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Abstract Using data from 13 climate stations on the Canadian Prairies, together with opaque cloud cover
and daily snow depth, to analyze the winter climate transitions with snow, we find that a snow cover acts as a
fast climate switch. Surface temperature falls by about 10 K with fresh snowfall and rises by a similar amount
with snowmelt, while the daily range of relative humidity falls to around 5-15% with snow cover. These are
robust climate signals. For every 10% decrease in days with snow cover over the Canadian Prairies, the mean
October to April climate is warmer by about 1.4 K. Stratifying by daily mean opaque cloud cover across snow
transitions shows the rapid shift within 5 days from a diurnal cycle dominated by shortwave cloud forcing to
one dominated by longwave cloud forcing. We calculate the change in the surface radiative budget with
snow using surface albedo data from the Moderate Resolution Imaging Spectroradiometer and station
longwave data. We find that with the fall-winter snow transitions, the surface radiative heating is reduced by
50 Wm ™2, with 69% coming from the reduced net shortwave flux, resulting from the increased surface albedo
and a small increase in effective cloud albedo, and 31% from a reduced incoming longwave flux. This drop in
surface radiative heating is sufficient to produce a drop in the surface radiometric skin temperature of 11 K.
We find that in winter, the monthly mean diurnal climate is more closely coupled to the diurnal shortwave
forcing than the mean diurnal climate.

1. Introduction

Northern latitudes are cold and have snow in winter. The traditional climatological view is that regions like
the Canadian Prairies have snow because they are cold. Forecasters however have long noticed the large
impact of snow cover on surface temperature and have estimated from case studies that snow cover reduces
surface temperatures by about 5°C on both the short-term time scale and the monthly time scales [Namias,
1960, 1985; Wagner, 1973; Dewey, 1977]. Groisman et al. [1994] suggested that the retreat of the Northern
Hemisphere’s spring snow cover in the previous 20 years was linked to the observed increase of spring
temperatures. Mote [2008] found that with deep snow, the surface maximum temperature was depressed
9.5°C, but the depression relative to the 850 hPa temperatures was reduced roughly in half to 4.6°C. The
premise of this analysis was that the 850 hPa flow is uncoupled from the surface cooling with snow. However,
Viterbo and Betts [1999] showed that the large regional errors in the albedo of snow propagate into large
errors in the 850 hPa temperature within 5 days.

Models represent the coupled feedback, but quantitative answers are challenging because of the complexity
of the land-boundary-layer-atmosphere coupling and the wide range of parameterizations in use. Early
modeling studies estimated that the cooling of surface temperatures by snow cover could be as little as 1-2°C
[Cohen and Rind, 1991] or as large as 10°C [Walsh and Ross, 1988]. At that time, there were large variations in
the snow-climate feedback and in their cloud and longwave radiation interactions in general circulation
models [Cess et al., 1991]. More recently, Vavrus [2007] showed that removing the hemispheric snow cover in
a global climate model increases surface air temperatures over northern North America and Eurasia in winter
by 8-10 K. However, Bony et al. [2006] showed that the relationship between surface albedo and temperature
in spring in transient climate simulations in snow regions still varies by more than a factor of 3. They suggest
that models should be constrained to reproduce the snow-albedo feedback in the present-day seasonal
cycle, since Hall and Qu [2006] showed that the feedback simulated by these models for the present-day
seasonal cycle is an excellent predictor of the snow-albedo feedback in the transient climate simulations. The
development of improved representations of snow cover, surface albedo, and snow-albedo feedback in
global models remains an important issue [Lott and Graf, 1993; Roesch and Roeckner, 2006; Qu and Hall, 2007].
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Recently Xu and Dirmeyer [2013] developed a framework for evaluating the strength of snow-atmosphere
coupling in global models.

Snow/ice albedo feedback is well known on global scales, but there has been rather little quantitative analysis
of the role that shortwave feedback and longwave feedback play in the transitions with snow on local and
regional scales, even though observers are aware that the large increase in the reflection of sunlight by snow
cools the local climate [Cohen, 1994; Betts, 2011]. Our data analysis will provide a quantitative frame of
reference for the Canadian Prairies, where the snow-albedo feedback is both large and uniform over an
extensive region between roughly 49-53°N, 98-114°W. We will explore the coupling between snow cover,
near-surface air temperature and humidity, and cloud cover using climate station data. We will show that
over the Canadian Prairies, surface air temperature falls within days with fresh snowfall by about 10K and
rises by a similar amount with snowmelt. For the interannual variability for October to April on a regional
scale, this fall of temperature increases to 13 to 15°C between cold seasons with no snow to those with 100%
snow cover. The rapid fall-winter and winter-spring climate transitions that occur with snow cover suggest
that the change in surface albedo with snow acts as a fast climate switch.

This paper will explore three of the coupled feedback that together drop the mean near-surface air tem-
perature, T,,, by 10°C with snow cover. They are the large increase in surface albedo, a small increase in
effective cloud albedo, and a drop in the downwelling longwave flux. There is a fourth contribution to the
drop of air temperature: the upward ground heat flux is reduced [Zhang et al., 2008], because snow has much
lower heat conductivity than soil. From an agricultural perspective, snow cover reduces the coupling be-
tween air and soil, and this limits soil freezing. Moreover, the protection of winter crops from frost damage
depends on snow depth [Thorsen et al., 2010; Trnka et al., 20101, whereas the drop of air temperature is
dependent more on snow albedo than on snow depth. Dutra et al. [2011] investigated the role of interannual
snow cover variability in controlling the land-atmosphere coupling and its relation with soil and 2 m air
temperature in 30 year climate simulations. They found that the interannual variability of snow cover and
snow depth explains almost 60% of the winter interannual variability of 2 m T,,, over north Eurasian and North
American continents in regions that are predominantly snow covered. They also found a strong correlation
between increasing snow depth, decreasing air temperature, and an increasing difference between soil and
air temperature over the Midwestern U.S., between 35°N-45°N and 80-100°W.

This analysis will study the coupling of snow cover to the winter climate transitions and the fall, winter, and
spring climate using the daily data sets for the period 1955-2006 for 13 Prairie climate stations, which were
derived from hourly data by Betts et al. [2013a]. One unique aspect of these data is hourly estimates of
opaque (or reflective) cloud cover, which can be calibrated on the daily time scale against incoming short-
wave radiation to give the daily effective cloud albedo [Betts et al., 2013a]. From these data, we can estimate
the longwave and shortwave cloud forcing (LWCF and SWCF, defined in section 7.1). We have sufficient high-
quality, homogeneous data (over 600 station years) that we can derive the fully coupled response of the
diurnal climate to both cloud and snow-albedo forcing over a range of time scales. Betts et al. [2013a] showed
that the diurnal climate made rapid transitions in November and March between a winter state with snow
and a warm season state without snow. These are the seasonal transitions into winter with the first snowfall
and the first spring transition when the snowpack finally melts [Betts, 2011].

Specifically this paper will address five aspects of the winter climate at northern latitudes.

the winter climate transitions that occur with snowfall and snowmelt.
the coupling of the mean winter climate to snow cover.

the coupling of the diurnal cycle to cloud cover across snow transitions.
the change in the surface radiation budget with snow cover.

the shortwave forcing of the winter diurnal cycle.

vk wnN =

In section 2, we discuss the data and our methodology for the snow transition composites and cloud strati-
fication composites. Section 3 analyzes the climatology of the large winter and spring climate transitions that
are coupled to snow cover. Section 4 shows the impact of snow cover on the mean winter climatology.
Section 5 addresses how the coupling of the diurnal cycle to clouds shifts from SWCF control with no snow to
LWCF control with snow. Section 6 shows the impact of snow cover on the surface shortwave albedo derived
from the Moderate Resolution Imaging Spectroradiometer (MODIS) data. Section 7 discusses the change in
the surface radiative budget across the fall snow transition. In section 8, we show the seasonal differences
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Table 1. Climate Stations: Location and Elevation

Station Name Station ID Province Latitude Longitude Elevation (m)
Red Deer” 3025480 Alberta 52.18 —113.62 905
Calgary® 3031093 Alberta 51.11 —114.02 1084
Lethbridgeb 3033880 Alberta 49.63 —112.80 929
Medicine Hat 3034480 Alberta 50.02 —110.72 717
Grande Prairie? 3072920 Alberta 55.18 —118.89 669
Regina® 4016560 Saskatchewan 50.43 —104.67 578
Moose Jaw 4015320 Saskatchewan 50.33 —105.55 577
Estevan® 4012400 Saskatchewan 49.22 —102.97 581
Swift Current® 4028040 Saskatchewan 50.3 —107.68 817
Prince Albert® 4056240 Saskatchewan 53.22 —105.67 428
Saskatoon® 4057120 Saskatchewan 52.17 —106.72 504
Winnipeg®® 5023222 Manitoba 49.82 —97.23 239
The Pas® 5052880 Manitoba 53.97 —101.1 270

dComplete data sets.
Pstations with downward shortwave radiation.

between the mean diurnal climate and the monthly mean diurnal climate following (A. Wang, and X. Zeng,
Land surface air temperature diurnal range over high northern latitudes, J. Clim., JCLI-D-13-00428, in revision,
2013) and find that the monthly mean diurnal climate is more consistent with the shortwave forcing.
Section 9 presents our conclusions.

2, Data and Background
2.1. Climate Station Data

We analyzed the data from the 13 climate stations listed in Table 1: the stations are all at airports. These have
hourly data, starting in 1953 for all stations, except Regina and Moose Jaw which start in 1954. However, the
snow depth data, which is critical to this analysis, generally run from 1955 to 2006, and some station records finish
earlier. The 10 southern stations from 49 to 52°N are in agricultural regions, and the three most northern stations
(Prince Albert, The Pas, and Grand Prairie) are either in or close to the boreal forest.

2.2, Variables and Data Processing

The hourly climate variables include air pressure (p), dry bulb temperature (7), relative humidity (RH), wind
speed and direction, total opaque cloud amount, and total cloud amount. Trained observers have followed
the same cloud observation protocol for 60 years [Manual of Surface Weather Observations, 2013]. Opaque
cloud is defined (in tenths) as cloud that obscures the Sun, Moon, and stars at night. Four stations, Lethbridge,
Swift Current, The Pas, and Winnipeg, have downward shortwave radiation SWy, for some of the period, and
these were used to calibrate the daily mean total opaque cloud data in terms of SWCF [Betts et al., 2013a]. We
generated a file of daily means of all variables, such as mean temperature and humidity, T,,, and RH,, and
extracted and appended to each daily record the corresponding hourly data at the times of maximum and
minimum temperature (T, and T,,). We merged a file of daily total precipitation and daily snow depth. Since
occasional hourly data were missing, we kept a count of the number of measurement hours, MeasHr, of valid
data in the daily mean. In our results, here we have filtered out all days for which MeasHr < 20. However, with
almost no missing hours of data in the first four decades, there are very few missing analysis days, except
for Swift Current, where nighttime data are missing from June 1980 to May 1986, and Moose Jaw, where
nighttime measurements ceased after 1997.

Our analysis framework is based on the concept of the land-surface diurnal cycle climate, introduced by Betts
and Ball [1995, 1998] for a grassland study, used by Betts [2004] to discuss hydrometeorology in global
models, and discussed in detail by Betts et al. [2013a]. For individual days, the diurnal cycle is a combination
of local processes and synoptic scale advection. However, if sufficient data are composited (see sections 2.3
and 2.4), the climatology representative of transitions with snow or changing cloud cover emerges from the
synoptic variability.

We define the diurnal temperature range between maximum temperature, T,, and minimum temperature, T,, as

DTR=Tx —T, (M
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We also define the difference of relative humidity, RH, between T, and T,, as
ARH = RH:T, - RH:T, ~ RH, - RH,, (2)

where RH, and RH,, are the maximum and minimum RH. This approximation is excellent in the warm season,
when surface heating couples with a convective boundary layer (BL). Then typically RH reaches a maximum
near sunrise at T,, and a minimum at the time of the afternoon T, [Betts et al., 2013al. However, in winter,
especially with snow cover, the diurnal solar forcing is greatly reduced compared to summer, while daily
advective changes are larger than in summer. As a result, both DTR and ARH become dominated by the daily
advective changes. This has a large impact on the climatology of DTR, as suggested in a recent paper by
(Wang and Zeng, in revision, 2013). ARH is itself small at cold temperatures in winter. We address the concep-
tual impacts on the climatology of both DTR and ARH in section 8. We also derived from p, T, and RH the
lifting condensation level (LCL), mixing ratio (Q), and the pressure height to the LCL, P.c..

2.3. Snow Transition Composite Methodology

We constructed a climatology of snow dates for each station by identifying the dates of the first lasting
snowfall in the autumn and the date when the winter snowpack disappeared in spring. We then generated
mean transitions by compositing 15 days before and after these surface snow events. Simple “ideal” transi-
tions are where the ground is snow free, then heavy snow falls, and the ground stays snow covered until the
snowpack melts in spring, followed again by snow-free ground. This happens in many years for the central
Prairie stations, especially the more northern ones. In the fall, there are years, especially in southwestern
Alberta, where the winter climate is warmer, when snow falls, and then melts. For these cases, we looked for
snow transitions where the ground was snow free for a week ahead and snow covered the week after. Nature
always presents some more complex situations: for example, when a little snow falls and then melts a few
days ahead of a major snowfall, or there is a brief snowfall in spring shortly after the melt of the winter
snowpack. For a few years, we had to make a choice between accepting a more complex transition or simply
not including a case for that year and season. However, for most stations, we have 40-50 years of data, and
excluding a few years does not impact the climatology. We chose only one transition in the fall and spring for
the main analysis. For our analysis of the long-wave transition in section 7.3, where we had only a single
station, we looked for all the possible snow transitions in the fall to increase the sample size for analysis.

The variability across snow events is of course large, as it depends on the structure of different weather
systems embedded in a highly variable large-scale flow. Given sufficient data (we have over 600 station
years), compositing about a distinct physical event like snowfall, which has a large impact on the surface
energy balance, reduces by averaging the highly variable advection and extracts a climatology of the tran-
sition. We will illustrate this with several approaches (see section 3). We first generated composite transitions
for each station and then merged these in groups to give means and show the variability between stations.

2.4. Cloud Stratification Composites

The second analysis tool we shall use is to further stratify composite snow transitions by daily mean opaque
cloud cover, following Betts et al. [2013a, 2013b]. One remarkable feature of this Canadian data set is the esti-
mation by trained observers of hourly opaque cloud cover (in tenths), for nearly six decades, with almost no
missing observations. The excellent quality of these data is such that the daily mean opaque cloud cover can be
calibrated against incoming solar radiation and longwave fluxes [Betts et al., 2013a]. This will enable us to show
how the changing SWCF and LWCF are linked to the changing surface response across snow transitions.

3. Winter and Spring Snow Transitions

The winter and spring snow transitions are a central feature of high-latitude seasonal climate. Betts et al.
[2013a] showed that the diurnal climate across the Prairies made rapid transitions in November and March
between two distinct states: a winter state with snow cover and a warm season state without snow. They
suggested that the diurnal cycle is coupled to the winter climate transition [Betts, 2011], when the first lasting
snow cover has a large local climate impact. They showed a 1955-1993 composite of the fall-winter transi-
tions for Regina, which on average occurs in mid-November. They noted that over 3 days across the snow
event, T, falls about 8°C, T,, by about 5°C, while ARH falls from about 20% to its typical winter value below 5%.
This was the impetus for the more detailed analysis we present here.
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Figure 1. Climatology across the fall-winter snow transitions, marked as day 0, for six climate stations in Saskatchewan.

3.1. Fall-Winter Transitions

Figure 1 shows the climatology across the fall-winter snow transitions for six climate stations in Saskatchewan.
All stations have more than 30 years of data and four have 50 years. The patterns are very similar. Average snow
dates are mid-November with a station standard deviation of about +15 days. Opaque cloud cover rises
from about 5/10s before snow to a peak ~8/10s at days 0 and 1 and then falling to about 6/10s. Five days
before the snow event, T, —1°C, while T, ~ +4°C. T, falls below freezing just ahead of the snowfall. Across
the transition, temperatures fall by —9 to —10°C, with T, falling ahead of T,,. The diurnal range ARH falls
from 22% to its typical low winter value of about 4%, as RH:T, increases from 61 to 79%, while RH:T,, is
unchanged at 83% (not shown).

The transitions in Figure 1 are very similar across this group of six stations in Saskatchewan, so we then
generated a mean transition with the standard deviation across the six station climatologies. This is shown in
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Figure 2. Mean fall-winter transitions with snow by province.

Figure 2 (middle), together with the corresponding panels for the five stations in Alberta and the two stations
in Manitoba.

We see broad similarities and some differences from west to east across the Prairies. T,, T,,,, T,,, and ARH all fall
across the snow boundary, and RH:T, rises, peaking with the snowfall close to saturation over ice (not shown).
Opaque cloud cover peaks for days 0 and 1 near 8/10s, and typically cloud cover is higher after the snow

transitions than before. Table 2 summarizes the mean change in T,, T,,,, T, RH, cloud, and other variables across
the snow transitions for the three provincial composites. We averaged the variables for the 5 day ranges from
—7 to —3 days ahead and from 3 to 7 days after snow and found the mean difference and standard deviation.

The fall of temperature and humidity variables varies little within each group. There appears to be a decrease
from west to east, but we have only two stations in Manitoba, and one of them, The Pas, is within the boreal
forest. Manitoba may also be influenced by a large number of lakes. There could be differences in advection
as the climate of Alberta is more influenced by maritime flows from the Pacific, than are the central and
eastern parts of the Prairies.

3.2. Fall Snow Transition Compared With Climatology

Figure 3 embeds the mean composite transition, 15 days before snow event and 15 days after (solid lines),
within the corresponding mean climatology (dotted lines) for October to December for the six Saskatchewan
climate stations. Figure 3 (left) contrasts the smooth climatological increase of snow and the fall of T, and
ARH, found by averaging by day of year, with the sharp transition that occurs when we composite about the
snow events, with a mean date of 17 November. Figure 3 (right) corresponds for mixing ratio (Q) and the
pressure height of the LCL (P_¢,) at the time of T,. Note the sharp fall in P, and Q across the snow transition.
In essence, the 30 day transition in the climatology occurs within a few days with major snow events, whose
date varies by +15 days.

Table 2. Change Across the Fall Snow Transitions for the Three Provincial Composites

5-Alberta 6-Saskatchewan 2-Manitoba
Variable —7to —3d 3to7d Difference —7to —3d 3to7d Difference —7to0 —3d 3to7d Difference
Tm (°C) 1.7+0.9 —9.1+15 —10.7+0.8 —1.0+0.7 —10.6+0.4 —9.6+0.8 —1.1+0.8 —9.1+1.0 —8.0+0.2
T, (°Q) 7.7+09 —45+1.7 —122+10 43+0.8 —6.3+0.6 —10.6+0.7 2804 —-59+0.7 —87%03
T, (°C) —39+1.0 —141£1.1 —10.2+09 —5.8+0.8 —152+04 —94+0.8 —49+1.2 —129+14 —8.0+0.2
RH,, (%) 65.5+5.1 764+34 10.9+20 744+13 81.1+1.6 6.7+1.8 76.8+0.0 81.3+0.7 45+0.6
RH:T,(%) 48.0+5.8 70.7+£54 227+19 60.7+1.8 786+20 179+3.0 67.4+0.0 79.1£1.6 11.7+1.6
ARH (%) 304+£25 9344 —21.1x27 223+20 38%x13 —185+27 16.2+04 3515 —126+19
Q (9/kg) 34+03 23+0.2 —1.1+03 34+£0.1 22+0.1 —1.2+0.1 33+£0.1 22+0.0 —1.1+0.1
P.c (hPa) 145+18 70+ 14 —75+8 103+5 475 —56+8 84+04 48+ 4 —36+5
Cloud (Tenths) 47+03 56+05 09+0.3 49+03 58+04 09+04 6.0+0.2 6.6+0.5 06+0.3
Snow depth (cm) 0.1+£0.0 7809 76%09 0.2+0.1 6.9+0.7 6.8+0.7 0.2+0.0 79+03 7.7+04
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Figure 3. Comparison of composite fall snow transitions with mean climatology for Saskatchewan.

3.3. Winter-Spring Transitions
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Figure 4 shows three groupings of the transitions with snowmelt in spring. Three southwestern stations in
Alberta (Calgary, Lethbridge, and Medicine Hat) are the group shown in Figure 4 (left). Here snowmelt is
frequent during the winter, and the climatology of the final snowmelt occurs the earliest. The snowpack a
week before melt is only 8 cm deep, the transition to no snow lasts about 5 days, and the temperature in-
creases about 11°C across the transition. Figure 4 (middle) presents seven Prairie stations (Red Deer, Estevan,
Moose Jaw, Regina, Saskatoon, Swift Current, and Winnipeg). The initial snowpack is a little deeper (14 cm),
melt lasts longer (10-14 days), ending around 26 March, and temperature increases about 10°C across the
transition. Figure 4 (right) is for the three most northern stations (Grand Prairie, Prince Albert, and The Pas),
where the snowpack is deepest and final snowmelt comes latest (11 April). Here snowmelt lasts about

25 days, with a gradual rise of temperature of 10°C over this whole period.

Table 3 summarizes the mean change in T, T,,, T,, RH, cloud, and other variables across the snowmelt tran-
sitions for these three composites. We averaged the variables for the 5 day range from 3 to 7 days after
snowmelt. The longer the snowpack took to melt, the further back we took the average before melt. We used
—7 to —3 days ahead in southwest Alberta, —14 to —10 days ahead for the seven Prairie stations, and back
to —25 to —21 days ahead for the three northern stations. In Table 3, we reversed the sign of the differences
to facilitate direct comparison with Table 2. The differences with snow on the ground are very similar:
temperatures are about 10°C cooler, ARH is about 15-20% lower, and opaque cloud cover is a little higher
(although the difference with snow is smaller with the winter-spring than the fall-winter transitions). If we
average across all six composites in Tables 2 and 3, we see that snow cover produces a fall in T, T,, and T,, of
—99+1.0,-10.6+1.1,and —10.0£1.2°C.
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Figure 4. Mean winter-spring transitions with snow for three groupings of stations.
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Table 3. Change Across the Spring Snowmelt for Three Composites

3-Alberta 7-Prairies 3-Northern
Variable —7to —3d 3to7d Difference —14to —10d 3to7d Difference —25to —21d 3to7d Difference
Tm (°Q) —8.8+04 23+05 —11.1+£09 —74+£04 21+04 —9.5+0.9 —75+12 3.1+£05 —-10.5+0.7
T, (°Q) —36+04 7.8+£05 —114+£09 —3.0£06 73+0.6 —103+£09 —21+£1.1 8.6+0.5 —10.6+0.7
T, (°Q) —14.2+06 —27+04 —11.5+£1.1 —123+03 —26+03 —96+1.2 —134+£15 —22+0.8 —-11.1£0.8
RH., (%) 73415 645+24 9.0+22 799+2.7 73.0£26 6922 714£29 655+1.2 59+28
RH:T,(%) 653125 463+2.5 19.0+2.8 745142 56.1+3.7 184 4.1 61.9+3.7 475+1.9 144+5.1
ARH (%) 129+22 33.0+14 —20.1+£29 8.0+£3.2 289+3.7 —209+35 159+22 33.0+22 —17.1+4.2
Q (g/kg) 24+0.1 33+0.2 —0.9+0.1 26+0.2 3.8+0.1 —1.1+£0.2 23+0.2 34100 —1.13+£0.2
PicL (hPa) 807 148+8 —68+10 6015 12414 —64+13 9613 1524 —56+16
Cloud(Tenths) 53103 49+0.1 05+0.3 53104 49+03 04+0.5 47+05 48103 0.1£0.5
Snow depth(cm) 8.1+£09 0.2+0.0 79+£1.0 13.5+£3.1 0.3£0.1 13.3£0.1 273+44 0.22+0.2 27.0+4.2

4, Impact of Snow Cover on Mean Climatology
4.1. Fall and Spring Climatology

In the previous section, we selected single transitions in fall and spring to construct a homogeneous clima-
tology of the large climate transitions across snow boundaries that often occur within days. One simple and
important consequence is that the mean climatology depends on all the transitions that occur in the cold
season and explicitly depends directly on the fraction of days with snow cover. For the transition periods,
October, November, and December, and March and April, we computed the means of T,,,, ARH, and FDS, the
fraction of days in each period that are snow covered, for each of the five Alberta stations (about 240 station
years of data) and the six Saskatchewan stations (about 270 station years of data). We then removed the bias
between the station means to give bias-corrected values, T, RHmp, FDSp, which are plotted in Figure 5.
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Figure 5. T,,, and ARH,, plotted against fraction of days with snow cover.
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Table 4. Linear Regression Fits (Equation (3))

A (Q) B Q) R C (%) D (%) R E (%) G H R

5AB:OND (October-November-December)

65K:OND

5AB:MA (March and April)

6SK:MA
Mean

21£15 —109+0.7 0.51 298+3.0 —187+13 0.45 1.1 46+0.7 1.2+0.2 0.13
—-05+14 —83+0.6 0.43 24.7+3.0 —187+13 0.52 6.0 4.7+0.5 0.8+0.2 0.05
49+13 —10.8+0.5 0.67 386+38 —231+14 0.53 155 4.7+0.5 1.3+0.2 0.17
41+£14 -11.0+04 0.69 37.8+35 —303£1.1 0.72 7.5 4.7+0.5 1.1+£0.2 0.12
—10.2+1.1 327+57 10.0+3.6 1.1+0.2

The plotted points are all perturbations from the solid black square, which is the mean of all the station data. The
solid black circles are the individual station means: their spread has been removed by the bias correction. The
stations that are coldest with the most snow are the most northern ones: Grand Prairie in Alberta and Prince Albert
in Saskatchewan. If we do not remove the interstation biases, we get higher regression line slopes in the fall (but
not in the spring), as shown by the steeper slope of the station means in the fall compared to the regression line
plotted for the bias-corrected data.

Table 4 gives the coefficients of the linear regression line fits with the form
Tb : fit= A+ B * FDSp (3a)
ARHy, : fit = C+ D * FDSy (3b)
OpaqueCloud,, : fit = G+ H * FDSy, (3¢)

The interannual variability is large and the R? coefficients for T,,,:fit and ARH,:fit varies between 43 and 72%;
they are generally larger for the March-April snowmelt period in spring than for the October-November-
December transitions into winter with snow. The column E in Table 4 is the value of ARH for FDS, =1, when all
days have snow cover. The opaque cloud fit coefficient H shows a small increase with increasing snow cover,
but note that the R? coefficients are small.

We see that the transition from 0 to 1 in the fraction of snow days drops the mean temperature by —10.2 + 1.1°C,
while the fall of ARH,, shows the transition between warm and cold season states. These numbers correspond
closely to the mean transition across snow boundaries we see in Tables 2 and 3 and Figures 3 and 4. The transition
from 0 to 1 in the fraction of snow days increases the opaque cloud cover by 11 + 2%, larger than the 9% and
4.5% increases seen in Tables 2 and 3.

We looked separately at the three most northern stations (Grand Prairie, Prince Albert, and The Pas). For the
March and April snowmelt period, the temperature fit has a slope of B=—10.7 0.7, and the corresponding
October, November, and December fit is B=—10.7 + 1.0 (not shown). These values are similar to those in
Tables 3 and 4. This is somewhat surprising since these stations have the most forest within 50 km [Betts et al.,
2013b], and the forest has a much lower albedo with snow than grassland (see Figure 10) [Betts and Ball,
1997]. Even the single station within the boreal forest, The Pas, has similar mean values of B=—10.2+2.5 in
the fall and —10.7 £ 1.3 in the spring (not shown). We considered the possibility that the airport data over
grass might not be representative of the boreal forest, by comparing the 1994-1996 data from the Boreal
Ecosystem-Atmosphere Study (BOREAS) at a forest tower only 3 km from the airport climate station at The
Pas. The correlation between the two data sets for T, is extremely high (R*=0.99), and the systematic dif-
ferences are very small. With snow cover, the airport data over grass have a daily mean temperature that is
+0.3°C warmer than the tower data at 2 m above the forest floor and —0.5°C cooler than the tower data a few
meters above the forest canopy.

Although the increase of surface albedo with snow is larger over the Prairies than the boreal forest, we will
see in section 7 that the radiative changes with snow involve other important terms. The fall of LWy, with
snow cover contributes about 31% of the surface cooling, while the increase of cloud cover introduces partly
canceling changes in the SWCF and LWCF. In addition, there may be a regional influence of the cooling of the
Prairies with snow cover that extends into the boreal forest.

4.2. Winter Climatology

We then looked at the impact of snow cover on the mean climatology for the 7 month “cold season” period
from October to April, when snow may occur on the Canadian Prairies. This merges January and February
with the two transitions shown in Figure 5. Figure 6 (top row) is similar to those in Figure 5, with the removal
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