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FI1G. 4. Percent normal of GPCP precipitation, for the growing seasons of (a) 2001 and (b) 2002.
The outline is the approximate extent of the study area, with the northern stations denoted in red.

actual accumulation to the expected value for that day
from the climatology.

The second method derived a daily climatology of
precipitation accumulation from the monthly precipi-
tation climatology, as follows:

o The monthly values of accumulated precipitation (mm)
are divided by the number of days in the respective
month (January, 31 days; February, 28.25 days, etc.)
to get a ““daily” value. For example, if the climatology
for May is 60 mm, the daily value would be 60 mm/
31 days = 1.935mmday .

o Instead of assigning this one value to every day in the

month, giving a climatology that only changes dramat-
ically at the beginning and end of each montbh, this daily
value is assigned only to the middle (15th day) of the
month. Following the previous example, the value of
1.935mmday ' is assigned to 15 May.

Linear interpolation is then carried out from mid-
month to mid-month to achieve values for every day in
the year, showing the monotonic increase or decrease
in accumulation between months. The values for the
remaining days in each month are thus determined
by the climatology of two months. For example, the
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FI1G. 5. Averaged PDSI for 1999-2005 over the prairies. The northern stations are plotted in
black, as is the approximate outline of the study region. Note that the gap in southern Manitoba

is due to missing data.

values for the beginning half of May are dependent
on April and May climatology, whereas the values
after 15 May are a combination of both May and June
climatology.

e The daily percentages of normal values are then
smoothed by taking 30-day running averages, or
30-day moving windows, with the averaged value
assigned to the middle of the period. For example,
the average for 1-30 May 1999 is assigned to 15 May
1999, and the average for 2-31 May 1999 is assigned to
16 May 1999, etc.

The second methodology attempts to provide a longer
time filter while keeping the daily/synoptic time-scale
memory, thus amalgamating the long duration time
scale of drought with the synoptic time scale. For the
sake of simplicity, our results here (e.g., Fig. 3) are pre-
sented using the first, more traditional, method. How-
ever, we found the correlation between the two methods
to be 0.995 for 1999-2005 for percent normal at the
northern stations (e.g., Fig. 3a), and similarly high for the
33 stations overall. Individual stations (e.g., Saskatoon)
had only slightly lower correlations (0.985). Thus, we
believe the second method is novel and quite viable,
particularly over areal averages, and may be quite useful
in situations where daily precipitation climatology data
are not available.

The spatial representation of the drought also needs
to be taken into account. As noted by Bonsal and

Wheaton (2005), the spatial pattern of the 1999-2005
drought was unique in terms of its northward extent,
particularly during 2001 and 2002. Figure 4 shows the
spatial representation of the drought period using ver-
sion 2.1 of the Global Precipitation Climatology Project
(GPCP) combined satellitestation precipitation data-
set, available as monthly mean precipitation rates at
2.5° X 2.5° resolution (Alder et al. 2003). Monthly GPCP
data have been shown to be reliable compared with gauge
data over North America (e.g., Krajewski et al. 2000).
Here, the percent normal of precipitation is shown for
the most severe period of the drought, namely the growing
seasons of 2001 (Fig. 4a) and 2002 (Fig. 4b). A vast area
of below 80% of normal precipitation is present for the
entire Alberta-Saskatchewan agricultural region (triangu-
lar outline) in 2001 (Fig. 4a). However, the spatial pattern
of the drought is dramatically different during the growing
season of 2002 (Fig. 4b), as a region of above-normal
precipitation occurs in southern Saskatchewan. This is
predominantly related to a single extreme precipitation
event in June 2002 (fully detailed in Szeto et al. 2011). Its
occurrence during the “worst drought in a hundred
years’’ serves to highlight the complexity of this drought.
Meteorological drought does not entail a complete ab-
sence of high-precipitation events, but a typical decrease
in the number of such events (Evans 2008) and/or an
increase in the number of consecutive dry days. This
northern drought signature also appears in averaged
PDSI results over the whole 1999-2005 period [Fig. 5,
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TABLE 1. Lowest 10 values from the northern stations time series
(Fig. 3a). The northern station dates are denoted in red in Fig. 3.
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TABLE 2. Dry events: lowest 10 values from the 33-station time
series (Fig. 3c).

Central date 30-day percentage

Central date 30-day percentage

29 Dec 2001 12.99
30 Nov 2002 17.74
18 Oct 2000 19.41
20 May 2002* 21.41
21 Jan 2001 21.73
12 Dec 2003 22.98
28 Apr 2001 23.01
8 Nov 2004 23.24
15 Oct 1999%* 26.64
30 Apr 2005 29.52

20 Aug 2001 19.26
07 Oct 2001 19.66
10 Dec 2003 29.34
16 Jan 2001 29.78
14 Nov 2004 30.23
1 Dec 2002 30.95
7 Oct 2003 33.92
29 Apr 2001 34.08
27 Dec 2001 34.81
30 Apr 2005 36.66

* Key period that is unique to the northern stations.

using the monthly Dai PDSI dataset (Dai et al. 2004)
based on historical global temperature and precipitation
records over land areas, with a horizontal resolution of
2.5° X 2.5°], and is confirmed in previous studies (Bonsal
and Wheaton 2005; Bonsal and Regier 2007; Bonsal
et al. 2011b). We show the PDSI as confirmation of
drought conditions, since PDSI is the most commonly
used diagnostic for meteorological drought (Dai 2011).

To avoid the drought signature being masked by a
single “wet” event, we selected a northern subset of 11
stations from which to complete the diagnosis of key
severe 30-day periods. This northern subset is seen in
Figs. 2 (red stations), 4b, and 5, with its southern extent
at approximately 51.75°N. This latitude roughly corre-
sponds to the boundary between the dry—wet feature in
Fig. 4b.

We show the 30-day running mean time series for both
the 33 stations and the 11 northern stations for com-
parison (Fig. 3c). The two time series have a high cor-
relation of 0.80. There are only three main periods
where the two curves deviate—autumn 2000, spring 2001,
and the growing season of 2002—which can be explained
by the enhanced northern drought conditions in 2000-01
and the relatively wet growing season in 2002 (Szeto et al.
2011).

The key dry periods are identified in Fig. 3a as the
lowest 10 (in red) 30-day running mean values for the
northern stations (1999-2005; Table 1). The frequency
of the identified dry events is the greatest during the
heart of the drought from autumn 2000 to autumn 2002.
The identified dry events in Table 1 are slightly skewed
to late autumn and winter periods, owing to the clima-
tological paucity of precipitation in these seasons. We
reiterate that the amount of winter precipitation in the
prairies is small in comparison with the growing season,
during which up to two-thirds of the annual amount can
fall (Bonsal et al. 1999; Dey 1982). To that end, Bonsal
and Wheaton (2005) made it clear that while a lack of

winter precipitation (and associated spring snowmelt)
can help to initiate or accentuate a drought, the lack of
growing season precipitation is a more important factor
in prairie drought severity. For example, a deficit of
30mm of precipitation during December—February,
which receives on the order of 60 mm climatologically,
would appear more significant than a deficit of 30 mm
of precipitation during June—August, which climato-
logically receives approximately 200 mm of precipitation,
but the latter is when crops most require the pre-
cipitation. Eight out of the 10 dates identified as key
dry events from the northern subset of stations were
common to those from the full 33-station average,
albeit in an altered order (Tables 1 and 2); the con-
sistency of the identified extreme events from the
northern station and 33-station curves gives robustness
to our results.

2) QUASIGEOSTROPHIC DYNAMICS

The 10 driest 30-day periods (Fig. 3b, Table 1) are
synoptically analyzed using quasigeostrophic (QG) dy-
namics to investigate mechanisms for subsidence (de-
scent). The adiabatic, frictionless form of the QG omega
equation (Bluestein 1992) indicates that there are two
dynamic mechanisms associated with subsidence: vor-
ticity advection increasing with respect to pressure
(anticyclonic vorticity advection, AVA) and localized
cold-air advection (CAA):
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where f, is the constant Coriolis parameter (s~ '), o is
the static stability parameter (m*s >Pa ?), w is the
vertical velocity (Pas '), ¢ ¢ is the geostrophic relative
vorticity (s~ 1), f is the latitude-dependent Coriolis pa-
rameter, p is pressure, R is the universal gas constant



