanded (e.g., [15,16]). However, our
comparative results are not sufficient to support this claim. It is notable, though, that
the weather station data used for Ottawa was collected at the city’s very large 4-sq-km
Central Experimental Farm, a location that, while within city limits, does not have the
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same environmental characteristics that a centralized urban area would have, but rather
that of a vast urban park. The location that Ottawa’s weather data has been collected is
likely to contribute to the indetermination of our results, as could the location of the other
weather stations used here. For example, the communities of Belleville and Morrisburg
are both proximal to and climatically moderated by the St. Lawrence Seaway, whereas the
Chelsea weather station is located at a higher altitude than Ottawa. Furthermore, ref. [117]
generated a heatmap of Ottawa using satellite imagery; this map clearly demonstrates that
urbanized areas in Ottawa are hotter than rural areas. However, the location of the Central
Experimental Farm weather station can be up to 10 ◦C cooler than surrounding urban
areas [117]; thus, locations of the four weather stations here likely impact the detectability
of the UHIE in Ottawa from temperature records alone.

5.2. Periodic Trends Highly Influenced by Regional Climate Cycles

As periodicity in climate records has been regularly observed at global to local scales
from millennial to interannual levels [15,118–121], the observed presence of cyclicity in
Ottawa’s instrumental weather record is to be expected. The strongest observed cyclical
influence on Ottawa weather present across all measured weather variables at annual
and seasonal scales, as well as for temperature and precipitation extreme events, is the
9–13-year SSC. Refs. [122] and [123] also attributed the occurrence of observed 10–11 years
cycles in eastern North American precipitation and temperature records to the SSC. Sev-
eral other relations between the SSC and extreme temperature and precipitation records
have been made regionally around the world, including North America and western
Europe [5,6,124–131].

The influence of the AMO on Ottawa seasonal and extreme weather is much weaker
than the SSC, although the 16–24-year subharmonic of the AMO [42,62] correlates with many
aspects of annual weather in Ottawa, as well as seasonal snowfall (Figures 10, 11 and 16).
However, most seasonal and extreme weather records did not indicate a strong relationship
with this oscillation, despite the AMO having been demonstrated to strongly affect drought
and hydrologic conditions in eastern Canada and the United States, particularly when
interacting with other oscillations such as the Pacific Decadal Oscillation [103,132,133]. The
absence of AMO–extreme weather and seasonal weather connections in Ottawa may be
explained by a more moderate long-term effect of the AMO’s 50–90-year band on the inland
continental climate of Ottawa, which cannot be detected using XWTs over the ~130-year
timeframe available.

Although the direct impact of the AMO on Ottawa’s climate record is muted, it has
been observed to amplify, reduce, or modulate various other climate phenomena (e.g., NAO,
AO, ENSO; [134–136]). This may provide an explanation for the abrupt changes in XWTs
between several weather records and AMO, NAO, AO, and ENSO (e.g., extreme maximum
and minimum temperature, Figures 17 and 18). The AMO was in its positive phase from
approximately 1925–1965 [86]. This period corresponded with the same time interval
when extreme maximum temperature was least correlated with NAO, AO, and ENSO,
suggesting that the impact of these three phenomena were reduced during the positive
phase of AMO and amplified during negative phases. Ref. [136] hypothesized an additional
interdependency of these oscillations, determining that the relationship between NAO and
ENSO is dependent on the phase of the AMO, where NAO is strengthened when the ENSO
and AMO share the same phase (positive or negative). This effect may contribute to the
similarity in the relationships observed between NAO and ENSO with extreme seasonal
and annual weather variables. An analogous AO–ENSO correlation was described by [137]
possibly explaining the pattern observed in the Ottawa record.

Three climate patterns, NAO, AO and ENSO, are often cited as the most prominent in-
fluences on regional climate variation and have been observed throughout eastern Canada
and the US [7,8,10,26,79,104,119,133,138–140]. For Ottawa, the strongest climatic correla-
tions involving NAO, AO and ENSO are with extreme temperatures, implying that these
phenomena are slightly more likely to cause isolated temperature events than average
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climate conditions. However, these three oscillations pose a strong influence on average
climate conditions during particular phase combinations of the NAO, AO, and ENSO.
When the NAO and AO are in their positive phases, and the ENSO is in its negative phase
(El Niño), increases in both maximum and minimum temperatures (annual and seasonal)
are more likely. When these three oscillations are all positive, Ottawa experiences increases
in both rain and snow.

In general, QBO also showed a strong relationship with seasonal and extreme weather
variables than with the annual variables, particularly maximum and minimum tempera-
tures, rain, and snow. Few correlations between QBO and weather patterns have previously
been made in Canada. Ref. [133] noted an increase of warm winter temperature extremes
in the southern Canadian Prairies during the westerly phase of the QBO, though they
did not find this same association anywhere in eastern Canada. Similarly, ref. [62] have
attributed quasi-biennial oscillations in ice breakup dates in the Maritimes and parts of
New England to QBO forcing. Documented links between QBO and extreme precipitation
in North America are similarly scarce, though extreme precipitation patterns in Greece
and China have been observed to conform to various quasi-biennial oscillations [141–143].
Ref. [144] also linked global precipitation patterns directly to the QBO.

A significant quasi–decadal to interdecadal cycle was also seen in several of the QBO
XWTs (e.g., Figure 17), typically occurring between the 1950s and early 1980s. This QBO
correlation has previously been interpreted as a modulation by the SSC, typically occurring
within 1950–1980, and elsewhere in eastern North America [145–147].

6. Conclusions

Ottawa’s climate has evolved considerably through the past 130 years. Annual and
seasonal maximum and minimum temperatures have risen, precipitation has shifted to a
less snowy, rainier regime, and there have been marked decreases in DTR in daily tempera-
ture and increases in the length of the growing season and frost-free days. River discharge
has also increased dramatically as a response to the changes shown in precipitation, with
a moderate correlation between the local precipitation record and the discharge records
of both the Rideau and Ottawa rivers. Many of these shifts, particularly the changes in
temperatures, occurred between 1950 and 1980. Steady increases in maximum and mini-
mum temperature were notable during this window, and the DTR stabilized around 1980.
Precipitation changes here generally more gradual throughout this 130-year timeframe.

In addition to linear changes, several periodic components were found in Ottawa’s
instrumental climate record, with a variety of cycles typically ranging between 2–15 years
observed. These cycles are attributed to several natural climate oscillations; the strongest
of these relationships being the SSC, which strongly and nearly equally influenced the
occurrence of quasi-decadal patterns in annual, seasonal, and extreme weather records. The
NAO, AO, and ENSO were found to have a stronger relationship with extreme maximum
and minimum temperature than over annual or seasonal weather records, potentially
indicating a greater likelihood of temperature extremes during stronger phases of these
climate oscillations. However, particularly phase combinations of these oscillations, namely
NAO+/AO+/ENSO- and NAO+/AO+/ENSO+, were found to increase the likelihood of
warmer or wetter years, respectively. These three oscillations were also suspected to be
exhibiting some amplification/reduction effects derived from the influence of AMO. On its
own, the AMO demonstrated less statistically significant (but still notable) influence by its
higher frequency subharmonics, primarily on extreme temperatures, rainfall and snowfall.
The influence of QBO accounted for quasi-biennial oscillations in Ottawa’s seasonal and
extreme weather records. The results of this study will be of utility to City of Ottawa
policymakers and planners, as related to infrastructure requirements to accommodate
planned intensification as its population rapidly grows under increasingly warmer and
wetter climate conditions.
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outlined in black; Figure S4: Spectral analysis of seasonal weather records with indicated red noise
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DTR Diurnal temperature range
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