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1.  INTRODUCTION

Global climate models (GCMs) are the most impor-

tant tool for the extrapolation of climate change due to

the enhanced greenhouse effect. Direct outputs from

these models are available at a daily time scale; how-

ever, imperfect model specifications and coarse spatial

resolutions may result in distortions at local sites. For

example, GCMs tend to generate too many precipita-

tion events and weaker intensities compared to obser-

vations at individual stations within the grid box

(Mearns et al. 1990, 1995, Carter et al. 1994, Goddard

et al. 2001). In addition, there are known weaknesses

in GCMs when simulating climate variability, such as

NAO and ENSO (IPCC 2007). Since most models used

in climate change impact studies, such as hydrological

and crop growth models, are weather sensitive,

extreme climate events in the input climate scenarios

can adversely affect crop growth and yield simulations

(Mearns et al. 1996, Riha et al. 1996, Hansen & Jones

2000, Baron et al. 2005). Therefore, correctly estimat-

ing climate extremes in modelled climate scenarios is

crucial to the results of impact studies and the develop-

ment of adaptation strategies.

Stochastic weather generators are statistical models

that can generate synthetic weather data mimicking

the weather data to which they have been calibrated

(Hutchinson 1986, Wilks & Wilby 1999). This technique

has played an important role in developing climate

scenarios for climate change impact studies (Wilks
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1992, Katz 1996, Mearns et al. 1997, Semenov & Bar-

row 1997, Qian et al. 2005, Kilsby et al. 2007). Stochas-

tic weather generators such as LARS-WG (Racsko et al.

1991, Semenov et al. 1998) and AAFC-WG (Hayhoe

2000, Qian et al. 2004) apply the changes in variance

and mean of daily climate variables to perturb weather

generator parameters for generating future climate

scenarios (Semenov & Barrow 2002, Qian et al. 2005).

Such a capacity would apply to the generation of daily

climate extremes as well, if stochastic weather genera-

tors are capable of reproducing observed frequency

and intensity of climate extremes. Evaluations of the

performance of LARS-WG and AAFC-WG have proven

such a capacity (Semenov 2008, Qian et al. 2008), al-

though some improvements in weather generation

algorithms would enhance their capability in repro-

ducing climate extremes.

Future climate scenarios developed by stochastic

weather generators may show changes in climatic

extremes similar to those obtained from direct GCM

outputs. This is because changes in the statistics of

daily climate variables (the same variables modelled

by the weather generators, such as daily maximum and

minimum temperatures and precipitation) on atmo-

sphere-ocean GCM (AOGCM) grids are often used to

perturb weather generator parameters (Semenov &

Barrow 2002, Qian et al. 2005) in order to generate

future scenarios. However, the actual values of meteo-

rological variables for extreme climate events from

localized scenarios are anticipated to be more suitable

and reliable for impact studies than those directly from

GCM outputs, because sub-grid processes are parame-

terized, and detailed topography is not represented in

GCMs. Generating information at a finer scale than the

grid scale of the AOGCMs is often referred to as down-

scaling (Christensen et al. 2007). To distinguish the

weather generator methods from dynamical downscal-

ing (such as regional climate models) and other statis-

tical downscaling methodologies that link local climate

variables to large-scale atmospheric circulation (often

represented by mean sea level pressures and geopo-

tential heights), we refer to the weather generation of

future climate scenarios as localization.

The objective of the present study was to compare sce-

narios of daily climate extremes derived from localized

climate scenarios with direct GCM outputs. Emphasis

was given to consistencies and differences between lo-

calized scenarios and direct GCM outputs, the strength

and deficiency of the methodology for the development

of the localized climate scenarios by the use of a stochas-

tic weather generator, as well as uncertainties associated

with GCMs in producing scenarios of daily climate

extremes for Canadian agricultural regions for the time

period 2040–2069 (approximately corresponding to a

doubling of atmospheric CO2 concentration).

2.  DATA AND METHODS

2.1.  Historical daily climate data

A 30 yr (1961–1990) set of historical weather obser-

vations, including daily maximum temperature (Tmax),

daily minimum temperature (Tmin) and daily precipita-

tion (P), was extracted from historical weather data

sets archived at Agriculture and Agri-Food Canada

(AAFC) for a total of 424 stations across agricultural

regions of Canada.

2.2.  GCM data

Data sets of climate change simulations conducted

by 4 GCMs (CGCM3, HadCM3, ECHAM5/MPI-OM

and CSIRO-Mk3) were used. CGCM3 is the third ver-

sion of the coupled global climate model at the Cana-

dian Centre for Climate Modelling and Analysis

(CCCma) (Kim et al. 2002, 2003). HadCM3 is the third

generation of the coupled AOGCM developed at the

Hadley Centre for Climate Prediction and Research of

the UK Met Office (Gordon et al. 2000). ECHAM5/

MPI-OM (Jungclaus et al. 2006) is the fifth generation

of the general circulation model ECHAM5 coupled

with ocean and land models, developed at the Max

Planck Institute for Meteorology in Germany. The new

CSIRO Mk3.5 model (Cai et al. 2003) is a coupled

GCM developed at the Commonwealth Scientific and

Industrial Research Organisation (CSIRO) in Australia.

The 20th Century Experiment (20C3M, an experi-

ment run with greenhouse gases increasing as ob-

served through the 20th century) for the time period

1961–1990 and a scenario run for the time period

2040–2069 forced by the IPCC Special Report on Emis-

sions Scenarios (SRES) A2 emissions scenario (Naki-

cenovic & Swart 2000) from each climate model were

used as the baseline and future climate scenarios in the

model. Since we were interested in the uncertainty

associated with GCM simulations instead of that

related to emission scenarios, only the simulations

forced by IPCC SRES A2 were employed. Because of

the huge amount of data at the daily time scale, only

one member of the ensemble simulations was taken

from each model. Daily outputs of CGCM3 were

downloaded online from the CCCma website (www.

cccma.ec.gc.ca/data/cgcm3/cgcm3.shtml). Daily out-

puts of HadCM3 were obtained from Hadley Centre

through the Climate Impacts LINK project (Viner

1996). Daily outputs from ECHAM5/MPI-OM and

CSIRO Mk3.5 were obtained from the World Climate

Research Programme’s Coupled Model Intercompari-

son Project phase 3 (CMIP3) multi-model data set

(Meehl et al. 2007). Limited by data availability, daily
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GCM outputs for the future time period were for 2046–

2065 from ECHAM5/MPI-OM and for 2041–2070 from

CSIRO Mk3.5. These periods were deemed the same

as the time period 2040–2069 for the other 2 GCMs.

Daily maximum and minimum surface air tempera-

tures, together with daily precipitation in the GCMs,

were used.

2.3.  AAFC weather generator

AAFC-WG (Hayhoe 2000) is a Richardson-type

(Richardson 1981) stochastic weather generator. AAFC-

WG has shown acceptable reproduction of the proba-

bility distributions of daily P, Tmax and Tmin for most

cases, as well as some important agro-climatic indices

that are indicators of climate conditions for crop

growth and production (Qian et al. 2004). In addition,

Qian et al. (2008) showed that AAFC-WG performed

well in reproducing extreme daily values for diverse

Canadian climates. An evaluation was also conducted

on the capability of AAFC-WG for generating future

climate scenarios under climate change and optimal

approaches for perturbing its parameters reflecting

climate change based on experiments with historical

climate data (Qian et al. 2005). The evaluation indi-

cated that AAFC-WG performed well in producing

climate scenarios under a changing/changed climate.

Therefore, to the extent that the changes in statistics

of weather variables from climate change simulations

by GCMs are reliable, future climate scenarios gene-

rated by AAFC-WG can be reliable for agricultural

applications.

2.4.  Generation of synthetic weather data for the

baseline period

Synthetic weather data including daily Tmax, Tmin and

P for the baseline period 1961–1990 were generated by

the AAFC-WG for agricultural regions of Canada at a

spatial resolution of 0.5° latitude × 0.5° longitude.

British Columbia was not included because of its com-

plex topography. To generate synthetic weather data

for the baseline period 1961–1990, the following steps

were used:

(A1) The AAFC-WG was calibrated with historical

weather data (1961–1990) at each of 31 representative

stations (from the full data set of 424 stations), covering

diverse climates and geographical regions across

Canadian agricultural areas. The parameters for the

AAFC-WG include second-order transition proba-

bilities for wet and dry days, empirical distributions

of standardized daily Tmax, Tmin and log-transformed

daily precipitation amounts on wet days, the monthly

mean values and variances of these weather variables,

and correlation matrices used in the first-order multi-

variate autoregression model. Details of the parame-

ters used by the AAFC-WG can be found in Hayhoe

(2000) and Qian et al. (2004).

(A2) All weather generator parameters, except the

empirical distributions and correlation matrices indi-

cated above, were then computed from the historical

weather data (1961–1990) at each of 424 stations

across the agricultural region. These parameters were

then interpolated to each of the 0.5° latitude × 0.5°

longitude grid points by inverse distance squared

weighting.

(A3) Synthetic weather data were generated for each

of the 0.5° latitude × 0.5° longitude grid points by the

AAFC-WG using the parameters obtained in Step A2

for the grid points together with the empirical distribu-

tions of standardized daily Tmax, Tmin and log-trans-

formed daily precipitation amounts on wet days and

the correlation matrices calibrated for the representa-

tive station near the grid point. Since empirical distrib-

utions employed in AAFC-WG were estimated from

standardized daily Tmax, Tmin and log-transformed

daily precipitation amounts on wet days, it was

assumed that the empirical distributions estimated

from a representative station were applicable to the

nearby grid points under a similar climate. This

assumption was also applied to the correlation matri-

ces that were used in the first-order multivariate

autoregression model for generating standardized Tmax

and Tmin.

2.5.  Generation of future climate scenarios

Four separate sets of future climate scenarios for the

time period 2040–2069 were generated by perturbing

the weather generator parameters based on climate

changes simulated by CGCM3, HadCM3, ECHAM5/

MPI-OM and CSIRO Mk3.5 forced with the IPCC

SRES A2 emissions scenario. Hereafter, the 4 scenarios

are referred to as CGCM3, HadCM3, ECHAM and

CSIRO. The following steps were taken to generate

future scenarios of daily Tmax, Tmin and P for a GCM:

(B1) All the parameters in Step A2 were computed

for the 2 time periods, 1961–1990 and 2040–2069, from

daily GCM outputs for Tmax, Tmin and P at GCM grid

points. The differences and ratios of the parameters

between these 2 periods were calculated for each

GCM grid point. Details of the parameters we used can

be found in Qian et al. (2005).

(B2) The differences and ratios were interpolated to

each of the 0.5° latitude × 0.5° longitude grid points

from 4 surrounding GCM grid points. They were used

as climate change scenarios for modifying the weather
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generator parameters at the 0.5° latitude × 0.5° longi-

tude grid scale.

(B3) The differences and ratios for each of the 0.5° lat-

itude × 0.5° longitude grid points from Step B2 were ap-

plied to parameters estimated from the observed base-

line climate in Step A2 to form a new set of parameters

for the future period 2040–2069 based on the climate

change simulated by the GCM. Weather generator

parameters and the approaches used to modify these

parameters are fully described in Qian et al. (2005).

(B4) Future scenarios of daily Tmax, Tmin and P were

then generated by using the new set of parameters in

Step B3 for a 0.5° latitude × 0.5° longitude grid point,

together with the empirical distributions of standard-

ized daily Tmax, Tmin and log-transformed daily precip-

itation amounts on wet days and the correlation matri-

ces calibrated for the representative station near the

grid point.

Since a stochastic weather generator can generate a

weather series of any length, we generated 300 yr long

scenarios, a reasonable length for a good estimation of

extreme values (e.g. 50 yr return values). Using the dif-

ferences and ratios, it was assumed that changes in

statistics of climate variables would be more reliable

than the actual values from direct GCM outputs. The

changes in the statistics of climate variables from GCM

simulations were also assumed to be consistent over a

considerable spatial scale. Considering the global

scale of warming due to the enhanced greenhouse

effect, the latter of the assumptions seemed reason-

able. Observed changes in temperature and preci-

pitation in Canada (Zhang et al. 2000, 2001) provide

evidence to support this assumption.

2.6.  Extreme daily values

Climate extremes can have critical impacts on crop

growth and agricultural production. Extremely high/

low temperatures and heavy rains during the growing

season are among such extremes (e.g. Falloon & Betts

in press). The growing season in Canada refers, in

general, to the time period between 1 May and 30 Sep-

tember. Climate extremes outside the growing season

are also of interest in non-agricultural sectors such as

human health and the living environment. For exam-

ple, extreme cold temperatures in winter affect the

occurence of frostbite in humans and survival rate

of insects. Future scenarios of climate extremes pre-

sented in the present study are annual and growing

season maximal daily Tmax, minimal daily Tmin and

maximal daily P, based on their 50 yr return values.

The 50 yr return values are the extreme values that are

expected to be exceeded approximately once every

50 yr. Annual and growing season extreme daily val-

ues were derived from daily data for the baseline

period 1961–1990 and the future period 2040–2069.

The generalized extreme value (GEV) distribution

(Coles 2001) was fitted to both the baseline and the

future series of yearly maxima for the estimation of

return values. One of the advantages of the use of the

GEV distribution was the possibility of obtaining a con-

fidence interval for a return value. This was useful for

the verification of whether the return values estimated

for the future and the baseline climates are signifi-

cantly different. The shape parameter κ, the location

parameter ξ and the scale parameter α of the GEV dis-

tribution were estimated by the method of L-moments

(Hosking 1990, 1992). The T-year return values XT

were then estimated from the quantile function of the

GEV distribution as:

The sampling uncertainty of the estimates was deter-

mined by a bootstrap procedure (Kharin & Zwiers

2005) in which ‘new’ samples of yearly values of

extremes were generated from the original sample by

random resampling with replacement. In this proce-

dure, 1000 new samples of size 30 yr length for direct

GCM outputs (300 for data generated by the weather

generator) were generated by this resampling ap-

proach. A return value was then estimated from each

generated sample by fitting and inverting a GEV dis-

tribution as derived above. The lower and upper 10%

percentiles of the resulting collection of return value

estimates were then used as the 80% confidence inter-

val for the true T-year return value. If the 80% confi-

dence interval of a return value estimated for the

future climate did not overlap with the 80% confidence

interval of the corresponding return value estimated

for the baseline climate at the same grid point (or loca-

tion), the return value estimated for the future climate

was considered statistically different from that of the

baseline climate, at the ~10% significance level (based

on Monte Carlo simulations, Kharin & Zwiers 2005).

The resampling approach estimated uncertainty in

sampling errors and internal variability but did not

take into account other sources of uncertainty such as

model uncertainty and forcing scenario uncertainty.

In summary, for each 0.5° grid point, the 50 yr return

values of the climate extremes were derived from 300 yr

long daily synthetic climate data generated by AAFC-

WG for the baseline climate (1961–1990). Their corre-

sponding future values were also estimated from four

300 yr long daily climate scenarios for the future period

(2040–2069) generated by the AAFC-WG with climate

changes simulated by CGCM3, HadCM3, ECHAM and

CSIRO models, with the forcing scenario IPCC SRES A2.

Such climate scenarios are herein referred to as the lo-
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calized climate scenarios. Similarly, the 50 yr return val-

ues of the selected extremes were also derived from di-

rect GCM outputs on approximately 2.8° latitude × 2.8°

longitude grids for CGCM3, 2.5° latitude × 3.75° longi-

tude grids for HadCM3, and roughly 1.865° latitude ×
1.875° longitude grids for ECHAM5/MPI-OM and

CSIRO-Mk3.5, for 2 periods: 1961–1990 for the modelled

baseline climates and 2040–2069 for the modelled future

climates, based on daily outputs. Extreme values esti-

mated from measured climate data for 1961–1990 at

some stations (Fig. 1) were also presented, in comparison

with the observed baseline values and future scenarios

at their nearest grid points. However, the way station

data can be compared with GCM outputs at grid points

depends on whether a grid-box or grid-point approach

was adopted (Skelly & Henderson-Sellers 1996). A grid-

box approach assumes that the GCM values are areal

averages in grid boxes resulting in a smoother climate

surface than the observed climate surface. However, the

values in the scenarios generated by the weather gener-

ator were for the 0.5° × 0.5° grid points, instead of aver-

ages for the grid box. This should be kept in mind when

the results from the comparisons are discussed.

3.  RESULTS

In the interests of space, only 50 yr return values for

annual maximal daily Tmax (Tx-a), annual minimal daily

Tmin (Tn-a), growing season minimal daily Tmin (Tn-gs) and

growing season maximal daily P (Px-gs) are presented.

Since annual maximal daily Tmax most likely occurs

during the growing season, Tx-a was a good indicator of

extreme hot weather for both the entire year and the

growing season. Low temperatures in the growing sea-

son are generally much higher than the annual minimal

daily Tmin. As such, Tn-a and Tn-gs are presented together

in order to reflect extreme weather for the entire year

and relatively cold conditions for crop growth

during the growing season. Heavy precipitation

may occur in any season, but maximal daily pre-

cipitation is more likely to occur in summer,

associated with convective systems, especially

on the Canadian prairies. Px-gs values are pre-

sented; however, annual maximal daily precip-

itation was found to be similar to the Px-gs in the

present study, especially on the prairies.

3.1.  Annual maximal daily maximum

temperature (Tx-a)

Except in Atlantic Canada, Quebec and

northern Alberta, the 50 yr return values of Tx-a

were >36°C in most areas for the baseline

period (Fig. 2a). Values >38°C were seen in a large

area on the prairies, and the highest value was >42°C.

Based on the localized CGCM3 scenario for 2040–2069

(Fig. 2b), Tx-a can be expected to reach >46°C in the

southern part of the prairies, and >40°C in the majority

of the remainder of the prairies. Changes were signifi-

cant everywhere, with an increase ranging from 1 to

6°C (Fig. 2c). Larger changes were projected for the

southern part of the prairies compared with other

regions. The localized scenario of HadCM3 showed

50 yr return values even higher than CGCM3, espe-

cially in Ontario and Quebec (Fig. 2d). Based on

HadCM3, the changes were much larger in the south-

ern prairies and southern Ontario (Fig. 2e), doubling

those based on CGCM3. Similar changes (Fig. 2f,i)

were seen from the localized scenario of ECHAM,

although values >44°C were projected in a smaller

region of the prairies as compared to CGCM3. A very

similar pattern was also projected by the localized

scenario of CSIRO (Fig. 2j,k).

The 50 yr return values of Tx-a estimated from direct

GCM outputs of CGCM3 for 1961–1990 were often

about 2°C higher than the observed values (Fig. 3a).

The scenarios for 2040–2069 also showed higher 50 yr

return values (Fig. 3b) than those in the localized sce-

nario (Fig. 2b) in most areas, and the changes (Fig. 3c)

were not significant on some coarse grids. Overestima-

tion in direct GCM outputs of HadCM3 was also found

for the baseline climate (Fig. 3d), especially in southern

and western Ontario. The overestimation resulted in

much higher values for the future period in these re-

gions (Fig. 3e) compared to the localized scenario of

HadCM3. However, the projected changes were not

statistically significant in the model on many coarse

grids (Fig. 3f). An underestimation of 8 to 10°C was

found on the prairies and in southern Ontario for the

baseline climate in direct GCM outputs of ECHAM

(Fig. 3g), resulting in lower values (Fig. 3h) than the lo-
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dian prairies (AB: Alberta; SK: Saskatchewan; MB: Manitoba) and Cen-

tral Canada (ON: Ontario; QC: Quebec). British Columbia (BC) was not 

included due to its complex topography
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calized scenario for the future climate. Changes in the

50 yr return values in direct GCM outputs of ECHAM

were also not significant on some GCM grids (Fig. 3i).

In contrast to ECHAM, overestimations were seen from

direct GCM outputs of CSIRO in most regions for the

baseline climate (Fig. 3j), and consequently much

higher return values in direct GCM outputs than the

localized scenario for the future (Fig. 3k). The changes

were significant on most GCM grids in CSIRO (Fig. 3l).

The return values of Tx-a estimated from station data

at selected locations across the agricultural regions

were often close to those at nearby fine grids estimated

from synthetic data generated by the weather genera-

tor for the baseline period (Table 1). The return values

at nearby GCM grids from direct GCM outputs of

CGCM3 for the baseline period were either lower or

higher than those at nearby fine grids, depending

upon the location. The under- and overestimation of
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Fig. 2. 50 yr return values (°C) of annual maximal daily maxi-

mum temperature for the baseline period (1961–1990) and the

localized scenarios of the future period (2040–2069) based on

CGCM3, HadCM3, ECHAM and CSIRO as well as the differ-

ence between the future and the baseline periods for each

scenario. Only statistically significant changes are shown. 

The same rule was applied to other maps
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Fig. 3. As Fig. 2, but derived from direct GCM outputs
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the baseline climate were consequently reflected by

lower or higher future values from direct CGCM3 out-

puts as compared to localized ones. A similar situation

was observed for HadCM3; however, an overestimated

return value for the baseline climate in direct GCM

outputs did not necessarily lead to higher future values

in direct GCM outputs in comparison to localized ones.

For example, the localized HadCM3 value (48.9°C)

near Regina was higher than that (46.6°C) from the

direct GCM output, although the baseline value

(41.8°C) from direct HadCM3 output was higher than

the observed gridded value (40.6°C). This implies that

GCM biases may not be constant through the 20C3M

experiment and future projections. Underestimation

of Tx-a was often seen from direct GCM output of

ECHAM, while overestimation was found for CSIRO.

All return values across the 6 locations in the localized

scenarios for 2040–2069 were significantly different

from those for 1961–1990, for all 4 models. Addition-

ally, the range of future values reflecting the model dif-

ference in the localized scenarios was much smaller

than that in direct GCM outputs for the same location.

For the case of Winnipeg, for example, future values

range from 42.0 to 45.7°C in the localized scenarios,

but ranged from 38.2 to 52.0°C in direct GCM outputs.

3.2.  Annual minimal daily minimum temperature 

(Tn-a)

The 50 yr return values of Tn-a were as low as under

–45°C on the prairies and in northern Ontario and

above –45°C in most of eastern Canada, with the high-

est values in Atlantic Canada for the baseline period

1961–1990 (Fig. 4a). Significant increases were fore-

seen in the localized scenarios of CGCM3 for 2040–

2069, with Tn-a values 6 to 9°C higher than the baseline

period for most areas on the prairies and in eastern

Canada (Fig. 4b,c). The increases resulted in a pattern

where the return values on the prairies in the future

resemble those observed in central Canada for the

baseline period, while the future values in central

Canada were comparable to observed values in

Atlantic Canada. Changes for the central part of the

prairies were not significant, but an increase of 3 to 5°C

was projected in eastern Canada based on the local-

ized scenarios of HadCM3 (Fig. 4d,e). HadCM3 is the

only one of the 4 models that projected a decrease in

Tn-a (i.e. colder) in the western part of the prairies.

The projections in the localized scenario of ECHAM

(Fig. 4f) were in general similar to those of HadCM3,

but warmer on the prairies and in eastern Canada

(Fig. 4g). There would be an increase of 1 to 5°C in the

western part of the prairies with ECHAM instead of a

decrease of 2°C with HadCM3. The ECHAM scenario
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was still cooler than the CGCM3 and CSIRO scenar-

ios. The CSIRO scenario (Fig. 4h) was similar to but

warmer than the CGCM3 scenario, as an increase of

>8°C was projected almost everywhere (Fig. 4i).

The 50 yr return values of Tn-a estimated from direct

CGCM3 outputs for 1961–1990 (Fig. 5a) were fairly

close to the observed ones; therefore, future values

estimated from direct CGCM3 outputs (Fig. 5b) were

mostly similar to those in the localized scenario. Differ-

ences could still be found between the localized sce-

nario and direct GCM outputs, such as lower values in

the southern prairies and southern Ontario in direct

CGCM3 outputs as compared to localized ones. Pro-

jected changes in direct CGCM3 outputs (Fig. 5c)

seemed more scattered than those in the localized sce-

nario. The estimations from direct HadCM3 outputs
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Fig. 4. 50 yr return values (°C) of annual minimal daily mini-

mum temperature for the baseline period (1961–1990) and the

localized scenarios of the future period (2040–2069) based on

CGCM3, HadCM3, ECHAM and CSIRO as well as the differ-

ence between the future and the baseline periods for each 

scenario
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(Fig. 5d) were close to the observed baseline climate.

The future scenarios from direct HadCM3 outputs

(Fig. 5e) were also comparable to those from the local-

ized scenario, although they were higher in the west-

ern prairies. Changes in direct GCM outputs (Fig. 5f)

were statistically significant for very few coarse grids.

The simulated values on the prairies for the baseline

climate in ECHAM (Fig. 5g) were >10°C higher than

the observed ones; such overestimations were carried

over to future scenarios, resulting in higher values in

direct GCM outputs (Fig. 5h) than in the localized sce-

nario. Smoother changes were seen in the localized

scenario than in direct ECHAM outputs (Fig. 5i). Over-

estimations were also evident in direct CSIRO outputs

for the baseline climate (Fig. 5j), resulting in a much

warmer projection (Fig. 5k) compared to the localized

scenario of CSIRO.

The return values of Tn-a estimated from station data

were not as close to those at nearby fine grids as for

Tx-a. The values at Charlottetown, Fredericton and

Ottawa matched well, but were much lower than the

station values at 3 locations on the prairies (Table 2).

This was consistent with our previous finding, that a

more extreme value in the synthetic data generated by

the weather generator AAFC-WG often caused the

mismatch of return values for extreme low tempera-

tures (Qian et al. 2008). The values derived from direct

GCM outputs of CGCM3 at nearby GCM grids for the

baseline period were much lower than the ones at the

stations or at the fine grids, except for Charlottetown,

where the nearby GCM grid represented the ocean

rather than land. The values from HadCM3 were rela-

tively closer to the observed data, again except for

Charlottetown. ECHAM and CSIRO performed simi-

larly without apparent advantages over the other 2

GCMs. Significant increases in Tn-a at all locations in

the 4 localized scenarios were seen, except at Beaver-

lodge and Regina in the HadCM3 scenario. The return

values for the future period derived from the localized

scenarios were often significantly different from those

for the baseline period, but fewer cases were seen from

direct GCM outputs. Similar to the case of Tx-a, future

values were more consistent among the GCMs in the

localized scenarios than in direct GCM outputs.

3.3.  Growing season minimal daily minimum

temperature (Tn-gs)

The 50 yr return values of Tn-gs for the baseline

period were below –10°C on the prairies and between

–4 and –10°C in eastern Canada, except for the north-

ern part of Ontario (Fig. 6a). An increase in Tn-gs, usu-

ally <5°C, was estimated from the localized sce-

narios of CGCM3 (Fig. 6b,c) and HadCM3 (Fig. 6d,e).
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The changes were fairly consistent in magnitude and

much smaller than the changes in Tn-a. The estimated

changes from the localized scenarios of ECHAM and

CSIRO were similar but even smaller and insignificant

in western Canada (Fig. 6f–i). All 4 scenarios projected

that the extreme low temperature during the growing

season would not significantly increase in the future.

Potential changes in growing season length under a

future climate were not considered in the present study.

The 50 yr return values of Tn-gs estimated from direct

CGCM3 outputs (Fig. 7a) for the baseline climate were

often lower than the observed ones. However, future

values from direct CGCM3 outputs (Fig. 7b) were sim-

ilar to those estimated from the localized scenario

(except in eastern Canada), because the estimated

changes in direct CGCM3 outputs (Fig. 7c) were often

larger than those derived from the localized scenarios.

The 50 yr return values derived from direct HadCM3

142

Baseline
CGCM3
Future

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

60°
N

55°

50°

45°

40°
130°W 120° 110° 100° 90° 80° 70° 60° 50°

a b
–18 –16 –14 –12 –10 –8 –6 –4

54321

0–1 4321

0 321

0–1–2 3 421

–2 –14 –12 –10 –8 –6 –4 –2 0

–14 –12 –10 –8 –6 –4 –2 0

–14 –12 –10 –8 –6 –4 –2 0

–14–16 –12 –10 –8 –6 –4 –2 0

CGCM3
Change

HadCM3
Future

c d

HadCM3 
Change

ECHAM
Future

e f

ECHAM
Change

CSIRO
Future 

g h

CSIRO 
Change

i

Fig. 6. 50 yr return values (°C) of growing season minimal

daily minimum temperature for the baseline period (1961–

1990) and the localized scenarios of the future period

(2040–2069) based on CGCM3, HadCM3, ECHAM and

CSIRO as well as the difference between the future and the 

baseline periods for each scenario
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Fig. 7. As Fig. 6, but derived from direct GCM outputs
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outputs for the baseline climate (Fig. 7d) were higher

than the observed ones, especially on the prairies,

resulting in higher future values (Fig. 7e) than those in

the localized scenario. The changes in the 50 yr return

values in direct HadCM3 outputs were not statistically

significant on most GCM grids (Fig. 7f). The 50 yr

return values for the baseline climate estimated from

direct ECHAM and CSIRO outputs (Fig. 7g,j) were

much higher than the observed ones, especially on the

prairies. Consequently, the projected future values

from the direct GCM outputs (Fig. 7h,k) were higher

than those in the localized scenarios, although the esti-

mated changes from direct GCM outputs (Fig. 7i,l)

were not higher than the localized ones. The changes

in direct GCM outputs were not significant on many

GCM grids, especially in the CSIRO model.

The 50 yr return values of Tn-gs at nearby fine grids

estimated from synthetic data were often close to

those derived from observed station data for the base-

line period (Table 3). However, the values estimated

from direct CGCM3 outputs at nearby GCM grids for

the baseline period were much lower than those at

nearby fine grids, except at Charlottetown and Win-

nipeg. In contrast, the values estimated from direct

HadCM3 outputs at nearby GCM grids for the base-

line period were much higher than those at nearby

fine grids, except at Fredericton and Ottawa. Higher

values were also seen at nearby GCM grids from

direct ECHAM and CSIRO outputs for most locations.

Estimated changes were not always significant from

location to location for the 4 GCM scenarios, based

either on direct GCM or localized outputs. This

implies that there are considerable uncertainties in

future extreme values of the growing season mini-

mum temperature.

3.4.  Growing season maximal daily precipitation 

(Px-gs)

The 50 yr return values of Px-gs were often between

50 and 120 mm across the agricultural region for

1961–1990 (Fig. 8a). The projected changes in the

localized scenario of CGCM3 were approximately

20% higher in most regions, but a slight decrease

occurred over Atlantic Canada for 2040–2069 (Fig. 8b,c).

More consistent increases for 2040–2069 in the local-

ized scenario of HadCM3 were seen across all regions

(Fig. 8d,e). Increases of about 15 to 25% of the base-

line values were also projected from the localized sce-

narios of ECHAM and CSIRO (Fig. 8f–i) for regions

excluding the southwestern part of the prairies. Either

an insignificant change or a decrease was estimated

for the southwestern part of the prairies from all 4

scenarios.
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The 50 yr return values of Px-gs on GCM grids in

direct GCM outputs of the 4 GCMs (Fig. 9a,d,g,j) were

often lower than the observed ones on fine grids for the

baseline climate, especially with HadCM3 and CSIRO.

This was reasonable since precipitation in the GCMs is

treated as average in a GCM grid box. Therefore, it

was also not surprising that estimated future values in

direct GCM outputs for all 4 scenarios (Fig. 9b,e,h,k)

were lower than those in the localized scenarios.

Although all 4 models projected an increase at most

GCM grids (Fig. 9c,f,i,l), the changes were statisti-

cally insignificant at many GCM grids, especially with

HadCM3.

The return values of Px-gs derived from synthetic data

at nearby fine grids for the baseline period were often

close to those estimated from station data (Table 4).
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Fig. 8. 50 yr return values (mm) of growing season maximal

daily precipitation (mm) for the baseline period (1961–1990)

and the localized scenarios of the future period (2040–2069)

based on CGCM3, HadCM3, ECHAM and CSIRO as well as

the difference between the future and the baseline periods for

each scenario (shown as a percentage of the baseline values)
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Fig. 9. As Fig. 8, but derived from direct GCM outputs
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The values from direct GCM outputs for the baseline

period were often smaller than those estimated from

observations for all 4 GCMs, perhaps because GCM

values were averages for the GCM grid boxes. Most

projected changes were not statistically significant

in direct GCM outputs; however, the majority of

estimated changes in the localized scenarios were

significant.

4.  DISCUSSION

Scenarios of climate extremes for 2040–2069 are an

important part of inputs to climate change impact stud-

ies and the development of adaptation strategies. The

scenarios presented in the present study were derived

from the localized daily climate scenarios generated by

the stochastic weather generator AAFC-WG, based on

climate change simulations conducted by 4 GCMs, i.e.

CGCM3, HadCM3, ECHAM and CSIRO, forced with

the IPCC SRES A2 emissions scenario.

The 4 GCM climate change experiments all indi-

cated a warmer future in either direct GCM outputs or

the localized scenarios. The estimated changes in Tx-a

were significant in the localized scenarios and fairly

consistent across the GCMs, although HadCM3 ap-

peared warmer than others. However, extreme values

of Tx-a for the baseline period were often overesti-

mated, resulting in higher values for the 2040–2069

period in direct GCM (CGCM3, HadCM3 and CSIRO)

outputs than in the localized scenarios. Underestima-

tion of Tx-a was found in the direct ECHAM outputs for

the baseline climate, resulting in lower values for the

future period in direct ECHAM outputs than in the

localized ones. The localized scenarios may be of help

in reducing uncertainties in GCMs’ climate projections.

Future changes in the extreme values of Tn-a were

more dependent on the climate change simulations

conducted by GCMs. The changes in Tn-a estimated

from the localized scenario of CGCM3 were signifi-

cant, and an increase of 5 to 10 °C was consistently

projected. The simulated changes in Tn-a in the local-

ized scenario of CSIRO showed a more consistent

increase of >8°C. In contrast, the changes in Tn-a

derived from the localized scenario of HadCM3 were

rather different. The projected increase was often

<5°C, and a decrease was foreseen in the western part

of the prairies. Smaller increases on the prairies were

also found in the localized scenario of ECHAM. Differ-

ences in the 4 model projections highlight the uncer-

tainty in future climate projected by GCM simulations

and the need to consider an ensemble of several mod-

els to account for a range of outcomes. The return val-

ues derived from direct outputs of the 4 GCMs for the

baseline period were often not close to the observed
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ones, resulting in differences between the scenarios of

extremes for the future in direct GCM outputs and

localized scenarios. The return values estimated from

the localized scenarios were considered more appro-

priate than those derived from direct GCM outputs.

Furthermore, an insignificant change on a GCM grid

could be associated with a significant change at finer

grids in the localized scenarios. This fact needs to be

taken into account when direct GCM outputs are used

to study the potential changes in climate extremes.

The projected increase for the 50 yr return values of

Tn-gs was mostly <5°C for the 2040–2069 period. The

magnitude of the changes was relatively small com-

pared with those for Tn-a, and fairly consistent among

the 4 GCM projections. The return values derived from

direct GCM outputs for the baseline period were often

higher than the observed ones in HadCM3, ECHAM

and CSIRO. The return values derived from direct

CGCM3 outputs for the baseline period were often

lower than the observed ones. Mismatches between

the modelled baseline values often resulted in differ-

ences found between direct GCM outputs and the

localized scenarios for the future period, either in the

actual values for the future or the changes from the

baseline climate to the future period. Changes in the

50 yr return values of Tn-gs were the smallest compared

with annual maximum and minimum daily tempera-

tures.

The projected changes for extreme values of grow-

ing season daily precipitation were fairly consistent

across the agricultural regions in the 4 GCM projec-

tions. An increase of around 20% was foreseen in the

localized scenarios, except for most parts of the prairies

where insignificant change or a significant decrease

was projected. The return values for the baseline

period derived from direct GCM outputs were often

lower than the observed ones, resulting in lower values

for the future climate in direct GCM outputs than those

derived from the localized scenarios. Increasing pre-

cipitation intensity is in agreement with the intensified

hydrological cycle in a warmer climate (IPCC 2007).

5.  CONCLUSIONS

Direct GCM outputs are currently not generally suit-

able to be used as climate inputs to climate change

impact models at local and regional scales, because cli-

mate extremes are more likely associated with sub-

grid processes under certain large-scale climate vari-

ability. Similar to the conclusions drawn by Lucio

(2004), we found that extremes derived from direct

outputs from the GCMs studied here were often in-

comparable with the observed values of the extremes

for the baseline climate, although some model simula-

tions did show more promising results. The present

study showed that even the changes for the extremes

derived from direct GCM outputs might be different

from those derived from the localized climate scenar-

ios. Therefore, it may be more appropriate to study

changes of climate extremes based on the localized or

downscaled climate scenarios rather than on direct

GCM outputs studied here. It should also be kept in

mind that localization of future climate scenarios could

introduce other uncertainties, depending on the tech-

niques applied. Using multiple scenarios may be of

help in quantifying the uncertainties associated with

GCMs and downscaling approaches. It is also recog-

nised that ongoing developments to GCMs (including

increased resolution, and representation of climate

variability and extremes) may improve the usability of

direct GCM outputs for local-scale impacts studies.
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