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In May-June 2016 the Canadian Province of Alberta suffered one of the most devastating wildfires in its
. history. Here we show that in mid-April to early May 2016 the large-scale circulation in the mid- and high
. troposphere of the middle and sub-polar latitudes of the northern hemisphere featured a persistent
. high-amplitude planetary wave structure dominated by the non-dimensional zonal wave number 4.
. The strongest anticyclonic wing of this structure was located over western Canada. In combination
: with a very strong El Nifio event in winter 2015/2016 this favored highly anomalous, tinder-dry and
. high-temperature conditions at the surface in that area, entailing an increased fire hazard there. This
critically contributed to the ignition of the Alberta Wildfire in May 2016, appearing to be the costliest
disaster in Canadian history thus far.

. The Alberta Wildfire (hereafter, the Fire) ignited on May 1, 2016 southwest of the city of Fort McMurray. By
. the end of May, the Fire had left about 590,000 hectares of burned areas, destroyed 2,400 buildings, and led to
the largest wildfire evacuation in Albertan history (~90,000 residents affected). The provincial officials declared
. the Fire to be “under control” only on July 5. This makes the Fire the costliest disaster in Canadian history, total
. damage reaching as high as Can$4.7 billion'. Here we show that the Fire was preceded in late April and accom-
. panied then in May-June by a persistent quasi-stationary high-amplitude planetary wave in the field of the mid/
. high troposphere meridional velocity with zonal wave number m = 4 (hereafter, wave-4) that dominated in the
middle and sub-polar latitudes of the northern hemisphere (NH). This wave embraced the whole latitude circle
and featured a chain of four closely linked anticyclonic circulations, which were characterized by very high neg-
ative values of relative vorticity (hereafter, RV) inherent in very strong NH anticyclones. The above-mentioned
anticyclonic circulations formed over western Canada, eastern North Atlantic/western Greenland/British Islands,
Siberia/Mongolia, and the Russian Far East (hereafter, the wave-4 related anticyclonic system, wave-4AS). These
anticyclonic circulations are marked, respectively, by labels 1 to 4 in Fig. 1a that maps RV at 300 hPa, RV, aver-
. aged over the 15-day running mean interval from 17 April to 1** of May on the eve of the Fire. Figure 1b reveals
. high waviness of the extra-tropical jets for the same 15-day running mean interval, apparently caused by and
- topologically linked to the discussed above wave-4AS.
: The Fire happened during a very strong El Nifio 2015-2016>. Such events are considered among the main
drivers of the NH wildfires as they usually bring anomalously warm and tinder-dry conditions in corresponding
: regions*'!. In this connection, the El Nifio event 2015-2016 is widely seen as one of the main causal factors for
- the Fire'?. Here we show that spatial structure and high intensity of some large-scale atmospheric circulations
. occurring directly in the mid- and sub-polar latitudes of the NH could be another one important factor regulating
: mid-latitude and sub-polar wildfire activity. The high-amplitude (resonant, as it will be shown in Results) wave-4
© structure that reined in the mid/high troposphere of the NH extra-tropics in April-May 2016 can serve as an
. example of such circulations. Importantly, April 2016 is not the only case of the resonant amplification of wave-4.
© Also, Aprils 1980, 1983, 2012, and August and September 2017 are discussed in Results, and Discussion. In recent
© decades, we note also a considerably increasing frequency of occurrences of resonant amplification of this and
. several other mid- and sub-polar latitude planetary waves with zonal wave wave numbers 4 to 8 and associated
. weather extremes, which could favor the wildfire weather conditions in the NH extra-tropics. Tracking of such
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Figure 1. Geographic distribution of important NH atmospheric parameters associated with wave-4
meridional velocity structure (see text). (a) the map of relative vorticity, RV, in 10° s~%. The white digits mark
the wave-4 related system of anticyclonic circulations, which formed over (1) western Canada, (2) eastern North
Atlantic/western Greenland/British Islands, (3) western Siberia/Mongolia, and (4) Russian Far East. (b) the map
of the vector field of the extratropical atmospheric jets in ms™!. Both atmospheric parameters are shown at 300
hPa during the 15-day running mean interval from 17 April to 1** of May on the eve of the Alberta 2016
wildfire, based on daily NCEP-NCAR reanalysis data'®. In both panels, the intersection of the horizontal and
vertical straight lines marks the location of the city of Fort McMurray. Created with Ferret v7 (http://ferret.pmel.
noaa.gov/Ferret/).

strongly amplifying large-scale planetary waves on 10-day-to-monthly time scale should be gradually introduced
into the practice of the wildfire managers and forecasters, because the low-frequency nature of these waves favors
their detection at relatively long lead-times (i.e. beyond 10 days) which could potentially improve wildfire fore-
casts, and because the spatial structure of these resonant waves can dictate locations of very strong anticyclonic
circulations associated with them, which support noticeable downward vertical motions, inhibiting middle and
high cloudiness, suppressing precipitation and supporting warm and dry conditions at the surface, favoring the
wildfire ignition. We discuss this issue at length in Results. Several informative parameters in this context of the
large-scale planetary waves are discussed in Results.

Results

Surface Conditions (Temperature, Soil Moisture).  Figure 2 shows the evolution of the surface temper-
ature T, (Fig. 2a) and soil moisture S,, (Fig. 2b) over Alberta (110°W-120°W, 50°N-60°N), through April-May
2016. The figure is plotted using time series of the 15-day running means of these variables that we calculated
based on daily NCEP-NCAR reanalysis data'®. As seen in Fig. 2, both variables experienced pronounced trends -
positive for T, and negative for S, - in late April/early May over Alberta, having been strongly anomalous for that
period (beyond 1.5SD relative to 2003-2015 climatology), and pointing out at unusually warm and tinder-dry
conditions in Alberta. A low reliability of the reanalysis data on S,, before the year 2000'* did not allow us to track
this variable over the total 1980-2016 time range, and we performed a comparison of the 2016 data on S,, over
Alberta with the 2003-2015 climatology. The characteristics of the NCEP-NCAR 2003-2015 S,, climatology in
the upper soil layer for April-May over Alberta in Fig. 2 compare well with the respective ERA Interim S,, clima-
tology" in the surface layer, while for April-May 2016 ERA Interim data on §,, are noticeably lower than those
of the NCEP-NCAR shown in Fig. 2 (cf. Figure 2 with Fig. S1 from SI), suggesting highly abnormal, much drier,
conditions at the surface over Alberta through April-May 2016 according to the ERA Interim reanalysis. The ERA
Interim data on T, over Alberta for 2003-2015 April-May climatology and for April-May 2016 agree well with
corresponding NCEP-NCAR data.

Atmospheric Conditions (Geopotential Height, Potential Vorticity, Meridional Wind and Wave
Amplitudes). Theyear 2016 was one of the two strongly anomalous years (2016 and 1980) within the 1980-2016
time range over Alberta in April, with high positive and negative anomaly at the equivalent barotropic level (EBL)
300 hPa, respectively, for geopotential height H,, (Fig. 3a) and RV, (Fig. 3b). This indicates strong anticyclonic
circulation there, as compared to all other years of 1980-2016, favoring dry and warm conditions at the surface
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(a) Surface temperature, red: clim mean 2003-2016, dashed: mean +/- 1.5 std dev.
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(b) Soil moisture, red: clim mean 2003-2016, dashed: mean +/- 1.5 std dev.
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Figure 2. 15-day running mean (with central dates of corresponding 15-day intervals marked in the x axis) of
the surface temperature in K (panel a) and soil moisture (non-dimensional) in the upper (0-10 cm) soil layer
(panel b) over Alberta for April-May 2016 (black curves) in comparison with the 2003-2015 climatology for
both variables (solid red curves in both panels), with corresponding 1.5 SD marked by dashed red curves, based
on daily NCEP-NCAR reanalysis data'>.
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Figure 3. 1980-2016 time series of monthly geopotential height H;, relative vorticity RV, and the amplitude
of wave-4 Fourier component of the meridional velocity at 300 hPa (black curves) for April averaged over the
Alberta region (110°W-120°W, 50°N-60°N), based on daily NCEP-NCAR reanalysis data'’. The horizontal
solid and dashed red lines in all panels mark the 1980-2015 climatological mean and corresponding £1.5SD
from the mean.
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Figure 4. The amplitudes of the Fourier components, up to # = 24, of monthly meridional velocity at 300 hPa
and the longitudinal distributions of monthly Hj,, for Aprils of the years of 1980, 1983, 2012 and 2016, based
on respective NCEP-NCAR reanalysis data'®. Panels (a) and (b) demonstrate a dominance of wave-4 Fourier
component over all other Fourier components of the meridional velocity averaged, respectively, over 50N-60N
and 45N-70N, while panels (c) and (d) show the longitudinal distribution of Hj, averaged over the same
latitudinal ranges 50N-60N (c) and 45N-70N (d), with one of the maxima reached over western Canada.

and increasing the danger of wildfires over Alberta in April of those two years. 2016 also enters a set of four
years (1980, 1983, 2012 and 2016) that feature in April, according to monthly NCEP-NCAR reanalysis data'’, the
highest amplitudes of monthly wave-4 Fourier component of the meridional velocity at 300 hPa among all Aprils
1980-2016, exceeding 1.5 SD of the 1980-2015 climatology (Fig. 3¢).

Moreover, in those four years monthly wave-4 for April was the dominant one in the mid- and sub-polar lati-
tudes of the NH. This conclusion is supported by Fig. 4 that pictures the amplitudes of the Fourier components,
up to n = 24, of monthly meridional velocity at 300 hPa ((a) and (b)) and longitudinal distribution of monthly
H;q ((c) and (d)), averaged over the 50N-60N ((a) and (c)) and 45N-70N ((b) and (d)). Figure 4a,c indicates that
in all four years wave-4 Fourier component had the highest amplitude among the total planetary wave field, both
in mid- and sub-polar latitudes of the NH, with four high ridges of Hs, (see Fig. 4c,d) accompanying four strong
anticyclonic circulations with highly negative RV, in the wave-4AS shown in Fig. 1a. Furthermore, Fig. 4c,d
attest that in all four Aprils western Canada was located just within one of these anticyclonic circulations. This was
caused by the occurrence of an active thermal source of negative RV in the considered region, due to a sharp
longitudinal gradient of the surface temperature between oceanic and land masses across a narrow strip of the
eastern Pacific coast. In combination with a strong orographic source of RV of the same sign caused by steep
Rocky Mountains massive located in the region, the above-mentioned active thermal source of RV appeared to be
the most powerful one within the considered two latitudinal belts at that time, dictating in this way a position of
the governing zero phase at ca. 120°W for the wave-4 longitudinal distribution along both latitudinal circles, fully
in line with Haurwitz theory'® of atmospheric sources of RV. It is instructive to plot a total monthly mean
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Figure 5. (a) The longitudinal distributions of monthly meridional velocity at 300 hPa, V5, within the 50N-60N
belt, and (b) its wave-4 Fourier component averaged over that belt, for April 2016. In (a), the black cross marks
Fort McMurray, the white line marks V3, =0 at ca. 120° W. Created with Ferret v7 (http://ferret.pmel.noaa.gov/
Ferret/).

meridional velocity at 300 hPa, V5, together with its wave-4 component for April 2016 in the 50N-60N latitudi-
nal belt (see Fig. 5).

Panel (a) of Fig. 5 shows the geographic map of V3, within the belt, while the panel (b) of this figure depicts
the longitudinal distribution of its wave-4 Fourier component averaged over the belt. Note that the location of the
zero phase of the V3 at ca. 120°W (see white curve in panel (a)) in its longitudinal distribution matches rather
well the position of zero phase in the longitudinal distribution of its wave-4 Fourier component averaged over
the belt (see dashed line in panel (b)). This is due to the dominant contribution of wave-4 to the total spectrum
of Vo shown in Fig. 4a.

On the other hand, a comparison of Figs 4c and 5a,b attests that the positions of the zero phase in the wave
V300 and wave-4 longitudinal distributions over western Canada at ca. 120°W correspond well to the location
of the crest (maximum) in the longitude distribution of the geopotential height Hs,. This can be explained by a
strong dynamical coupling of V3, and Hj, fields, on the strength of hydrostatic balance and quasi-geostrophic
relations (see equation (1)) below). This results, in turn, in the anomalously high pressure over Alberta through-
out the total depth of the mid and lower troposphere in April 2016, due to a very strong anticyclonic branch
of RV (Fig. 3a,b), which entailed a strong downward vertical motion in the mid- and lower troposphere. These
could favor a pronounced adiabatic warming of the mid- and lower troposphere air, accompanied by a decrease
in high/mid cloud amount and drying/warming of the surface'”. This led to a rather high wildfire hazard situa-
tion over Alberta in April 2016. Let us note that we discuss here persistent (with 10-day to monthly time scales),
resonant-type planetary waves, which anticyclonic wings operate in the situations of nearly absence of cumulo-
nimbus clouds, with lightning strikes as rare events.

Conditions that lead to amplified planetary wave-4 (resonance). The anomalously high amplitudes
of wave-4 and wave V;,, shown in Fig. 5 are due to the mechanism of quasi-resonant amplification (QRA) of
quasi-stationary planetary waves first proposed in'® and developed further in'*-2!. This mechanism is considered
here on a particular example of quasi-stationary planetary wave-4. Given the quasi-geostrophic coupling between
V300 and Hjyp, QRA led also to a high amplitude of the respective Hs,, wave. The essence of the QRA mechanism
is trapping (locking) and corresponding strong (resonant) amplification of the energy of the mid/high tropo-
sphere quasi-stationary planetary waves with non-dimensional zonal wave numbers m = 4-8 within specific
mid-latitude and sub-polar waveguides. This happens due to drastically diminished exchange of the trapped wave
action (energy) between mid- and tropical, and sub-polar and polar latitudes caused by a strong reflection of
these waves at the lateral (meridional) boundaries of the waveguides®. The occurrence of the above-mentioned
waveguides is strictly regulated by a set of certain necessary conditions, which the latitudinal distribution of the
zonally averaged zonal winds should meet'3-?!. We have previously implemented and documented an automated
QRA-detection-scheme developed in***! which identifies the presence of the QRA resonance in the mid- and/or
sub-polar latitude ranges. As we noted earlier, the frequency of the QRA events and associated weather extremes
noticeably increased over recent decades, possibly due to anthropogenic forcing®.

When we applied the QRA-detection-scheme to the NH extra-tropics for March-April-May (MAM) 2016,
we found that QRA resonance conditions for wave-4 were present in MAM 2016 in the 35°N-70°N belt and the
scheme predicted its high amplitudes within this time range (see Fig. 6). We analyzed 15-day running means
of the meridional velocity in the mid- and sub-polar latitudes of the NH at 300 hPa for the 15-day time periods
with central dates from 24 March 2016 to 7 May 2016 (see Fig. 6). Here, slowly moving, quasi-stationary compo-
nents of wave-4 had significantly higher amplitudes during QRA events, while fast-moving components demon-
strated the opposite tendency. In accordance with this finding, the probability density function distribution for
the wave-4 amplitudes is narrower and steeper, and has higher maximum during QRA days, as compared to
non-resonance periods. According to the results of our calculations, the QRA quasi-stationary wave-4 developed
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Figure 6. Application of the automated QRA-detection-scheme*?! for wave-4 at 300 hPa. Panels (a-d)
correspond to March-April-May (MAM) 2016 and panels (e,f)-to MAM of years 1979-2016. (a) the detected
waveguides (marked by black dots) for quasi-stationary, QRA wave-4. (b) the detected duration of the QRA
periods for QRA wave-4 (marked in black). (c) the QRA wave 4 phase speed (in m/s) marked in colors, with
corresponding color legend in the y-axis. (d) the amplitude of QRA wave-4 in units of standard deviation
marked in colors, with respective color legend in the y-axis. (e) changes in the probability density function

of amplitude vs. phase speed for different wave-4 components during QRA periods as compared to the non-
resonance days (red and blue filled color contours designate, respectively, positive and negative changes

in amplitude, with appropriate color legend shown in the y-axis). Solid black curves in panel (e) depict
corresponding 1979-2016 MAM climatology. (f) the probability density function distribution for the wave-4
amplitudes during QRA periods (red curve) vs. non-resonance days (black curve), over 1979-2016 time span.
When QRA conditions are granted the quasi-stationary component of wave-4 is significantly amplified. For
more details, see'$2%21,

ENSOIndex ONI-NDJ | ONI-DJF ONI-JFM | ONI-FMA | ONI-MAM | ONI-AMJ
FiresAB 0.307368 0.324309 0.323246 0.29865 0.249624 —0.0219518
FiresCA 0.228647 0.251896 0.267226 0.248496 0.187463 —0.00950143

Table 1. Pearson coefficients of correlation between the Oceanic Nifio Index (ONI*?), and monthly number
of wildfires in April (MNWA) over Alberta (FiresAB line) and all-Canada (FiresCA line) according to*, both
ONI and MNWA being calculated based on 1980-2016 statistics. In each column, the results are shown of
corresponding calculations performed with the use of 3-monthly moving average of ONI, from November-
December-January (ONI-NDJ) of the previous year up to April-May-June (ONI-AM]) of the current year.

within the corresponding waveguides (cf.'#%*2!) in early April at latitudes 35°N-55°N, and then again in the sec-
ond half of April around latitudes 40°N, 55°N and 65°N (see Fig. 6a). Both detected events are associated with low
phase speed and very high amplitude (higher than 1.5 SD from 1980-2016 climatology) of this wave.

In agreement with what we discussed in the beginning of this section of Results the meridional exchange of
atmospheric planetary wave action (energy) between tropics and the extra-tropical latitudes was small during
the periods of occurrence (marked in black in Fig. 6b) of high-amplitude quasi-stationary QRA wave-4 in MAM
2016. Fig. S2 in SI shows the example of such situation that emerged on the eve of the Fire. In this figure, locking
of the resonant QRA wave-4 is traced by close to zero values of the meridional velocity at 300 hPa over subtropical
belt at ca. 25°N-35°N. Under these circumstances, the above-mentioned wave-4AS system of four high-amplitude
anticyclones began to drive - in concert with a very strong El Nifio 2015-16 - highly fire-hazardous, tinder-dry
and warm temperature conditions over respective regions of the NH marked by labels in Fig. 1a so unusually
early, already in April (see Fig. 2 and Fig. S1). This just favored the ignition of strong wildfires at the onset of
May not only over Canada, but also over a broad 45N-70N belt of the NH. Indeed, May-June of 2016 featured
outbreaks of simultaneous, closely linked (concatenated) forest and steppe wildfires favored by wave-4AS (see,
e.g.,23’24).

Statistical correlations between Canadian wildfire activity and large-scale atmospheric weather/
climate characteristics. To get an estimation of the depth of correlation between the Canadian wild-
fire activity in April with ENSO we show a table (hereafter, Table 1) of Pearson coeflicients of correlation, r, of
3-monthly running means (ONI-NDJ to ONI-MAM) of the ONI ENSO Index** with monthly numbers of the
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wildfires in April (MNWA) over Alberta (FiresAB) and all-Canada (FiresCA) from*, based on 1980-2016 statis-
tics of ONI and MNWA.

Each column in Table 1 shows the values of r that we obtained with the use of respective 3-monthly mov-
ing average value of ONI, from November-December-January (ONI-NDJ column) of the previous year up to
March-April-May (ONI-MAM column) of the current year.

As seen from Table 1 the maximum coefficient of correlation, 7,,,,, between ONI and MNWA is reached, when
using in respective calculations ONI-DJF for the Alberta Province (r,,,, =~ 0.324), and ONI-JFM for Canada as
a whole (7,,,, &~ 0.267). This indicates a rather low correlation between ONI and MNWA. The conclusion is sup-
ported by the analysis of the individual years. E.g., according to* the numbers of strong wildfires over Canada
in Aprils of 1980, 1987, 1991, 2006 and 2010 with weak and moderate El Nifio>?, as well as in April of 1988 with
strong La Nifia®?, exceeded those in Aprils of 1982-1983 and 1997-1998 with very strong El Nifio. This points
to an important contribution to MNWA from specific hydrological and vegetation cover conditions over a given
region in a particular year/month (see, e.g.,”°), as well as the amount of snowfall in the previous winter and snow
melting in the spring’s eve. Here we show that one more important factor regulating MNWA can be the large-scale
structure of the atmospheric circulations over the mid- and sub-polar latitudes of the NH.

In this context, our calculations reveal a significant correlation between MNWA and monthly H;, averaged
over Alberta and all-Canada for Aprils of 1980-2016, with r about 0.67 for all-Canada and 0.62 for Alberta. On
the other hand, our calculations show that due to the quasi-geostrophic relation

g OHy0(x, y)

Vigolx, y) = I Ox 1)

and the hypsometric equation®

R H300

Hsoo()’) ~ ET (}’)lnM

300 ()

there exists a high correlation (r ~ 0.9-0.95) of the values of H;(x, y) with a certain linear combination, LCy(x, y), of
[T]H30°(y) and a set of the first N large-scale components, F, y(x, y), of dV3,/dx Fourier decomposition. Here, gis the
acceleration due to gravity, fis the Coriolis parameter, R is the gas constant for the air, while | (v) is a zonally aver-
aged surface pressure in hPa®, [ T]5% (y) is a zonally averaged temperature pressure-weighted over the (5 2, (), 300)
range'?, and H,(y) is the zonal average of H,,(x, y). With the use of equations (1) and (2) the above- mentloned
linear combination LCy(x, ) is described by:

(y)
LCy(x, y) = Z——— i )+ g[ Ny )

where a is the Earth’s radius. In our calculations, we put N = 9, as the number of the main components (cf.
Fig. 4a,b) in the meridional velocity longitudinal Fourier decomposition. A significant Pearson correlation (with
rabout 0.6-0.7) is found between MNWA and (LCy(x, y)), (with (X), as the area average of X over the region).
Importantly, Pearson correlation coefficients appear to be low (below 0.2) between MNWA and the amplitude of
any individual wave from the above planetary wave set. This emphasizes the importance of taking into account,
in the general case, not only the amplitudes but also the phases of the considered waves and the need for the full
wave-ensemble description of the main waves when calculating the above correlation. Note, that the weighing
factor n? in the first summand in the r.h.s. of equation (3) accounts for the application in our calculations of the
geostrophic approximation (1). Omitting 1/n? weighing factor in equation (3) reduces Pearson correlation coeffi-
cients between (LCy(x, y)), and MN'WA to 0.4 as the maximum.

Comparison of the years of 1980, 1983, 2012 and 2016 in the context of the large-scale NH
atmospheric parameters and the link of these parameters to the Canadian wildfire activity in
Aprils of these years. Above, we mentioned 4 years, 1980, 1983, 2012 and 2016, with strongly anomalous
heights H;,, of 300 hPa surface over western Canada (in 1980 and 2016) and high amplitudes of planetary wave-4
in the mid- and sub-polar latitudes of the NH (in all 4 years) in Aprils (see Fig. 3). In the above text, we discussed
basically April-May 2016. Keeping in mind very high amplitudes of wave-4 demonstrated by 1980, 1983 and 2012
in Aprils, which are quite comparable with that in April 2016, we may assume that the mechanism of wave-4
generation could be the same (QRA) in all 4 years. To check this hypothesis we plotted three additional figures
(see Figs S3, S4 and S5 in the SI), analogous to panels (a)-(d) in Fig. 6. As seen from these figures, wave-4, in fact,
experienced a strong quasi-resonant amplification, specifically in the beginning and in the end of Aprils 1980,
1983 and 2012 as in April 2016 (cf. Fig. 6). Secondly, as far as the height Hj, of the 300 hPa surface over Canada
in Aprils appeared to be rather closely correlated with the number of the Canadian wildfires (see above), we may
assume that the abnormally high altitude of the 300 hPa surface in April 1980 over Alberta could be accompa-
nied by a markedly high number of wildfires in the Province in that month. In this connection, according to?
data, 1980 adds to a set of three years (2006, 2010 and 1980) with the highest monthly numbers of wildfires over
Alberta in Aprils. These numbers (350 in 2006, 342 in 2010 and 302 in 1980) were all above mean + 1.5SD =261
for the 1980-2016 climatology. April 2016 is the fourth one among the Aprils from the 1980-2016 range of years,
with 284 monthly numbers of fires, also markedly above mean + 1.5SD 1980-2016 climatology?>.

Further, on the strength of a very high correlation between Hjyy(x, y) and LCy(x, y) (with r~0.9-0.95), we
might reformulate a close relationship between the area-averaged Hj,, over Alberta and MNWA in Aprils in
terms of (LCy(x, ¥)), and MNWA, and include (LCy(x, y)), into a set of possible tracers for MNWA. Then,
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because of low values of both Hjy(x, ¥) and LCy(x, y) in Aprils 1983 and 2012 (noticeably below mean + 1.5SD
from the 1980-2016 climatology, see Fig. 3a), we can anticipate a rather low values of MNWA in Aprils of these
two years. Indeed, MNWA was only 86%° over Alberta in April 1983, and in April 2012 it was 1222, which is
lower than 1980-2016 climatology (123, according to*). This happened, despite very high values of the wave-4
amplitude in those two Aprils (see Fig. 3c). This fact indicates, again, that a full set of main planetary waves with
phase positions and regional thermodynamical conditions should be accounted for when estimating correlations
between MNWA and climate characteristics.

Statistical estimations of the numbers of wildfires do not always track the area burnt and strongly depends
on the prescribed minimum size. In this connection, with ca. 590,000 hectares burnt the Fire is Canada’s fourth
largest fire on record® contributing to the ca. 634,000 ha burnt in Alberta in 2016%. April is usually the start of the
fire season, where in the anomaly years 770 ha (2010; 5392 ha in May) or 3575ha (2006; 3193 ha in May) forests
were burnt in Alberta, whereas on average ca 800 ha (74000 ha) were burnt in April (May) in 1990-2015%. Burnt
area is not only influenced by fire weather conditions, including wind, but also orography, fuel load, flammability
of the dead and living biomass, and forest structure. Therefore, MWNA do not necessarily lead to maximum area
burnt, with the exception of the Fire which contributed approximately 96% (42%) to the annual area burnt in
Alberta (Canada) in 2016.

Discussion

In our analysis, we find that the anomalously high-amplitude quasi-stationary QRA wave-4 in April-May 2016
could be one of the factors favoring the ignition and geographic localization of the Fire in May-June 2016. This
wave-4 could also trigger the occurrence of wave-4AS in April-June 2016, contributing to the generation of strong
forest and steppe wildfires over the land masses in respective regions**** and favoring the wavy structure of the
extratropical jets in the NH.

The approach proposed here allows us to estimate a probability of the climate-forced trends of regional
MNWA linked to the change of “global” parameters, [T](I)i300 and (LCy(x, ¥)) . Analogous estimations can be
applied to other months and land areas susceptible to high wildfire activity. This might be especially useful in the
studies on probability of strong wildfires and their trends under different future climate change scenarios.

Let us note that Lagerquist et al. (2017) developed recently a first machine-learning model for the goal of
extreme fire weather prediction over Northern Alberta, using regional self-organizing maps (SOMs), with
sea-level pressure and 500 hPa height as the predictors?®. Employing the analogous weather predictors as in, we
use the information on the large-scale structure of dynamic and thermodynamic atmospheric fields in the NH
middle and sub-polar latitudes.

We may speculate that recently observed slow-down of the NH mid-latitude zonal circulation due to Arctic
amplification®® could increase the occurrences of the enlarged (LCy(x, y)) 4 leading to the growing danger of
extreme wildfires. This hypothesis is supported by the fire weather situation that was observed over the NH mid-
and subpolar latitudes in August-September 2017. A very high-amplitude quasi-stationary (QRA) wave-4 reined
there again in the middle and high troposphere'?, being accompanied by the wave-4AS (see Fig. $6), with the fire
weather situation featured in that case by the exceptional in number extreme wildfires in western Greenland*.

In the end let us note that tracking of strongly amplified QRA planetary waves on 10-day-to-monthly time
scale using the QRA-detection-scheme developed in?’,%, and applying equations (1)-(3) for the estimation of
the correlations between (LCy(x, ¥)), and MN'WA suggested here, could be rather useful for and gradually be
incorporated into the practical work of the wildfire forecasters. This is because the spatial structure of these
resonant waves can dictate locations of very strong anticyclonic circulations, favoring high wildfire hazard in
corresponding regions.

Methods

This section provides an overview of the basic methods used here to obtain the main results. The geographic
maps of the azonal component of the relative vorticity and the vector field of the extratropical atmospheric jets at
300 hPa pressure level shown in Fig. 1a and b, respectively, as well as the graphs for the surface temperature and
soil moisture over Alberta (Fig. 2a and b) are created applying the appropriate time series of the 15-day running
means of these variables calculated based on daily NCEP-NCAR reanalysis data for April-May 2016'. Figures 3c,
4a,b and 5a,b are plotted using a Fourier decomposition method to the respective longitudinal distributions of
monthly meridional velocity at 300 hPa level in the NH based on daily NCEP-NCAR reanalysis data'® for Aprils
of different years over the 1980-2016 time range. Figure 6a—f demonstrate the results obtained here, applying the
physical mechanism and the methodology of the Quasi-Resonant-Amplification (QRA) of the quasi-stationary
atmospheric planetary waves proposed in'$, to planetary wave-4 at 300 hPa for March-April-May of the years
covering 1979-2016 with the usage of the automated QRA-detection scheme developed in?*?!. In Results and
Discussion we describe the results of our analysis, in terms of the Pearson correlation coefficients, of the sta-
tistical relationships between wildfire activity in the fire-susceptible NH regions and the parameters of the NH
large-scale planetary-wave atmospheric circulation and the ENSO indices.

Conclusions

We showed noticeable contribution of the large-scale planetary wave circulations in the mid/high troposphere of
the NH extra-tropics to the ignition of strong forest and steppe wildfires over Canada. We found that the anom-
alously high-amplitude QRA wave-4 was one of the important factors favoring the catastrophic wildfire in the
Alberta Province of Canada in May-June 2016. This wave-4 also triggered the occurrence in April-June 2016 of
the chain of strong anticyclonic circulations over western Canada, eastern North Atlantic/western Greenland/
British Islands, Siberia/Mongolia, and the Russian Far East. These, in turn, led to the ignition in respective land
areas of synchronous strong wildfires encircling the NH and favored the observed wavy structure of the NH
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extratropical jets. Generally, the results of our statistical analysis indicate that strong wildfires over Alberta and
all-Canada appear to be noticeably linked to a set of large-scale quasi-stationary resonant planetary waves in the
NH extra-tropics.

Data availability. All data used for this research was downloaded from public sources, as referenced
throughout the text. Data and processing scripts are stored in PIK’s long-term archive, and will be made available
to interested parties upon request. All plots and maps shown were created by the authors.

References

1. Insurance Bureau of Canada http://www.ibc.ca/bc/resources/media-centre/media-releases/northern-alberta-wildfire-costliest-
insured-natural-disaster-in-canadian-history. Insurance Bureau of Canada. July 7 (2016).

2. Southern Oscillation Index (SOI) since 1876. Monthly Weather Review Australia, September 2016, http://www.bom.gov.au/climate/
current/soihtm1.shtml (Australian Government. Bureau of Meteorology, 2016).

3. Null, J. El Nifio & La Nifa Years and Intensities Based on Oceanic Nifio Index (ONI). NOAA/National Weather Service, NOAA
Center for Weather and Climate Prediction, Climate Prediction Center, http://www.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ensoyears.shtml (5830 University Research Court College Park, Maryland 20740, Climate Prediction Center
Internet Team, 2016).

4. Harrington, J. B. A statistical study of area burned by wildfire in Canada 1953-1980. Inf. Rep. PI-X-16 (Canadian Forestry Service,
Petawawa Natl For Inst, Chalk River, Ontario, Canada, 1982).

5. Flannigan, M. D. & Harrington, J. B. A study of relation of meteorological variables to monthly provincial area burned by wildfire in
Canada (1953-80). ] Appl Meteorol 27, 441-452 (1988).

6. Ramsey, G. S. & Higgins D. G. Canadian forest fire statistics: 1984-1987. Inf. Rep. PI-X-74E (Canadian Forestry Service, Petawawa
National Forestry Institute, Chalk River, Ontario, Canada, 1991).

7. Higgins, D. G. & Ramsey, G. S. Canadian forest fire statistics: 1988-1990. Inf. Rep. PI-X-107E/F (Canadian Forestry Service,
Petawawa National Forestry Institute, Chalk River, Ontario, Canada, 1992).

8. Flannigan, M. D. & Wotton, B. M. Climate, weather, and area burned. In: Forest fires: behavior and ecological effects (eds E. A. Johnson
& K. Miyanishi), pp. 351-373 (Academic Press, San Diego, CA, 2001).

9. Stocks, B.]. et al. Large forest fires in Canada, 1959-1997. ] Geophys Res 107, 8149 (2002).

10. Spichtinger, N. et al. Boreal forest fires in 1997 and 1998: a seasonal comparison using transport model simulations and measurement
data. Atmos Chem Phys 4, 1857-1868 (2004).

11. Macias Fauria, M. & Johnson, E. A. Climate and wildfires in the North American boreal forest. Phil Trans R Soc B 363, 2317-2329
(2008).

12. WMO Statement on the State of the Global Climate in 2016. WMO-No. 1189. (World Meteorological Organization, 2017).

13. Kalnay, E. et al. The NCEP/NCAR 40-year reanalysis project. Bull Am Meteorol Soc 77, 437-470 (1996).

14. Albergel, C. et al. Skill and global trend analysis of soil moisture from reanalysis and microwave remote sensing. ] Hydrometeorol 14,
1259-1277 (2013).

15. Dee, D. P. et al. The ERA-Interim reanalysis: configuration and performance of the data assimilation system. Q.J.R. Meteorol. Soc.
137,553-597 (2011).

16. Haurwitz, B. The motion of atmospheric disturbances. ] Marine Research (Sears Foundation) 3, 35-50 (1940).

17. Charney, J. C. Dynamics of deserts and drought in the Sahel. Quart ] Roy Met Soc 101(428), 193-202 (1975).

18. Petoukhov, V., Rahmstorf, S., Petri, S. & Schellnhuber, H. J. Quasiresonant amplification of planetary waves and recent Northern
Hemisphere weather extremes. Proc Natl Acad Sci USA 110(14), 5336-5341 (2013).

19. Coumou, D., Petoukhov, V., Rahmstorf, S., Petri, S. & Schellnhuber, H. J. Quasi-resonant circulation regimes and hemispheric
synchronization of extreme weather in boreal summer. Proc Natl Acad Sci USA 111(34), 12331-12336 (2014).

20. Kornhuber, K., Petoukhov, V., Petri, S., Rahmstorf, S. & Coumou, D. Evidence for wave resonance as a key mechanism for generating
high-amplitude quasi-stationary waves in boreal summer. Clim Dyn 49(5-6), 1961-1979 (2016).

21. Kornhuber, K. et al. Summertime Planetary Wave Resonance in the Northern and Southern Hemispheres. J Clim 30(16), 6133-6150
(2017).

22. Mann, M. E. et al. Influence of anthropogenic climate change on planetary wave resonance and extreme weather events. Sci Rep 7,
45242, https://doi.org/10.1038/srep45242 (2017).

23. Global Fire Monitoring Centre (GFMC). Forest fires in the Russian Federation 04 May 2017. Source: Krasnoyarsk Joint Science
Center for Satellite Remote Sensing. http://www.fire.uni-freiburg.de/ GEMCnew/2017/05/04/20170504_ru.htm (Accessed May 3rd
2018).

24. GloballncidentMap.com.ForestFiresMap. http://www.globalincidentmap.com/beta/forest-fires-map/search (Accessed May 3rd
2018).

25. Canadian Forest Service. National Fire Database - Agency Fire Data. Natural Resources Canada, Canadian Forest Service, Northern
Forestry Centre, Edmonton, Alberta, 2017, http://cwfis.cfs.nrcan.gc.ca/ha/nfdb NFDB_point_txt.zip version 20171106 downloaded
on April 27 (2018).

26. Meyn, A, Taylor, S. W,, Flannigan, M. D., Thonicke, K. & Cramer, W. Relationship between fire, climate oscillations, and drought in
British Columbia, Canada, 1920-2000. Global Change Biology 16(3), 977-989 (2010).

27. Holton, J. R. An Introduction to Dynamic Meteorology. Fourth Edition, 529 (Elsevier Academic Press, London UK, 2004).

28. Lagerquist, R., Flannigan, M. D., Wang, X. & Marshall, G. A. Automated prediction of extreme fire weather from synoptic patterns
in northern Alberta, Canada. Can J Forest Res. https://doi.org/10.1139/cjfr-2017-0063 (2017).

29. Coumou, D., Lehmann, J. & Beckmann, J. The weakening summer circulation in the Northern Hemisphere mid-latitudes. Science
348, 324-327 (2015).

30. Spreading like wildfire. Editorial, Nat Clim Change, 7(755), https://doi.org/10.1038/nclimate3432 (2017).

Acknowledgements

The authors wish to express their appreciation to Prof. Dr. Stefan Rahmstorf for valuable and helpful suggestions
on a number of aspects of this work. The authors acknowledge use of the Canadian National Fire Database
from Natural Resources Canada, Canadian Forest Service, Canadian Forest Service, Northern Forestry Centre,
Edmonton, Alberta http://cwfis.cfs.nrcan.gc.ca/en_CA/nfdb. The authors wish to acknowledge use of the Ferret
program for analysis and graphics in this paper. Ferret is a product of NOAA’s Pacific Marine Environmental
Laboratory (Information is available at http://ferret.pmel.noaa.gov/Ferret/).

SCIENTIFICREPORTS| (2018) 8:12375 | DOI:10.1038/s41598-018-30812-z 9


http://www.ibc.ca/bc/resources/media-centre/media-releases/northern-alberta-wildfire-costliest-insured-natural-disaster-in-canadian-history
http://www.ibc.ca/bc/resources/media-centre/media-releases/northern-alberta-wildfire-costliest-insured-natural-disaster-in-canadian-history
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://dx.doi.org/10.1038/srep45242
http://www.fire.uni-freiburg.de/GFMCnew/2017/05/04/20170504_ru.htm
http://www.globalincidentmap.com/beta/forest-fires-map/search
http://cwfis.cfs.nrcan.gc.ca/ha/nfdb
http://dx.doi.org/10.1139/cjfr-2017-0063
http://dx.doi.org/10.1038/nclimate3432
http://cwfis.cfs.nrcan.gc.ca/en_CA/nfdb
http://ferret.pmel.noaa.gov/Ferret/

www.nature.com/scientificreports/

Author Contributions

V.P. designed research; V.P,, S.P,, K.K,, K.Th., and H.J.S. performed research; S.P., K.K., K.Th., and D.C. analyzed
data; and all authors contributed to the paper text. We declare that this manuscript is original, has not been
published before and is not currently being considered for publication elsewhere. The manuscript has been read
and approved by all named authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30812-z.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12375 | DOI:10.1038/s41598-018-30812-z 10


http://dx.doi.org/10.1038/s41598-018-30812-z
http://creativecommons.org/licenses/by/4.0/

	Alberta wildfire 2016: Apt contribution from anomalous planetary wave dynamics

	Results

	Surface Conditions (Temperature, Soil Moisture). 
	Atmospheric Conditions (Geopotential Height, Potential Vorticity, Meridional Wind and Wave Amplitudes). 
	Conditions that lead to amplified planetary wave-4 (resonance). 
	Statistical correlations between Canadian wildfire activity and large-scale atmospheric weather/climate characteristics. 
	Comparison of the years of 1980, 1983, 2012 and 2016 in the context of the large-scale NH atmospheric parameters and the li ...

	Discussion

	Methods

	Conclusions

	Acknowledgements

	Figure 1 Geographic distribution of important NH atmospheric parameters associated with wave-4 meridional velocity structure (see text).
	Figure 2 15-day running mean (with central dates of corresponding 15-day intervals marked in the x axis) of the surface temperature in K (panel a) and soil moisture (non-dimensional) in the upper (0–10 cm) soil layer (panel b) over Alberta for April-May 2
	Figure 3 1980–2016 time series of monthly geopotential height H300, relative vorticity RV300 and the amplitude of wave-4 Fourier component of the meridional velocity at 300 hPa (black curves) for April averaged over the Alberta region (110°W–120°W, 50°N–6
	Figure 4 The amplitudes of the Fourier components, up to n = 24, of monthly meridional velocity at 300 hPa and the longitudinal distributions of monthly H300 for Aprils of the years of 1980, 1983, 2012 and 2016, based on respective NCEP-NCAR reanalysis da
	Figure 5 (a) The longitudinal distributions of monthly meridional velocity at 300 hPa, V300, within the 50N–60N belt, and (b) its wave-4 Fourier component averaged over that belt, for April 2016.
	Figure 6 Application of the automated QRA-detection-scheme20,21 for wave-4 at 300 hPa.
	Table 1 Pearson coefficients of correlation between the Oceanic Niño Index (ONI2,3), and monthly number of wildfires in April (MNWA) over Alberta (FiresAB line) and all-Canada (FiresCA line) according to25, both ONI and MNWA being calculated based on 1980




