JOHN A.T. BYE (SCHOOL OF EARTH SCIENCES, THE UNIVERSITY OF
MELBOURNE), KLAUS F. FRAEDRICH (KLIMACAMPUS, MAX-PLANCK
INSTITUTE FOR METEOROLOGY, THE UNIVERSITY OF HAMBURG), SILKE
SCHUBERT (KLIMACAMPUS, THE UNIVERSITY OF HAMBURG), XIUHUA
ZHU (KLIMACAMPUS. THE UNIVERSITY OF HAMBURG)

Future climate in the Far North
Zusammenfassung
Wir möchten eine Methode vorstellen, die es erlaubt, die klimatischen Schwankungen
der Jahreszeiten sowohl räumlich als auch zeitlich einzuschätzen. Diese Methode wird
angewendet, um die Änderungen im Jahreszyklus der Oberflächentemperatur in den
höheren Breiten, unter dem Einfluss der globalen Erwärmung, besonders in Kanada zu
betrachten. Dabei wird der Datensatz ERA40 verwendet, um das derzeitige Klima zu
simulieren und die Ergebnisse des Modells ECHAM5, um den jährlichen
Temperaturzyklus des Zeitraums von 2157 bis 2200 darzustellen, zu welchem zeitliche
Anpassungen bezüglich des Anstiegs von CO2 aufgetreten sein werden. Die Analyse
demonstriert, dass eine Periode von ca. 30 Jahren notwendig ist, um ! aufgrund der ihnen
innewohnenden Zufälligkeit ! valide klimatische Mittelwerte zu erzielen.
Abstract
We present a methodology which enables the variability in seasonality to be assessed
both spatially and temporarily. This is applied to consider the changes in the annual cycle
of surface temperatures in the high latitudes, and in particular Canada, under global
warming using the ERA40 dataset for the contemporary climate and the ECHAM5 model
results to simulate the annual temperature cycle for the period 2157-2200, by which time
adjustment to the increase in CO2 will have occurred. The analysis demonstrates that a
period of approximately 30 years is required to obtain adequate climate averages owing to
their inherent randomness.

1. Introduction
In this chapter we introduce a simple method for characterizing
seasonal change, which is applied to climate data and to climate model
predictions. Canada is a preferred site for significant change under global
warming because of the presence of sea ice along its northern coasts
including Hudson Bay, which is likely to become much reduced in extent
under global warming. This factor alone changes the continental
seasonality, and essentially allows the temperate climate regime which
prevails in the lower latitudes to propagate poleward. We examine this
process within the context of the variability of the contemporary climate.
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2. How is climate defined?
We are accustomed to the commonly used definitions of the seasons
(FOWLER and FOWLER 1964), which in the northern hemisphere are
Spring: March, April, May, Autumn; September, October, November,
Summer; June, July, August, and Winter; December, January and
February. In an era of climate change, however, the seasons will also
change and hence we need a new definition which takes account of this
possibility.
This task has been addressed at the KlimaCampus, and here we present
a digest of our findings. Weather is the study of atmospheric variability
on a synoptic scale, typically of order a few days. Climate is the study of
longer time scale variability which characterizes seasons, years and
decades. A time average of the weather therefore defines the climate,
including the seasonal cycle.
Consider the specification of the maximum temperature. This could be
chosen to be the day of occurrence of the actual maximum temperature,
however, because of the weather it is much more useful to average over
the synoptic time scale and define the day of occurrence of a smoothed
maximum temperature. Indeed sometimes daily maximum temperatures
are not even available, especially over the ocean and in historical data
sets, hence in our work we have used monthly mean temperatures for
three consecutive months which we interpolate to give the date and
magnitude of the smoothed summer maximum temperature (Tmax) , and
similarly the date and magnitude of the smoothed winter minimum
temperature (Tmin). These estimates essentially take out the everyday
randomness of weather.
From these two dates the length of the warming period (SP) of the
annual temperature cycle, which we call spring, and also that of the
cooling period (AU), which we call autumn, can be obtained (BYE ET AL
2013). SP and AU respectively are objective measures of spring and
autumn which are uniformly applicable both in space and time, and hence
they can be applied to climate change studies on a global basis. When this
is done the temporal and spatial variability of Tmax and Tmin and of SP and
AU describe the randomness of the climate, and any trends in Tmax and
Tmin and in SP and AU can be interpreted as a climate change signal. We
discuss each of these aspects in turn with particular reference to Canada,
using reanalysed atmospheric data sets and the results from climate
models.
3. Climate modelling
At the core of climate modelling is an accurate dataset for the current
climate with which the climate model results for the present period can be
compared. The KlimaCampus group has used the 43 year reanalysis
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dataset from the European Centre for Medium-range Weather Forecasts
(ERA40) for the period 1958 ! 2001 as the reference climate, and the
European Centre Hamburg Model (ECHAM5) simulations to investigate
the changes in climate under global warming (Intergovernmental Panel
on Climate Change, Fourth Assessment Report, Special Report on
Emissions Scenarios; IPCC AR4 SRES A1B scenario, see http://www.pcmdi.llnl.gov/ipcc/info_for_modeling_groups.php) for the period 21572200. We selected this 43 year period well into the future as the effects of
global warming will have become clear by this period.
There are of course doubts on the accuracy of climate model
projections. In the ECHAM5 climate model, the global mean surface air
temperature change after adjustment to a doubling in CO 2 concentration is
3.4oC, which is in the mid-range of 3.2 oC for 19 AR4 models. This
adjustment is realized by 2100 before the 2157-2200 period.
4. Randomness
A basic property of the randomness of the climate is its standard
deviation. This is a property of both the magnitude and the date of the
smoothed temperature maximum, and the smoothed temperature
minimum. Figure 1 shows that the winter variability in magnitude is
much greater than the summer variability, and also that in both
hemispheres the winter variability is strongly focussed in the high
latitudes. In Canada the standard deviation of Tmin is about 4oC in
comparison with about 1oC for Tmax . This pattern is also apparent in the
date of Tmin which has a standard deviation in Canada of between 20 and
30 days, whereas that of Tmax is only about 5 - 10 days (Figure 2).
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Figure 1: The standard deviation (oC) of (a) Smoothed surface maximum temperature, and
(b) Smoothed surface minimum temperature

Figure 2: The standard deviation (days) of day of occurrence of, (a) Smoothed surface
maximum temperature, and (b) Smoothed surface minimum temperature
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The structure of the variability is also apparent in the multi-year
random response as illustrated in Figures 3 and 4 where we have
averaged the data over three periods: 1958-1972, 1973-1986 and 19872001 and then taken the two differences 1973-1986 minus 1958-1972,
and 1987-2001 minus 1973-1986. This procedure shows clearly that
northern Europe and Canada undergo extended periods of winters with
markedly different characteristics. In particular, relative to the midperiod, winters in the earlier period and in the later period were both
milder (Figure 3). The warmer winters also occurred later than the colder
winters (Figure 4). In the high Arctic throughout the hemisphere the
signal is reversed, which gives rise in Canada to a temperature dipole
between the north-east and the south-west of the country (Figure 3).
This randomness is part of the randomness in global mean temperature
(BYE ET AL 2010), which over a hundred year period exhibits a random
walk length of about 25 years, with the strongest random walks in Tmin
,for which the maximum excursions (which may be either positive or
negative) of temperature on the land and over the ocean are respectively
2.0 oC and 0.6 oC, whereas for Tmax the maximum excursions are,
respectively 1.2 oC and 0.3 oC.

Figure 3: Mean differences (oC) in smoothed surface temperature for (a) maximum
temperature, and (b) minimum temperature for the periods 1973-1986 minus 1958-1972,
and (c) maximum temperature, and (d) minimum temperature for the periods 1987-2001
minus1973 ! 1986
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Figure 4: Mean differences (days) in the day of occurrence of smoothed surface
temperature for (a) maximum temperature, and (b) minimum temperature for the periods
1973-1986 minus 1958-1972, and (c) maximum temperature, and (d) minimum
temperature for the periods 1987-2001 minus1973 ! 1986

5. Seasonal climate in Canada today
Before presenting some properties of the contemporary seasonal
climate in Canada, we consider carefully the period over which the
averages are made. This question was originally discussed by the
International Meteorological Organisation in 1935, who adopted the years
1901-"#$%&'(&)*+&,-./0')+&1230'.&4+3/2567&'15&(89(+:8+1).;&'&4+3/25&2<&
thirty years has been retained as the classical period of averaging (IPCC
2007). Our analysis supports a period of similar length, and Figure 5(a)
shows the mean conditions for the period, 1958 ! 2001.
Over most of the World except the tropics, there is only one maximum
and one minimum in the annual temperature cycle, and the length of
spring is less over the ocean than on land, which is due to the retention of
heat in the stable surface layer of the water column in autumn. This leads
to a mean length of spring over the ocean which is 22 days shorter than
autumn. On the western coast of Canada however this negative spring
anomaly increases to about 50 days, and becomes even greater in the
Arctic Ocean. In Hudson Bay, on the other hand, the length of spring is
about 80 days greater than autumn. This difference is primarily brought
about by the earlier winters in Hudson Bay. On the eastern coast of
Canada the length of spring is similar to the global average (Figure 5(a)).
These three maritime patterns control the present day seasonality in
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continental Canada. They are reproduced reasonably well in the
ECHAM5 simulation (Figure 5(b)), from which the annual temperature
cycles for locations in each of the three regions: (a) Arctic Ocean (81 o N,
156 oW), (b) Hudson Bay ( 60 o N, 85 o W) and (c) North Atlantic Ocean
(60 o N, 11 o E), have been displayed in Figure 6.

Figure 5: The length of the warming period (days) for the period 1958 -2001 from (a) the
ERA40 dataset, and (b) the ECHAM5 model. Points with more than one maximum or
minimum are shown in white
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Figure 6: Mean monthly surface temperatures for the periods 1958-2001 and 2157-2200
from the ECHAM5 model for; (a) The Arctic Ocean (81 oN, 156oW), (b) Hudson Bay
(60oN, 85oW), and (c) The North Atlantic Ocean (60oN, 11oW). The numbers 1 ! 12
indicate January ! December

6. Seasonal climate in Canada under global warming
In the ECHAM5 model the surface parameters except for the snow
cover are specified (HAGEMANN 2002), but over the ocean the sea ice
distribution adjusts. Figure 7 shows the predicted global changes in the
length of spring in the climate period 2157-2200 relative to the present
(1958 ! 2001). It is clear that in the temperate latitudes the timing of the
warming period is essentially unchanged although of course the
temperatures have risen by 2 ! 3 o C (Figure 6 (c)).
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Figure 7: The change in the length of the warming period (days) between 1958-2001 and
2157-2200 from the ECHAM5 model. Points with more than one maximum or minimum
are shown in white

The major changes occur in the high latitudes, and in concert with the
maxima in the standard deviation of winter temperatures (Figure 1), are
almost hemispherically symmetrical, which possibly is a surprising result
owing to the hemispheric asymmetry of the land masses. On focussing on
the changes in the length of the warming period in Canada, it is apparent
that an intense negative anomaly of about 40 days is centred on Hudson
Bay, which compensates the positive anomaly of the present climate. The
reason for this change is that under global warming almost ice-free
conditions exist in Hudson Bay giving rise to later winters (Figure 6(b)).
The other region of intense change is in the Arctic Ocean about 1000 km
to the north-north west of the Canadian coastline where during the
summer an almost constant temperature of just less than 0 oC occurs as
the result of low salinity water produced by ice melt, giving rise to
extended summer conditions late into the year (Figure 6(a)). In the North
Atlantic Ocean, unaffected by sea ice, the increase in temperature is fairly
uniform throughout the year although the length of spring increases due
to an earlier onset of winter conditions (Figure 6(c)). This appears to be
due to a weakening of the Gulf Stream. Observations suggest that the
strength of the North Atlantic overturning circulation of which the Gulf
Stream is a part, can vary significantly on an interannual time scale with a
30% decrease in average current strength occurring in 2009 (MCCARTHY
ET AL 2012). Most climate modellers however regard the possibility of a
,(*8)-52=16&2<&)*+& overturning circulation with the consequent return to
,/-+& '>+& -215/)/21(6& /1& ?'1'5', as exceedingly unlikely (SCHIERMEIER
2013). The ECHAM5 model has no physical mechanism which would
lead to this scenario.
In summary, under global warming the temperate regime in Canada is
extended poleward by about 10o of latitude by 2157-2200 (Figure 6(b)),
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and the maritime influence of the Pacific Ocean becomes more important
in north-western Canada, including the Arctic Ocean, bringing extended
summer conditions to the region (Figure 6(a)).
7. Conclusion
In Section 4 we pointed out that the winter variability of temperature is
much greater than the summer variability. The north-west of Canada will
benefit most from these settled summer conditions as can be seen from
the predicted summer conditions in the Arctic Ocean. (Figure 6(a)).
Along the coast, where the temperatures are higher, the summer season is
also extended, as also occurs for the northern coastlines of Alaska and
eastern Siberia (Figure 7). Essentially an Arctic Riviera will evolve, quite
distinct from the meridional weather patterns which will bring summer
warmth into the land of lakes further inland.
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