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ABSTRACT

The occurrence of individual extremes such as temperature and precipitation extremes can have a great

impact on the environment. Agriculture, energy demands, and human health, among other activities, can be

affected by extremely high or low temperatures and by extremely dry or wet conditions. The simultaneous or

proximate occurrence of both types of extremes could lead to even more profound consequences, however.

For example, a dry period can have more negative consequences on agriculture if it is concomitant with or

followed by a period of extremely high temperatures. This study analyzes the joint occurrence of very wet

conditions and high/low temperature events at stations in Canada. More than one-half of the stations showed

a significant positive relationship at the daily time scale between warm nights (daily minimum temperature

greater than the 90th percentile) or warm days (daily maximum temperature above the 90th percentile) and

heavy-precipitation events (daily precipitation exceeding the 75th percentile), with the greater frequencies

found for the east and southwest coasts during autumn and winter. Cold days (daily maximum temperature

below the 10th percentile) occur together with intense precipitation more frequently during spring and

summer. Simulations by regional climate models show good agreement with observations in the seasonal and

spatial variability of the joint distribution, especially when an ensemble of simulations was used.

1. Introduction

Temperature and precipitation extreme events have

been separately studied around the globe because their

occurrence severely impacts built and natural systems

(McGregor et al. 2005). Agriculture, energy demands,

and human health, among other activities, can be af-

fected by extremely high or low temperatures and by

extremely dry or wet conditions.

Heat waves and their impacts have also been a subject

of study for many years. A few examples include the

heat wave that affected Europe in the summer of 2003,

which led to extensive drought, crop losses of around

$12.3 billion, increases in electricity prices, rockfalls in

the Alps caused by thawing of permafrost, and more

than 22 000 heat-related deaths (Schär and Jendritzky
2004; Levinson and Waple 2004). A heat wave lasting

from July to early September of 2003 in southern China

caused heat-related deaths, record-breaking electricity

consumption, and great losses of rice, cotton, and corn

(Ding and Qian 2011). In 2008, the city of Shanghai,

China, suffered an increase of 13% in daily mortality as

a result of an 8-day cold spell (Ma et al. 2013), and

Kysely et al. (2009) observed significant effects of cold

spells on cardiovascular mortality, with excess mortality

ranging from 14% to 30% for various cold-spell periods

in the Czech Republic. In 2010, an intense heat wave

affected Russia and resulted in more than 15 000 deaths

and an economical loss of more than $15 billion (Lau

and Kim 2012). Because of very dry precedent condi-

tions, more than 600 wildfires occurred in the region,
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leading to an increase in smog levels of up to 5–8 times

normal levels (Matsueda 2011). According to Trenberth

and Fasullo (2012), this was not an isolated event: ex-

tremely high sea surface temperatures in several places

around the world during 2010 provided a source of

above-normal atmospheric moisture in monsoonal re-

gions, leading to flooding in Pakistan, Colombia, and

Queensland in Australia; the anomalous diabatic heat-

ing released altered the monsoonal circulation as well as

the circulation at higher latitudes, allowing the persis-

tent anticyclonic circulation associated with the extreme

temperatures observed in Russia.

Over Canada, extreme-cold events during winter can

lead to health and safety hazards and great disturbances in

economic activities (Shabbar and Bonsal 2003). Although

less studied, heat waves also represent a natural hazard

for Canada. For example, extreme-temperature condi-

tions were observed in Québec during July of 2010. With
maximum temperatures above 308C, minimum tempera-

tures over 208C, and high humidity lasting 4–5 days, this

unprecedented heat wave led to a significant increase of

33% in the death rate and 4% in the admission rate to

emergency departments in comparison with the previous

five years (Bustinza et al. 2013).

Significant changes in temperature extremes consistent

with warming have been observed throughout the world

during the past century, with stronger trends during more

recent decades. Precipitation extremes also show upward

trends in the global mean, with more areas of significant

increasing trends in the amount, intensity, and frequency

of occurrence of heavy precipitation than areas with de-

creasing trends (Donat et al. 2013; Westra et al. 2013).

Projections for a warmer climate indicate that extreme-

precipitation events will very likely become more intense

and frequent by the end of the century over most of the

midlatitude landmasses (Stocker et al. 2013), pushing

toward a higher risk of flooding (Trenberth 1999). Floods

are one of the most extensive and significant natural

hazards on Earth, both in terms of economics and social

impacts. River and coastal floods affect on average 520

million people per year, with the annual cost to the world

economy exceeding $60 billion (Simonovic 2009). In

Canada, floods led to at least 200 deaths during the

twentieth century and over $2 billion in damage (Jakob

andChurch 2011). The recent flood that affected Calgary,

Alberta, in Canada in 2013 is estimated to have cost

more than 6 billion Canadian dollars in damage losses

and recovery costs according to a report by Environ-

ment Canada (http://ec.gc.ca/meteo-weather/default.asp?

lang5En&n55BA5EAFC-&offset52&toc5show).

Simple extremes as described above are characterized

by a single variable such as temperature or precipitation,

which are two of the most important variables that

describe our climate. Complex extremes involving the

simultaneous or proximate occurrence of different types

of extremes could lead to more profound consequences,

however. For example, a dry period can have more neg-

ative consequences on agriculture if it is concomitant with

or followed by a period of extremely high temperatures

(Jiang and Huang 2000).

The relationship between temperature and preci-

pitation has been studied mostly in terms of mean

values. Madden and Williams (1978) computed corre-

lations between seasonal mean temperature and pre-

cipitation totals in the United States and Europe and

found that cool summers tend to be wet while droughts

are more frequently associated with heat waves. On

a global scale, Trenberth and Shea (2005) found a strong

negative correlation between monthly mean surface

temperature and precipitation over continental land in

summer in both hemispheres, indicating that summers

tend to be either hot and dry or cool and wet. During

winter, this relationship is reversed over land at high lat-

itudes, reflecting the increased moisture-holding capacity

of air with temperature and the role of the warm, moist

advection process in extratropical storms. According to

Isaac and Stuart (1992), who analyzed the precipitation–

temperature relationship at Canadian stations using daily

data, the majority of winter precipitation falls when

temperatures are higher than the median, with the ex-

ception of the Rocky Mountains region and the plains to

the east, while during summer wet conditions are gener-

ally associated with cooler days.

The purpose of this study is to explore the relationship

between heavy precipitation and extreme-temperature

events in Canada by analyzing the joint occurrence of

very wet conditions and extremely high or low temper-

atures using daily data observed during the twentieth

century. The existence of a significant statistical relation

between these extremes could help to better character-

ize the uncertainties associated with projections of

extreme-precipitation events for a future warmer cli-

mate. Therefore, in this study NorthAmerican Regional

Climate Change Assessment Program (NARCCAP;

Mearns et al. 2012) model runs are also examined to

verify whether regional climate models are able to

simulate the relationship between heavy precipitation

and extreme-temperature events depicted by station

data.

The remainder of this paper is organized as follows.

Section 2 describes the data and method used in this

study in more detail. A description of the observational

results is given in section 3, followed by an assessment

of the model performance. Section 4 provides an

overall summary and themain conclusions found in this

study.
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2. Data and method

a. Observed data

Daily precipitation, minimum temperature, and maxi-

mum temperature (Pr, Tn, and Tx, respectively) from 293

stations across Canada from the Adjusted and Homoge-

nized Canadian Climate Data (AHCCD; Mekis and

Vincent 2011; Vincent et al. 2012) were used in this study

(Fig. 1). This dataset provides daily data for different

periods, depending on the station, with themajority of the

records starting before 1950 and extending until 2011.

Daily total precipitation was calculated by adding the

stations’ adjusted daily rainfall and snow water equiva-

lent. Rain gauge values reported in the AHCCD are

adjusted values that account for wind undercatch, evap-

oration, and wetting losses, and density corrections were

applied to all ruler measurements of snowfall on the basis

of coincident ruler and Nipher gauge observations. Both

measurements were adjusted for trace observations and

accumulated amounts from several days. Also, records

from neighboring stations were joined by employing

a technique that is based on a simple ratio of observations

to produce longer time series (Mekis and Vincent 2011).

Daily minimum and maximum temperature series were

adjusted to account for changes in the observing time and

other nonclimatic inhomogeneities using a quantile-

matching algorithm (Vincent et al. 2012).

b. Model output simulations

Daily series of precipitation and temperature simulated

by regional climate models (RCMs) from NARCCAP

(Mearns et al. 2012; data were obtained online in 2012

from the NARCCAP dataset at the National Center for

Atmospheric Research Earth System Grid data portal at

doi:10.5065/D6RN35ST) for past climate were also used

in this study. Three different RCMswere considered:1 the

Met Office Hadley Centre’s regional climate model,

version 3 (HRM3; Jones et al. 2003); the Regional Cli-

mate Model, version 3 (RCM3; Giorgi et al. 1993a,b; Pal

et al. 2000, 2007); and the Weather Research and Fore-

casting (hereinafter WRFG) Model (Skamarock et al.

2005). Each RCM simulation was run using boundary

conditions from the National Centers for Environmental

Prediction–U.S. Department of Energy R-2 reanalysis

(hereinafter NCEP; Kanamitsu et al. 2002) for the period

1980–2004 and from two different GCMs for the period

1971–2000: the Geophysical Fluid Dynamics Laboratory

Climate Model, version 2.1 (GFDL CM2.1; GFDL

Global Atmospheric Model Development Team 2004),

and the Hadley Centre Coupled Model, version 3

(HadCM3; Gordon et al. 2000; Pope et al. 2000), for

HRM3; the Canadian Centre for ClimateModelling and

Analysis Third Generation Coupled General Climate

Model (CGCM3; Scinocca and McFarlane 2004; Flato

et al. 2000, and see online at http://www.ec.gc.ca/ccmac-

cccma/default.asp?n51299529F-1) and the GFDL

CM2.1 for RCM3; and the National Center for Atmo-

spheric Research Community Climate System Model,

version 3 (CCSM; Collins et al. 2006), and CGCM3 for

the WRFG.

c. Individual extreme-event definition

From daily data, heavy-precipitation events were de-

fined as those days on which the daily accumulated

precipitation exceeded a predefined threshold. This

thresholdwas chosen to be the daily 75th percentile of the

distribution of rainy days (Pr . 0.1mm), calculated em-

pirically from the sample of all rainy days in a base period,

over a 29-day-running window centered on each calendar

day. Because the observed rainfall probability across

Canada is on average 0.5, exceedance of the 75th per-

centile of the distribution of rainy days represents the

upper tail of the distribution of all days, with annual

probability of occurrence of approximately 12.5%. This

reference value may change from season to season and

for individual stations because of changes in the rainfall

probability but shows that heavy-precipitation events as

defined in this study have a probability of occurrence that

is much lower than 25%.

For temperature, four different extremes were de-

fined on the basis of minimum and maximum temper-

ature separately. Warm days correspond to days with

FIG. 1. Stations used in this study: 293 stations with daily

precipitation, minimum temperature, and maximum temperature.

1Only three RCMs were used in this study because of the lack of

availability of daily precipitation and temperature data for the rest

of the models involved in the project at the time that this research

was started.
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Tx exceeding the daily 90th percentile of its distribu-

tion, and cold days refer to days with Tx below the 10th

percentile. Warm nights are recorded when Tn exceeds

the 90th percentile of its own distribution, and cold

nights are recorded when Tn is less than the 10th per-

centile. As with precipitation, thresholds for tempera-

ture extremes were computed as percentiles of the

empirical distribution of daily minimum and maximum

temperature for each calendar day. Because tempera-

ture is a smoother variable than precipitation, a 5-day-

running window was used in this case, following the

practice recommended by the joint World Meteoro-

logical Organization Commission for Climatology/

Climate Variability and Predictability/Joint Technical

Commission for Oceanography and Marine Meteorol-

ogy Expert Team on Climate Change Detection and

Indices (Zhang et al. 2011).

Because percentiles are relative to local climate, the

selection of this kind of threshold allows us to take into

consideration different temperature and precipitation

regimes across the country. As a result of seasonality in

both variables, the use of daily thresholds enables events

to be extreme relative to values that are normal for that

particular season without the need to be extreme in

absolute terms for the whole year. Out-of-season values

(e.g., nonseasonal frost) can have a huge impact on the

ecosystem because they imply a sudden and abrupt

change, even though they might represent normal con-

ditions at other times of the year.

Higher percentiles were also analyzed as thresholds to

define individual extreme events. Results found for the

occurrence of the compound extremes when more ex-

treme individual events were considered are similar to

those shown in section 3, although they are less signifi-

cant and robust because of the low number of cases

found in the period of study.

d. Compound extreme-event definition

Joint extreme events were defined as those days on

which a heavy-precipitation event occurred together with

one of the four different temperature extreme events. For

each combination of precipitation and temperature ex-

treme event, the frequencies of all possible events were

organized into a contingency table with entries npt, where

p 5 1 or 2 corresponds to extreme or nonextreme pre-

cipitation, respectively, and t 5 1 or 2 corresponds to

extreme or nonextreme temperature, respectively. From

these values, the percentage of days with both extremes

over the total extreme-temperature events in the season

was calculated as follows:

x5 100
n11

n11 1n21
,

where n11 corresponds to the number of days with both

extremes and n111 n21 is the total number of days in the

season showing an extreme-temperature event. In the

absence of any dependence between the occurrence of

precipitation and temperature extremes, x is equal to the

percentage of heavy-precipitation events expected for

that season and location, which can be calculated as the

exceedance rate (25% as per the threshold used in this

study) times the rainfall probability.

The joint occurrence of precipitation and temperature

extreme events was also studied by applying a 61-day

lag to the heavy-precipitation events, that is, cases of

heavy precipitation occurring on the day before or after

a temperature extreme event.

e. Significance test

The significance of this relationship was analyzed by

applying a one-tail chi-square test (Wilks 2011) at the

5% significance level. The null hypothesis for this test is

that the events are independent and therefore the oc-

currence of a heavy-precipitation event is not condi-

tioned by the occurrence of a temperature extreme

event, or vice versa. Under this hypothesis, the joint

probability can be calculated as the product of the two

individual event probabilities:

ept 5 np.n.t/n ,

where np. is the total number of heavy-precipitation

events, n.t is the total number of extreme-temperature

events, and n is the total number of the days in the pe-

riod of study. The test statistic is computed on the basis

of the observed and expected values as follows:

x2 5 �
2

p51
�
2

t51

(jnpt 2 eptj2 0:5)2

ept
,

taking into account Yates’s correction for a 2 3 2 con-

tingency table (Yates 1934, 1984), where the statistic x2

follows a chi-square distribution with n 5 1 degree of

freedom.

By applying a resampling procedure, the field signifi-

cance of the relationship betweenheavy precipitation and

extreme-temperature events was analyzed. The depen-

dence between extremes was computed for the observed

time series, as well as for 1000 resampled realizations.

The resampling was performed using a moving-5-yr-

blocks bootstrap that accounts for autocorrelation (Wilks

1997), and the same resampling procedure (with re-

placement) was applied to all stations in the dataset to

keep the spatial dependence between locations. For each

realization, the frequency of occurrence of each joint

extreme was computed and tested for significance. Two
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statistics were considered from each realization: the

percentage of locations with a significant relationship and

the mean frequency of occurrence of each joint extreme

over all locations for each season. The 5th and 95th per-

centiles of the resulting collection of these two statistics

estimates are then used as lower and upper 90% confi-

dence limits for the observed values (see Tables 1 and 2 in

section 3).

3. Results

a. Observed joint distribution

The analysis of the joint distribution of precipitation

and temperature extreme events was performed at 293

stations across Canada. For the sake of comparison with

RCM simulations, results for the observations are pre-

sented in Figs. 2–5 and Tables 1 and 2 for the period

1980–2004. Similar results were obtained when per-

forming the analysis over the longest available period at

each station, with almost all stations showing significant

relationships between precipitation and temperature

extreme events.

Figures 2a and 2c show the observed joint occurrence

of warm nights and heavy-precipitation events for winter

and summer, respectively (see Figs. S1a,c in the supple-

mental material for the shoulder seasons). Results are

shown as a ratio over the expected value (see section 2d

for details on how the expected value was computed),

with red colors indicating a positive relationship (i.e.,

higher frequency of joint extreme events than is expected

under the assumption of independence) and blue colors

denoting a negative relationship (i.e., less frequency than

is expected). As can be seen, the relationship between

warm nights and heavy precipitation is positive in almost

all of Canada, except inAlberta and Saskatchewanwhere

a negative relationship is observed during winter, al-

though only significant at less than 10% of the stations.

The positive signal is stronger during autumn and winter

with one-half or more of the analyzed stations showing

a significant relationship at the 5% level (see section 2e

for details on the statistical test used). Over the whole

country an average of 25.6% of the warm nights in winter

also present a heavy-precipitation event on the same day

(Table 1). This relationship is clearly stronger along the

east and southwest coasts, however, where more than

40% of warm nights are coincident with heavy-

precipitation events at some of the stations, which is

possibly related to weather phenomena such as the

‘‘Pineapple Express’’ in the west (Geng et al. 2012). For

all seasons, the occurrence of heavy-precipitation events

shows a significant positive relationship with warm

nights when averaged over all locations (Table 1), since
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the observed frequency is always greater than the ex-

pected 12.5% under the assumption of no dependence,

even considering the 90% confidence interval given by

the bootstrap procedure. Even more, the significance test

described in the previous section implies that about 5%of

the stations might show a significant relationship (either

positive or negative) by random chance. The 90% confi-

dence interval of the percentage of locations at which

a significant positive relationship was observed obtained

from the bootstrap procedure is considerably higher than

the expected 5%. This is not the case for the locations

with a negative relationship (Table 2).

When combined with warm days, heavy-precipitation

events also happen significantly more frequently along

the east and southwest in winter and on the east coast

and the north during autumn (Figs. 2b and S1d). The

TABLE 2. As in Table 1, but for locations with a negative relationship.

Pr75 and Tn90 Pr75 and Tx90 Pr75 and Tn10 Pr75 and Tx10

Mean Significance Mean Significance Mean Significance Mean Significance

DJF 8.2* (7.5–8.7) 8.8 (3.5–10.8) 7.0* (6.3–7.3) 14.4 (9.5–16.8) 7.6* (6.9–7.7) 40.6 (34.8–44.4) 5.1* (4.6–5.4) 45.4 (39.0–48.4)

MAM 9.5* (8.3–9.8) 1.0 (0.0–3.0) 5.4* (5.0–5.7) 22.8 (14.8–22.9) 5.1* (4.4–5.2) 31.0 (21.3–29.7) 7.2* (6.5–8.1) 12.1 (8.5–15.8)

JJA 9.2* (8.5–9.5) 5.4 (2.5–9.2) 5.0* (4.8–5.4) 32.8 (19.0–30.9) 5.2* (4.7–5.4) 26.9 (16.4–26.2) 12.1 (8.5–13.7) 0.0 (0.0–1.4)

SON 9.1* (7.9–9.8) 1.9 (0.0–3.4) 6.3* (6.0–6.9) 18.8 (13.6–20.4) 6.4* (5.6–6.8) 37.0 (29.3–38.5) 10.9** (9.6–11.0) 12.7 (11.3–23.1)

*Cases for which themean frequency of occurrence of a joint extreme event exceeds or is below the expected value (12.5%) in the absence of

any dependence between the two extremes, considering the 90% confidence interval obtained from the resampling procedure.

**Cases for which the conditions in the first footnote are valid but the difference is too small, considering the 90% confidence interval.

FIG. 2. Percentage of (left) warm nights and (right) warm days occurring simultaneously with heavy-precipitation

events for (a),(b) winter and (c),(d) summer, expressed as a ratio over the expected value (see text for more detail).

Filled symbols indicate a significant relationship at the 5% level.
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relationship is negative everywhere during summer,

however, with an average of only 5% (4.8%–5.4%, ac-

cording to the 90% confidence interval; Table 1) of the

warm days occurring together with heavy precipitation.

During spring, the north shows a positive relationship at

26.9%of the stations, with an average frequency of 19.0%

(18.1–21.7%), while the south has heavy-precipitation

events on 5.4% (5.0%–5.7%) of the warm days, signifi-

cant at more than one-fifth of the stations.

The concurrent occurrence of heavy-precipitation

events and cold days (Figs. 3b,d and Figs. S2b,d of the

supplemental material) is somewhat opposite to the pat-

tern seen for warm days. A negative relationship is ob-

served at almost all stations during winter and is significant

at one-half of them, with a spatial average of only 5.1%

(4.6%–5.4%) of occurrence of the joint extreme event.

During summer, this pattern is reversed and almost one-

third of the cold days in the season happen together with

a heavy-precipitation event. The significance is lower

during the shoulder seasons (Fig. S2), with positive sig-

nificant relationships in the southern (southwestern) part

of the country during spring (autumn) while the north

(northeast) shows a negative relationship. In both cases the

number of locations at which the relationship was signifi-

cant is greater than the expected 5% by random chance

(see Tables 1 and 2).

The relation between heavy-precipitation events and

cold nights was negative over the whole country and

throughout the year, significant at approximately one-

third of the stations (Figs. 3a,c and S2a,c). This shows that

heavy-precipitation events do not usually occur under

nocturnal cold conditions at any time of the year.

The same analysis was performed while lagging the

events by 1 day to address the question of whether one

type of extreme event leads the other one. As was found

for the simultaneous occurrence, heavy precipitation oc-

curring on the day before a warm night tends to be more

frequent in autumn and winter (Figs. 4a,c and Figs. S3a,c

of the supplemental material), with an average of 26.8%

of the warm nights in winter being preceded by a heavy-

precipitation event. The spatial distribution of this ex-

treme follows the same pattern as the simultaneous

extreme events, with higher frequencies along the east

and southwest coasts. During spring and summer,

FIG. 3. As in Fig. 2, but for (a),(c) cold nights and (b),(d) cold days.
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however, the lagged relationship is somewhat opposite to

the simultaneous occurrence, with almost all stations

showing a weak negative relationship.

Warm days, cold days, and cold nights preceded by

a heavy-precipitation event show the same spatial distri-

bution as the corresponding simultaneous compound ex-

treme, although the frequencies of occurrence are lower,

except for warm days in summer (see Figs. 4b,d and S3b,

d for warm days and Fig. 5 and Fig. S4 of the supplemental

material for cold extremes).

When lagged in the opposite direction to analyze heavy-

precipitation events following a temperature extremeevent,

the spatial pattern of the lagged joint extremes that results is

similar to the simultaneous relationship, although it is sig-

nificant at a smaller number of stations (Figs. S5–S8 in the

supplemental material).

b. Simulated individual extreme events

Before analyzing the joint occurrence of temperature

and precipitation extreme events as simulated byRCMs,

it is important to verify howwell themodels simulate the

individual extreme events used to define the joint ex-

tremes. The spatial variability of the 75th percentile of

daily precipitation (Pr75) is captured well by all models

in winter, as depicted by the Taylor diagrams (Taylor

2001) shown in Fig. 6a, although most of them fail to

simulate the higher values of Pr75 along the east coast.

During summer most models tend to underestimate the

observed spatial range of this statistic (Fig. 6b), in

agreement with the biases shown for mean seasonal

precipitation (Mearns et al. 2012), especially in central

Canada, where Pr75 is highly underestimated. Overall,

the ensemble of all of the models outperforms most of

the individual models, providing the best estimate of the

simulated thresholds for defining heavy-precipitation

events.

Temperature-extreme thresholds show a greater spread

among the models, but they seem to be better represented

by models than precipitation is, both in terms of spatial

variability and phasing, since the correlation between ob-

served and simulated temperature percentiles is higher and

the root-mean-square error is lower (Figs. 6c,d). Similar

FIG. 4. Percentage of heavy-precipitation events occurring on the day before (left) a warm night and (right) a warm

day for (a),(b) winter and (c),(d) summer, expressed as a ratio over the expected value (see text for more detail).

Filled symbols indicate a significant relationship at the 5% level.
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results were found for the remaining thresholds used in this

study (not shown). In particular, RCM3 driven by GFDL

shows the greatest underestimation of the spatial vari-

ability of Tn90 (minimum temperature above the 90th

percentile) and Tx10 (maximum temperature below the

10thpercentile) duringmost parts of the year and shows the

lowest correlation with observations. On the other hand,

WRFG driven by CCSM shows greater overestimations of

spatial variability in most of the cases. The ensemble of all

of the simulations tends to balance these differences among

the individual runs, giving the best results both in terms of

spatial variability and phasing, since it shows the most

similar standard deviation when compared with observa-

tions and shows the highest correlations.

c. Simulated joint extreme events

Even though individual model simulations do not al-

ways accurately represent simple extreme events, the

seasonal and spatial distributions of the joint extremes are

capturedwell by themodels, especially when an ensemble

of several runs is used. Figure 7 shows the joint occur-

rence of heavy-precipitation events and warm extremes

in winter (Figs. 7a,b) and cold extremes in summer (Figs.

7c,d) simulated by the ensemble of three RCMs using

boundary conditions from the NCEP reanalysis. The

spatial distribution of the joint extremes is captured well

by the models, showing a positive significant relationship

along the coasts for warm extremes inwinter and negative

nonsignificant relationships to the east of the Rocky

Mountains. The models tend to overestimate the positive

relationship of warm extremes occurring in combination

with heavy-precipitation events throughout the region,

however, simulating an average of 31.3% (25.2%–38.9%,

if the intermodel spread is considered) of warmnights and

35.9% (32.4%–44.4%) of warm days inwinter (Figs. 7a,b)

also experiencing heavy-precipitation events over the

whole country, as compared with the 25.6% (25.2%–

26.9%, if a 90% confidence interval is considered) and

30.5% (29.8%–32.2%) frequencies that are respectively

observed. In British Columbia, Canada, which is one of

the provinces with the highest observed frequency of

occurrence of this joint extreme, an average of 41.2%

(38.7%–46.2%) of the warmnights in winter are expected

to experience heavy-precipitation events according to the

FIG. 5. As in Fig. 4, but for (a),(c) cold nights and (b),(d) cold days.
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ensemble of simulations, whereas only 25.7% (23.9%–

26.9%)were observed during the period 1980–2004. If the

intermodel spread is considered, however, these differ-

ences are not significant. The seasonality of the distribu-

tion of joint extremes is also captured well by the models

that are able to reproduce the negative relationship be-

tween warm days and heavy precipitation during summer

(see supplemental Fig. S10c).

Joint extremes associated with cold events are also well

captured by the models. The simulated relationship be-

tween heavy-precipitation events and cold nights was

negative for all year and was negative (positive) during

winter (summer) for cold days (Figs. 7c,d and Figs. S11 and

S12 in the supplemental material). The percentage of cold

days occurring simultaneously with heavy-precipitation

events is slightly underestimated by the models for regions

of enhanced occurrence of this joint extreme event: 27.7%

(26.5%–31.4%, if the intermodel spread is considered) as

compared with the 30.6% (29.7%–31.0%) observed in

summer, and 37.0% (30.6%–43.9%) as compared with

40.3% (38.8%–40.9%) observed in British Columbia.

Again, these differences are not significant when the

intermodel spread is considered.

When boundary conditions are given by GCMs instead

of reanalysis, similar patterns of temporal and spatial

variability of joint extremes are found (Fig. 8), although

the area of significance and the intermodel spread are

found to be larger. The six-member ensemble of RCMs

shows that heavy-precipitation events combined with

warm extremes occur significantly more often along the

coasts during autumn and winter, with an average over the

whole country of 30.1% (16.1%–41.5%) for warm nights

and 33.4% (17.8%–47.5%) for warm days during winter.

Cold days are more frequently associated with heavy-

precipitation events in summer, with a spatial average of

23.8% (15.5%–31.4%), and cold nights are very rarely

FIG. 6. Spatial Taylor diagrams of the 75th percentile of precipitation in (a) winter and (b) summer, (c) the 90th

percentile of minimum temperature in winter, and (d) the 10th percentile of maximum temperature in summer,

comparing model simulations with observations. Standard deviations and root-mean-square differences are nor-

malized by the reference standard deviation.
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found to be concurrent with intense precipitation (less

than 10% of the time).

The spatial Taylor diagrams shown in Fig. 9 provide

a summary of the model performance in simulating the

joint extreme distribution. It can be seen that all models

captured very well the spatial range of frequencies of

extreme-temperature events combined with heavy pre-

cipitation since all models have a standard deviation very

similar to the observed. There are twomodels that tend to

underestimate this statistic for all types of extremes and

seasons: theHRM3withGFDL boundary conditions and

the WRFG when driven by CCSM. The correlation be-

tween model simulations and observations is usually low,

indicating that themodels do not locate the occurrence of

maximum and minimum frequencies accurately. This

result could in part be due to the fact that there are a few

isolated stations along Hudson Bay and northern Québec
that show a high frequency of occurrence of joint extreme
events, especially for warm extremes, whereas models do

not capture a stronger signal in that region. However, as
seen from Figs. 7 and 8, the spatial distribution of the

occurrence of joint extremes is captured well by most of

the RCMs from the NARCCAP project. As a result of

compensation among models, the ensemble of all simu-

lations usually outperforms individual models.

The analysis of the simulated lagged joint extremes

shows results that are similar to what was observed at

stations, with lower frequencies of occurrence of heavy

precipitation and extreme temperatures for all combina-

tions of extremes and all seasons of the year, especially

when heavy precipitation follows an extreme-temperature

event (not shown).

4. Summary and conclusions

In this study, we addressed the question of whether

there is a significant relationship between the occur-

rence of heavy precipitation and extreme-temperature

FIG. 7. Percentages of (a) warm nights and (b) warm days in winter and (c) cold nights and (d) cold days in summer

occurring simultaneously with heavy-precipitation events, expressed as a ratio over the expected value, as simulated

by the three-member ensemble of the RCMs driven by the NCEP reanalysis. Only grid points with a significant

relationship at the 5% level are shown.
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events in Canada with a simple statistical approach.

From daily series of minimum and maximum tempera-

ture and daily precipitation observed at 293 stations

across the country, the simultaneous and lagged joint

distributions of temperature and precipitation extremes

were analyzed for the common period 1980–2004.

Results showed that a significant relationship between

heavy precipitation and extreme-temperature events ex-

ists over Canada, with the strength and sign of this re-

lationship varying through the year for the different types

of joint extreme events. The simultaneous occurrence of

heavy-precipitation events and warm nights was shown to

be positive, significant at more than one-half of the sta-

tions, with an average of more than one of every four

warm nights experiencing intense precipitation. The

spatial distribution of this joint extreme event showed

that the east and southwest coasts are themost prominent

regions to have an enhanced probability of occurrence of

intense precipitation during warm nights, while a nega-

tive relationship was found inAlberta and Saskatchewan,

although it was significant at less than 10% of the stations

in the region. In agreement with previous studies on the

relationship between precipitation and temperature that

were based onmean values, warm and wet conditions are

more likely to occur during autumn and winter across the

country. In a similar way, heavy-precipitation events and

warm days also showed a significant positive relationship

during winter in eastern and southwestern Canada,

whereas a negative relationship was found during sum-

mer at almost every station in Canada. Cold days show

the opposite pattern, with a positive association with in-

tense rainfall in summer and a negative association dur-

ing winter. Cold nights and heavy-precipitation events

showed a significant negative correlation throughout the

year, indicating that these types of events do not tend to

occur simultaneously.

The occurrence of heavy precipitation on the day be-

fore a temperature extreme event showed a seasonality

and spatial distribution that are similar to the simulta-

neous occurrence of most of the joint extremes analyzed

in this study, although a weaker and less significant signal

was obtained. This result suggests that intense pre-

cipitation can lead to an anomalous drop in maximum

temperature during summer that is due to a cooling of the

FIG. 8. As in Fig. 7, but for the six-member ensemble of the RCMs driven by GCMs.
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surface since part of the heat is used to evaporate the

excess water or a rise in minimum temperature during

winter because of increased cloudiness during nighttime

hours. When lagged in the opposite direction, a weak

signal was obtained for all joint extremes, indicating that

the occurrence of intense rainfall is not dependent on the

occurrence of extremely cold or warm conditions on the

previous day.

The same analysis was performed with historical runs

of the climate simulated by RCMs from the NARCCAP

project. Even though individual models do not always

accurately represent simple extreme events, the seasonal

and spatial distributions of the joint extremes are cap-

tured well by the models, especially when an ensemble of

several runs is used, providing a useful tool with which to

analyze the joint occurrence of heavy precipitation and

extreme-temperature events.

Further research is required to explore the basis of the

relationships found in this study between the occurrence of

intense rainfall and extreme-temperature events. Soil

moisture feedbacks can be a major forcing of the occur-

rence of heat waves, as was the case for the 2003 central

European heat wave that was preceded by a precipitation

deficit during at least four months (Fischer et al. 2007). In

a more general case, Vautard et al. (2007) found that 9 of

the 10 hottest summers in the period from1948 to 2005 had

a negative anomaly of rainfall frequency over southern

Europe, which is consistent with the negative relationship

between intense-rainfall frequency and warm days found

in this study. According to Fischer et al. (2007), drought

conditions may induce changes in the atmospheric circu-

lation and advection of air masses that can lead to changes

in regions outside the area affected by the precipitation

deficit. Therefore, a global-scale analysis is required to

FIG. 9. Spatial Taylor diagrams of the combined extreme events of heavy-precipitation events and (a) warm nights

and (b) warm days in winter and (c) cold nights and (d) cold days in summer, comparing model simulations with

observations. Standard deviations and root-mean-square differences are normalized by the reference standard

deviation.
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understand the physical mechanisms that can give place to

wet and warm/cold conditions across Canada, which is

beyond the scope of this study.
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