








































































































































































































































































series. It is possible. therefore, to state that consistent SWE patterns are observed to 

reappear within and between seasons, but only with the aSWE time series. For this 

reason, the aSWE components will be retained for further analysis. 

Table 7 .3 Summary of ~SWE PCA. 
Component % Variance 

Explained 
PCl 
PC? 
PC3 
PC-l 
PC5 
PC6 
PC7 
PCX 
PC9 
PCIO 
Remainder 

16.5 
7.5 
6.7 
5.1 
3.9 
3.7 
'!..7 
1.7 
:?.6 
:?.5 
46.1 

The first four aSWE component loading patterns are shown in Figure 7.5. Lower ranked 

components arc not considered further because the pentad to component linkages 

(expressed through loading magnitude) fluctuate near zero after .1SWE PC-t These weak 

relationships are not useful or enlightening given the goals of this study. Those pentads of 

aSWE imagery which load strongly (negatively or positively) to the retained .1SWE 

components were averaged to produce composite component images. These pentads are 

listed in Table 7A. and are marked with solid symbols in Figure 7.5. Those pentads 

identified as containing a regional melt or refreeze event in Chapter 6 were excluded 

from the composite procedure regardless of the loading. The composite images are shown 

in Figure 7 .6. Positive .1.SWE values indicate regions of snow accumulation from the 

previous SWE pattern, while negative values correspond to regions of snow ablation. 
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Table 7.4 Pentads with strong component loadings. used to create composite component 
imaoes. 
PCI+ PCl- PC:!+ PCl- PCJ+ PCJ- PC.a+ PC4-
8902 8906 8870 8911 9002 9103 930:! 8909 
8907 8908 8912 9108 9105 9273 937:! 9303 
9001 9008 9169 9405 9108 9307 9610 9305 
9010 9011 9568 9510 9701 9368 9671 
9071 91 IO 9573 9570 ()703 9-l02 9771 
9073 9212 9609 9608 9709 9668 9801 
9106 9310 9672 9812 97IO 9670 
9168 9608 9806 9702 
9109 
9271 
9-Hll 
9509 
9569 
9601 
9672 
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Figure 7.5 Component loading patterns for the retained .1SWE compon~nts. Solid black 
diamonds represent those .1SWE images used to produce the composite patterns that 
illustrate the positive and negative phases of each component. 

122 



0, 
C: :s 
! _, 
C"J 
(.) 
Q. 

1 

a.a 
0.6 

0.4 

0.2, 0 . 

-0.2 

-0.4 

-0.6 

-0.8 

-T 

1 

0.8 

1988 
/89 

flt 111-, 1 
1989 1990 1991 1992 1993 1994 1995 1996 
/90 /91 /92 /93 /94 /95 /96 197 

1.:I i1 i df I~ {\ k J,. ij 
a. -0.4 

-0.6 

-0.8 

1997 
198 

-1 1988 T989 1990 1991 1992 1993 1994 1995 1996 1997 
/89 /90 /91 /92 /93 /94 /95 /96 197 /98 

Figure 7.5 cont. Component loading patterns for the first retained ~SWE components. 
Solid black diamonds represent those ~SWE images used to produce the rnmposite 
patterns that illustrate the positive and negative phases of each component. 
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Figure 7.6 Composite images which characterize the positive and negative phases of 
retained ~SWE components. 

124 



-20 -15 -10 -5 0 5 10 -5 0 5 10 15 20 25 

Change in SlJE (mm) Change 1n SUE (mm) 

-5 0 5 10 15 -25 -20 -15 -10 -5 0 5 10 15 

Change in sm: (mn) Change 1n SUE (mm) 

Figure 7.6 cont. Composite images which characterize the positive and negative phases 
of retained L\SWE components. 
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The positive phase of ~SWE PC I captures a pattern of a widespread increase in SWE 

values across the northern portion of the study area. with a moderate decrease in SWE 

values observed across the south. The negative phase of uSWE PC l depicts a reversal of 

these broad accumulation and ablation zones. Specific centres of action are not apparent: 

this component simply identifies a north - south gradient in ~SWE values. 

Unlike PC I. the three remaining .1SWE components highlight specific subregions within 

the Prairie study area. which characterize clearly defined changes in SWE. PC! depicts a 

zone of activity that bisects the study area from the northwest to the southeast. ln the 

positive phase. this is an accumulation zone surrounded by very little 1:hange in SWE. 

while in the negative phase it reverses to become a zone of ablation surrounded by 

moderate increases in SWE. 

PC3 characterizes a L.lSWE zone in the western region of the study area. This reverses 

between an ablation zone in the positive phase to an accumulation zone in the negative 

phase. L.lSWE PC4 illustrates a latitudinally oriented region of change in the northeast. In 

the positive phase this is depicted as accumulation in the Red River Valley. extending 

from Lake Winnipeg south into the Dakotas. The negative mode of this component is a 

co-located region of ablation. 

In summary. the l 68 image aSWE dataset has been reduced to 8 dominant patterns ( the 

positive and negative phases of 4 components) which reappear within and between 

seasons through the time series. The first four .1SWE components identify four unique 

centers of action in the Prairie study area~ with the positive and negative phases of the 

components characterizing either accumulation or ablation in those regions. These 8 
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patterns will form the foundation for subsequent analysis which seeks to link Prairie 

SWE distribution to atmospheric circulation. 

7.1.4 Ten-Season PCA Summary 

Two main research questions were put forward at the beginning of this chapter: 

{ l) Do consistent SWE patterns reappear from one season to the next'? 

(2) Are. first. unique and. second. consistent atmospheric patterns associated with any 

repeating modes of SWE'? 

To address the first question. a rotated PCA was used to compare three passive­

microwave deriwd SWE datasets: SWE imagery. SWE anomalies. and ~SWE. An 

examination of the component eigenvalues (Figure 7 .7) shows that the least variance is 

contained by the SWE imagery time series. while the ~SWE dataset is the most variable 

in space and time. The SWE imagery time series can. therefore. be expressed 

significantly by the highest ranked components. while the ~SWE components explain a 

lower proportion of variance. 
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Figure 7.7 Eigenvalue summary for the comparative ten-season PCA. Solid symbols 
represent those components illustrated in Figures 7.1. 7.3. and 7.6 respectively. 

The component loading patterns. however (il1ustrated in Figure 7 .5 ). indicate that the 

~SWE time series is the most suitable for identifying associations with atmospheric 

circulation because unlike the other two time series (Figures 7.2 and 7A). the leading 

~SWE components isolate SWE change patterns which repeat within and between 

seasons. Given that preferred spatial modes of Northern Hemisphere atmospheric 

circulation also exhibit chis temporal behaviour. the first four ~SWE components will be 

used to investigate linkages between atmospheric circulation and these repeating modes 

ofSWE. 
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7.2 Links Between ~WE Components and Atmospheric Circulation 

As discussed in Chapter 3. associations between atmospheric circulation and terrestrial 

snow cover are difficult to isolate because of the complex nature of their interaction. The 

remainder of this study is therefore dedicated to investigating a variety of methods by 

which the dominant modes of Prairie ASWE. can be linked to the climatic state. These 

methods utilize various types of atmospheric data. which were presented in Chapter 4: 

I. atmospheric teleconnection indices 

2. gridded atmospheric fields 

3. quasi-geostrophic model output. 

7 .2.1 Atmospheric Teleconnection Indices 

Tdeconnection indices provide a simple climatic diagnostic through a single: standardized 

value that indicates the phase (positive or negative) and the magnitude of a given 

preferred mode of low-frequency atmospheric circulation. Given their simple nature. 

teleconnection indices provide a logical means to begin the process of integrating 

climatic information with the ASWE components. Any associations found with the 

teleconnection data will provide the framework for subsequent linkages isolated with the 

gridJed atmospheric data products. ln this study. two temporal resolutions of 

teleconnection indices will be used: pentad and monthly averages. A summary of these 

datasets is shown in Table 7.5. In addition. two analysis methods will be used to link the 

teleconnections to the '1SWE component loadings: ( l) correlation analysis. and (2) a case 

by case tabulation. 
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Table 7.5 Summary of the teleconnection data'iets. 
Pentad Resolution 
North Atlantic Oscillation 1NAO) 
Eastern Paci tic (EP) 
Paci tic/North America ( PN A) 

Monthly Resolution 
North Atlantic Oscillation ( NAO) 
Eastern Pacific (EP) 
Paci tic/North America (PNA) 
Arctic Oscillation (AO) 
Pacific Decade! Oscillation ( PDO) 

7.2.1.l Cross Correlation of .1.SWE Component Loadings and Teleconnection 
Indices 

Given the variable nature of North American Prairie SWE distribution as isolated by the 

ten season PCA. it follows that a variety of atmospheric configurations would be 

associated with the observed variability in surface conditions. lf this is the case. these 

atmospheric patterns are not represented by atmospheric teleconnection indices because 

the correlations between the ~SWE loading patterns and atmospheric teleconnection 

indices (NAO. EP. PNA) at a pcntad resolution are consistently weak !Figure 7.8) . 

Before analysis all variables were standardized by the ten season mean and standard 

deviation. Although two negative correlations involving the EP pattern slightly exceed 

statistical significance tat the 95% confidence level). it appears th .. 1t no .:lSWE component 

to teleconnection correlation is sufficiently strong at a pentad resolution to warrant 

further investigation. 

These results mirror those for a similar analysis applied to the SWE imagery component 

loadings. and described in Derksen et al. ( 1999). Statistically significant correlations were 

not identified when the analysis was applied to monthly or pentad averaged imagery. 
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Figure 7.8 Correlations between ~SWE components and pentad 
atmospheric tdeconnection indices. Dashed lines mark the 95% 
significance level. 

The correlation analysis was repeated using monthly averaged data. All pentad 

information (.:.\SWE component loadings; NAO. EP. and PNA indices) were degraded to 

monthly averages to allow correlation of temporally consistent data becaust! the AO and 

PDO data are only available at the monthly resolution. Before rnrrelation analysis. all 

variables were again standardized by the ten season mean and standard deviation. As 

shown in Figure 7 .9. the monthly resolution results indicate some stronger correlations 

than those isolated by the pentad analysis. Two correlations (uSWE PC I and NAO; 

uSWE PC4. and AO) approach statistical significance. but as with the pentad resolution 

analysis. systematic associations between ~SWE components and tcleconnection indices 

appear to be weak. 
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Figure 7.9 Correlations between dSWE components and monthly 
atmospheric tdeconnection indices. Dashed lines mark the 95~i­
significance level. 

7 .2.1.2 Case by Case Linkages Between 6SWE Component Loadings and 
Teleconnection Indices 

A less systematic means of linking teleconnections with the ~SWE PCA results is 

through a case by case examination. focussing only on those pentads that have a strong 

positive or negative loading to one of the retained components. Thes~ pentads are listed 

in Table 7 .4. and indicated by the solid symbols in the time series plots in Figure 7 .5. 

While this method does not consider the entire time series. it does address whether a 

consistent index phase is associated with the reoccurrence of a Prairie .1SWE pauem. 

The coincident relationships between the pentads with strong positive and negative 

.1SWE component loadings and the three selected pentad teleconnection indices are 

summarized in Table 7.6. The average index value is computed. along with the 

proportion of positive and negative index values within each group. In general. the 

relationships are ambiguous. with a mix of positive and negative phase teleconnection 
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values co-occurring with the strong component loadings. As highlighted in Table 7.6. 

however. a number of consistent relationships can be noted. 

Table 7.6 Tally of teleconnection phase and magnitude between pentads with a strong 
loading to ~SWE components and atmospheric teleconnection indices . 
.1SWE PCI NAO EP PNA ASWE PCI NAO EP PNA 
Positive 
Average 
% Positive 
% Negative 
~WEPC2 
Positive 
Average 
% Positive 
% Negative 

~WEPC3 
Positive 
Average 
% Positive 
% Negative 

~WEPC.& 
Positive 
Average 
% Positive 
% Negative 

-0.09 
40 
60 

NAO 

-0.14 
50 
50 

NAO 

0.51 
57 
.n 
NAO 

EP 

-0.32 
63 
37 

EP 

0.11 
57 
43 

EP 

These consistent linkages include: 

Ne ative 
Average 
% Positive 
% Ngsative 

PNA ASWEPC2 
Negative 

0.29 Average 
50 % Positive 
50 % N95ative 
PNA ASWEPCJ 

Negative 
0.o7 Average 
43 % Positive 
57 % Negative 
PNA ASWEPC4 

Negative 
Average 
% Positive 
% Negative 

0~11:- -0.54 -0.20 
100 • 50 50 
0 50 50 

NAO EP PNA 

0.93· 0~77- 0.61 
71, -fl.. "" 57 
_29·;_ .. ~ 29- .• .. ·-.·. 43 

NAO EP PNA 

-0.1 S -0. I I 0.16 
50 50 37 
50 50 o3 
NAO EP PNA 

1.56 -1.6 7 -1.n., 
100 33 0 
0 f, 7 lOO' . • 

I. The positive phase of the NAO occurring coincidentally with ill'WE PC I negatire. 

dS'WE PC2 negative. and both phases of LlSWE PC4. Because these four relationships all 

involve the positive phase of the NAO (including both positive and negative phases of the 

same ~SWE component). this may not prove to be a very useful association. After 

examining the four aSWE components which are linked to the positive phase of the NAO 

it is apparent that no coherent regions of snow accumulation or ablation can be related to 

this teleconnection. The NAO has been in a generally positive phase since 1970. with 

some of the strongest NAO periods occurring between 1988 and 199-+ ( Serreze et al.. 
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2000). The lack of seasonality in NAO phase explains the weak correlations. and 

ambiguous associations with ~SWE patterns in this study. 

2. The positive phase of the EP occurring coincidentally 1,vith JSWE PC2 negative. The 

positive phase of the EP is associated with deep trough conditions west of the Pacific 

coast of Nonh America. and enhanced westerly flow over the western portion of the 

continent. This westerly flow may help explain the systematic occurrence of the positive 

EP with the zone of Prairie ablation characterized by ~SWE PC::! negative. Figure 7. I 0 

presents a composite EP pattern derived by averaging NCEP 500 mb geopotential height 

fields for the five days within the ten season time series with the strongest positive EP 

index values. This visualization of the EP as expressed by geopotential height data is 

overlaid on the negative uSWE PC2 component image. It is apparent that the positive 

phase of the EP pattern is conducive to wann southerly air penetrating the Prairie region. 

and thereby forcing the ablation zone evident in ~SWE PC2 negative. 
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Figure 7.10 500 mb geopotential height field 
illustrating the positive phase of the EP pattern. 
Background SWE image is dSWE PC2 negative. 

J. The negative phase of the EP occurring coincidentally with JSWE PC I positi\'e, and 

.1SWE PC4 positive. While the positive phase of the EP appears to be rdated to a zone of 

SWE ablation in the Prairies. the negative phase of this pattern typically results in wet 

conditions over the continental interior. For example. a prolonged EP negative episode 

from early 1992 through mid-1993 resulted in above normal winter precipitation in the 

central United States. with subsequent Midwest flooding during the summer (Changnon 

et al. 1993). The composite negative phase EP 500 mb height fidd is illustrated in Figure 

7. l l. Unlike the positive phase of the EP (shown in Figure 7. l 0). this atmospheric 

configuration allows the import of cold air of Arctic origin over the continental interior. 

Coincident regions of increased SWE characterized by ~SWE components PC I positive 

and PC4 positive correspond to the zone of cold air penetration. Both phases of the EP 
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pattern can be logically associated, on a case by case basis. with either SWE ablation ( EP 

positive) or accumulation (EP negative). 

-5 a 5 10 -5 0 5 10 15 

a Change 1n SWE (mm) b Change in SWE (mm) 

Figure 7.11 500 mb geopotential height field illustrating the negative phase of the EP 
pattern. Background SWE images are of ~SWE PC l positive (a) and ~SWE PC-i. positive 
(b). 

-I. The negative phase of tire PNA occurring coincidentally with tlze positive phase of 

JSWE PC I. and the negative phase of L1SWE PC4. Of all teleconnection panems. the 

PNA has been most conclusively linked to North American snow co\er by previous 

studies. The general consensus is that the positive phase of the PNA results in anomalous 

atmospheric ridge conditions over the western portion of the continent. which inhibits 

cold air masses from settling over the region. Deficit snow cover conditions result (for a 

full discussion see: Gutzler and Rosen, 1992; Cayan. 1996). Both the cross correlation 

and case by case analysis in this study fail. however. to identify any linkage between the 

positive phase of the PNA and Prairie snow ablation. Rather. the negative phase of the 

teleconnection is linked to &SWE components which characterize both snow 
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accumulation (~SWE PC l positive) and ablation (~SWE PC4 positive). Similar to the 

NAO results. these PNA associations are too ambiguous to provide insight. 

7.1.2.3 Teleconnection Summary 

The initially proposed idea was that the teleconnection indices would provide some basic 

associations between the low-frequency climatic state and the dominant modes of Prairie 

snow cover. Correlation analysis failed. however. to identify any significant. systematic 

associations of even moderate statistical strength. On a case by case basis. investigating 

only those pentads with ~SWE loading peaks provided some consistent linkages. 

however. without the statistical rigour of cross correlation results. Two findings are of 

particular note: 

I. Of all the tdeconnections examined. the! EP providt!s Lhe only ~unsistent and logical 

associations. The positive phase of the EP produces an atmospheric circulation 

pattern which blocks cold air masses from penetrating the Prairie region. Instead. 

warm air of southerly origin overlays the study area. Logically. a ~SWE pattern 

characterizing a zone of SWE ablation corresponds consistently to the presence of 

this atmospheric configuration. Conversely. the negative phase of the EP produces a 

cold Arctic low centred over Hudson Bay. This pattern is consistently associated with 

two ilSWE components which characterizt: SWE accumulation in the nonhern 

portion of the study area. It is worth noting that the only statistically significant cross 

correlation results at the pentad resolution also involved the EP pattern. 

2. The PNA pattern (either phase) cannot be systematically linked to Prairie snow cover 

as characterized by 6SWE components. This is a finding of note simply because 
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previous studies tend to identify the PNA, especially the positive phase. as a forcing 

variable on North American snow cover. Studies sited previously that did identify 

significant associations with the PNA (for instance Gutzler and Rosen. l 992) 

investigated a hemispheric snow cover dataset. which is likely necessary to robustly 

link snow cover to these low-frequency atmospheric configurations. Still. central 

North American snow cover is widely regarded to be a variable that is forced by the 

phase and magnitude of the PNA teleconnection (see Cayan. 1996). so this null 

finding is a notable exception. 

In summary. the teleconnection patterns fail to yield any rigorous. consistent associations 

between the atmosphere and snow cover. This is not surprising. given the simplistic 

nature of this dataset. Some of the case by case associations discussed in this section may 

provide some useful contextual information to the subsequent analysis of gridded 

atmospheric fields. 
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7 .2.2 Gridded Atmospheric Fields 

Analysis of gridded atmospheric fields will allow the investigation of two specific 

research questions: 

I. Are unique atmospheric patterns associated with each of the .1SWE components? 

.., Are consistent atmospheric patterns associated with each of the .1SWE components? 

The question of uniqueness can be answered by deriving atmospheric composites and 

anomalies which correspond to each phase of the first four .1SWE components. The 

question of consistency can be answered by investigating the within-group variability of 

the individual atmospheric fields used to derive the composites and anomalies. 

7 .2.2. l Atmospheric Composites and Anomalies 

In order to investigate the atmospheric patterns associated with the positive and negative 

phases of the first four ASWE components. 500 mb geopotential height 15002) and 700 

mb temperature (700TI composite and anomaly fields were derived. Atmospheric data 

were taken from the NCEP operational gridded data product described in Chapter ➔. As 

presented earlier. pentads that loaded most strongly to the positive and negative phases of 

the first four .1SWE components were used to derive the .1SWE component patterns 

shown in Figure 7 .6. Atmospheric data from those same pentads were used to calculate 

the atmospheric composites and anomalies that correspond at zero time lag to the 

component patterns. These are illustrated in subsequent figures. Table 7.7 provides a list 

of the pentads used to compute the composites and anomalies for each .1SWE 

component. 
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Table 7.7 Pentads with strong loadings to retained ASWE components. and therefore 
used to create atmospheric composites and anomalies. 
PC l + PCl • PC2+ PC2- PCJ+ PCJ- PC.a+ PC.a-
8902 8906 8870 8911 9002 9103 9302 8909 
8Y07 8908 8912 9108 9105 9303 9:?73 937:? 
9001 9008 9169 9405 9108 9 305 9307 9610 
9010 901 I 9568 9510 9701 9368 9671 
9071 9110 9573 9570 9703 940:? 9771 
9073 9212 9609 9608 9709 9668 9801 
9106 9310 9672 9812 9710 9670 
9168 9608 9806 970:? 
9209 
9271 
9401 
9509 
9569 
%01 
9671 

.JSWE PC/ 

The 5002 and 700T composite and anomaly atmospheric fields derived from pentads that 

load most strongly to the positive and negative phases of ~SWE PC I arc shown in 

Figures 7. l 2 and 7.13. As described earlier, the positive phase of ~SWE PC I 

characterizes snow ablation in the south, and accumulation in the north of the study area. 

Associated with this SWE pattern is a trough pattern of geopotential height across the 

Prairies (Figure 7.12a). with anomalous low pressure oriented in a cdl from west to east 

(Figure 7.12b). The low pressure region is bracketed by positive anomaly centres over 

Alaska and the northea~t Atlantic coast. The temperature composite and anomaly fields 

illustrate this similar pattern (Figure 7.12c and 7.12d). with below normal temperatures 

over the majority of the study area. 

The negative phase of ~SWE PC l depicts a reversal of the positive phase with snow 

ablation in the north, and accumulation in the south. The composite 5002 pattern ( Figure 

7.13a) indicates a shift from the trough pattern associated with the positive component, to 

140 



ridging over Alaska. fonned by anomalously high geopotential height centered over the 

northern Pacific coast (figure 7. l 3b ). The transition from positive to negative height 

anomalies bisects the study area. creating a dipole pattern. The temperature anomaly 

pattern (figure 7.13d) is similar to that related to the positive phase of this SWE 

component - negative temperatures are present over the study area. The cold cell. 

however. is shifted southwards. with the strongest temperature departures now centered 

over the southern Prairies as opposed to the northern Prairies. 

The difference between the 5002 trough (6SWE PC l positive) and ridge (~SWE PC I 

negative) patterns can account for the inverted 6SWE gradient between the positive and 

negative phases of dSWE PC I. The controlling influence is through tht! source and 

modification of air masses as they penetrate the continental interior. The deep Arctic low 

associated with the trough configuration extends cold. but relatively dry air in a zonal 

fashion over the study area. Consequently. SWE values may tend to show little change. 

or increase moderately near the centre of the negative height anomaly. Conversely. 

ridging over Alaska allows the penetration of wanner air masses of Pacific origin and 

modifies the orientation of air flow over the Prairie region from nearly zonal to 

meridional. As a result. the Prairie region experiences widespread SWE decreases - an 

expected response given the wann air advection in the region. The 700T patterns 

illustrate a similar change in temperature distribution over the study area. from a zonal 

gradient during PC I positive and a meridional distribution during PC I negative. 

Temperature magnitude. however. fails to provide much insight. as these values are very 

similar for both component phases. 
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Figure 7.12 5002 composite (a) and anomaly (b). and 700T composite (c) and anomaly 
( d) fields. which correspond to the positive phase of ~SWE PC I. 
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Figure 7.13 5002 composite (a} and anomaly (b), and 700T composite (c) and anomaly 
(d) fields. which correspond to the negative phase of .1SWE PC I. 
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L\SWE PC2 

The 5002 and 700T composite and anomaly atmospheric fields derived from pentads that 

load most strongly to the positive and negative phases of ~SWE PC2 are shown in 

Figures 7.14 and 7.15. The positive phase of ~SWE PC2 highlights an accumulation zone 

extending from the northwest of the study area to the southeast. Atmospheric airflow is 

oriented in the same meridional direction (Figure 7.14a). with negative geopotential 

hdght anomalies forming a clear boundary at the southern margin of the accumulation 

zone (Figure 7.14b). Generally positive temperature anomalies are less coherently 

associated with the accumulation area (Figure 7.14d). 

Atmospheric airflow is again aligned with the active SWE zone in the negative phase of 

~SWE PC2. While a trough and negative height anomalies were associated with PC2 

positive. ridging over British Columbia and Alberta (Figure 7.15a) and positive height 

anomalies (Figure 7.15b) are linked to PC2 negative. A cell of anomalously warm 

temperatures is centered over the study area (Figure 7. I 5d). 

The relationship between atmospheric configuration and aSWE identified for .1SWE PC I 

appears to remain consistent for aSWE PC2. A deep Arctic low and a generally zonal 

atmospheric circulation pattern over the Prairies coincides with a defined region of SWE 

increase. The imponant role of the Arctic low is apparent through the relationship 

between negative geopotential height anomalies and the southern boundary of the 

accumulation zone. Like PC 1 negative,. the occurrence of an atmospheric ridge to the 

west of the study area is conducive to wann Pacific air masses penetrating the Prairies. 

hence the reversal to a regional ablation zone in ~SWE PC2 negative. Contrary to the 

situation for dSWE PC I, temperature magnitude does seem to coincide with changes in 
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SWE for PC2. During PC2 positive the -10° C isotherm is aligned with the southern 

margin of SWE increase. while during PC2 negative the same isotherm is shifted to the 

northern margin of SWE decrease. 
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Figure 7.14 5002 composite (a) and anomaly (b), and 700T composite (c) and anomaly 
(d) fields. which correspond to the positive phase of .1.SWE PC2. 
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Figure 7.15 5002 composite (a) and anomaly (b). and 700T composite Cc) and anomaly 
(d) fields. which correspond to the negative phase of ~SWE PC2. 
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dSWE PC3 

PC3 characterizes a aSWE zone of activity in the western region of the study area. This 

reverses between an ablation zone in the positive phase to an accumulation zone in the 

negative phase. While the atmospheric composites associated with the previous .1SWE 

components illustrated clear trough or ridge conditions over North America. this is not 

the case with PC3. A pattern of weak meridional flow is associated with the positive 

phase of this component, and can be observed in both the 5002 <Figure 7. I 6a) and 700T 

( Figure 7. l 6c) composite patterns. The resultant positive height anomalies ( Figure 7. I 6b) 

are centred over the Great Lakes. and extend westward covering the entire study area. 

Very weak atmospheric temperature anomalies are observed over the Prairie region. 

although the margin between warm and cold temperature departures is orit!ntec.1 along the 

aSWE centre of action (Figure 7.16d). 

For the first time in this study zonal flow conditions are associated with a ~SWE 

component - the negative phase of PC3 (Figure 7.17a). This zonal pattern in the east is 

accompanied by split-flow in the west which envelopes the region of SWE increase. 

Likewise. the 700T composite illustrates a split-flow pattern in the western portion of the 

study area. (Figure 7. l 7c). As was observed with the positive phase of ~SWE PC:2 

<Figure 7.14b). the zone of transition between negative and positive 5002 anomalies is 

spatially associated with the region of snow accumulation. This is also observed within 

the 700T anomaly field (Figure 7. 17d) as the cold to warm temperature anomaly 

transition exists along the northern edge of the SWE accumulation zone. 

The impact of the split flow pattern relative to the meridional flow is the anomalous 

southwestern penetration of colder air which is illustrated by the location of the - I 0° C 
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isotherm in the PC3 negative composite (Figure 7.17c). as compared to the PC3 positive 

composite (Figure 7. I 6c). This region of colder air overlays the region of increased SWE 

in the central-western portion of the study area. The relationship between the split flow 

pattern and a western zone of accumulation is consistent with the finding of Changnon et 

al. ( 1993 ). who link this pattern to wet precipitation anomalies in the western United 

States. 

149 



-20 -15 -10 -5 0 5 10 -20 -15 -10 -5 0 s 10 

a Change in StJE (mm) b Change in StJE (mm) 

-20 -15 -10 -5 0 5 10 -20 -15 -10 -5 a 5 10 

c Change in SUE (mn) d Change in SlJE (mm) 

Figure 7.16 5002 composite (a) and anomaly (b). and 700T composite (c) and anomaly 
(d) fields. which correspond to the positive phase of ~SWE PC3. 
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Figure 7.17 5002 composite (a) and anomaly (b). and 700T composite (c) and anomaly 
(d) fields. which correspond to the negative phase of ASWE PC3. 
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LlSWE PC4 

~SWE PC4 illustrates a latitudinally oriented region of SWE change in the northeast. In 

the positive phase this is depicted as accumulation in the Red River Valley. The negative 

mode of this component is a co-located region of ablation. The composite 5002 pauem 

illustrates a deep eastern Arctic low over Hudson Bay which dominates North American 

circulation during the positive phase of this component (Figure 7. l Sa). This deep low 

produces a tripole anomaly field of positive heights in the region of the Alaskan low. 

negative height departures oriented north to south over the region of increased SWE. and 

positive departures over the east coast (Figure 7.18b). Consistent with earlier 

components. negative height departures are spatially associated with the region of 

increasing SWE. As observed with ~SWE PC I and PC2. the cooling influence of the 

deep Arctic low is apparent when examining the 700T patterns. Temperatures down to -

30° C penetrate the northeastern Prairies (Figure 7. I Sc). with cold departures bisecting 

the study area from north to south (Figure 7.18d). This illustrates cold anomalies in the 

east (SWE accumulation) and wann anomalies in the west (SWE ablation). 

Unique atmospheric circulation is associated with the negative phase of ~SWE PC4. 

Flow is now nearly zonal. with a slight trough-like depression to the west of Lake 

Superior (Figure 7. l 9a) and weak ridging over the Prairies. As expected from previous 

components (~SWE PC l and PC2) the presence of this weak ridge allows warm air to 

penetrate the Prairies. shifting the -l0°C isotherm north. with resultant SWE ablation. 

During the positive phase of this component. the - I occ isotherm is pushed southward by 

the deep Arctic low. and SWE increases are observed. 
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Figure 7.18 5002 composite (a) and anomaly (b). and 700T composite (c) and anomaly 
(d) fields. which correspond to the positive phase of dSWE PC-I. 
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Figure 7.19 5002 composite (a) and anomaly (b), and 700T composite (c) and anomaly 
(d) fields, which correspond to the negative phase of ~SWE PC4. 
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Summar\' 

An investigation of composite and anomaly atmospheric fields shows that unique mean 

atmospheric conditions are associated with each phase of the four retained ~SWE 

components. A summary description of the 5002 and 700T composite and anomaly 

patterns is provided in Table 7 .8. A number of consistencies can be noted: 

• Variability in the location of a western North American ridge and ea.,tern Arctic low 

account for the differences in the 5002 composite and anomaly patterns. These results 

are consistent with the findings of Frei and Robinson ( 1999). who found that western 

North American snow cover is influenced by the longitudinal lo..:ation of the North 

American ridge. while eastern North American snow cover is associated with a dipole 

5002 pattern with centers over southern Greenland and the midlatitude North 

Atlantic. 

• The transition zones between positive and negative geopotential height dl!partures are 

typically spatially aligned with the boundary of a SWE accumulation zone ( PC2. 

PC3. and PC4). with negative height departures located above regions of increasing 

SWE. and positive height departures over regions of decreasing SWE. This 

observation illustrates the role terrestrial snow cover can play in n:ducing 

geopotential height in the region of snow accumulation. as suggested byCohen and 

Entekhabi < 1999). 

• It is apparent that a deep eastern Arctic low with an associated trough circulation 

pattern over central North America leads to SWE accumulation. while ridging to the 

west of the study area contributes to SWE ablation. This is ~vi dent within the patterns 

related to LlSWE PCl, PC2, and PC4. 
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• Like-direction temperature departures are linked to both the positive and negative 

phases of ~SWE PC 1 and PC2, so it appears that atmospheric temperature alone may 

be a poor explanatory variable. The location of the -10°C isotherm at the 700 mb 

level, however, appears related to the observed direction of change in SWE. A 

northward shift as forced by ridge conditions is associated with decreasing SWE. 

while a southward shift forced by trough conditions is linked to zones of increasing 

SWE. The coincident patterns to £\SWE PC I. PC2. and PC➔ illustrate this 

relationship. 
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Table 7.8 Summary of composite and anomaly fields associated with ~SWE 
components. 

sooz 700T 
Component ~WE Pattern Composite Anomaly Composite Anomaly 
PCI+ Accumulation in Trough m·er Tripole pattern: Trough pattern Cold departures 

nonh. ablation in Prairies. low positive over ,cntrcd over 
south centred over Alaska. negative '.'lorthem Prairies 

Northern Hudson across continent. 
Bay/Baffin positive over 
Island Maritimes 

PC!- Ablation in north. Ridge over Dipole pattern: Ridge pattern '.'lorth-south 
accumulation i_n Southern Alaska positive over o:-.cillation: cold 
SOUlh Pacific coa.-.t departures 

with extension (entred over 
into western Southern 
Prairies. negative Pramcs. warm 
centred over Jcparturcs across 
James Bay with W cs tern Arctic 
extension into 
eastern Prairies 

PC:!+ Meridional Lone of Meridional tlow, East-west \tcndmnal Warm departures 
accumulation low centred over osci Ila ti on: panern over ma_1ority of 

Arctic basin negative ~tudy area 
anomalies in 
cast. positive in 

west. Negative 
anomaly margin 
aligned with 
boundary of 
accumulation 
zone. 

PC- \kridional wne of Ridl.!e over Dipole pattern: Ridge pattl!m Dipole pauem: 
ablation western Canada positive height warm departures 

anomalies over o\·cr Prainl!s. 
Prairies. negative .:old over 
over Greenland Greenland 

PC3+ Zone ef ablation in Mendional flow. Positive Mcnd1nnal tlm" '.'lormal 
west low centred over departures .:ondillons over 

Baffin Island centred over Praincs. negative 
Great Lakes. .:cntrcs over 
extends west into .-\laska and 
Prairies. Greenland 
Surrounded by 
negative 
anomalies. 

PCJ- Zone of Split tlow pattern Tripolc pattern: Split !low pattern Tripoli! pattern: 
accumulation in in west. zonal in negative along surrounds SWE negative along 
west east Pacific. positive accumulatmn Pacific. positive 

centred over Lone .:cntrcd over 
Great Lakes. Great Lakes. 
negative over negative over 
Greenland. Greenland 
Negative 
anomaly margin 
aligned with 
boundary of 
accumulation 
zone. 
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Table 7.8 cont. Summary of composite and anomaly fields associated with tlSWE 
components. 

500Z 700T 
Component ASWE Pattern Comoogte Anomaly Composite Anomaly 
PC# Latiludinal Ridge over Dipole pattern: Strong ridging Dipole panem: 

accumulation zone Alaska. deep low positive over affci:ts sou1h. warm anomalies 
in Red River over Hudson Bay Alaska. negative mid :tir over Alaska. 
Valley. decreasing and Baffin Island cemred over penctrJtes cold over Eastern 
SWE lo west Hudson Bay. northeast Arctic 

Negative 
anomaly margm 
aligned with 
boundary of 
accumulation 
lOOC. 

PC4- Latitudinal ablation Small trough to !'lorth-south ~latches 5002. Cold across 
m Red River west of Great oscillation: .-\rcuc wuh cells 
Valley. increasing Lakes. weak negative over Alaska and 
SWE to west ridge over departures across Greenland. warm 

western Prairies. Arctic. positive cell over Eastern 
anomalies Canada affocts 
centred over northeast of 
Eastern Canada ~tudy :irca. 
and c~ tend west. 

To summarize. when mean atmospheric circulation fields are computt:d. uniqut! patterns 

are associated with each dominant mode of Prairie ilSWE. Additional investigation is 

now required to identify whether the individual atmospheric fidds which make up each 

composite are spatially consistent. 
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7 .2.2.2 Within-Group Variability 

The composite and anomaly patterns shown in Figures 7 .15 through 7 .22 present the 

mean atmospheric conditions and anomalies associated with the repeating modes of 

Prairie snow cover as captured by the rotated PCA. These results. previously summarized 

in Table 7.8. show that spatially unique mean atmospheric circulation patterns are 

associated with each phase of the four leading 6SWE components. These fields. 

however. are mathematical constructs only. In order to identify the consistency of the 

atmospheric patterns associated with each of the LlSWE components. the atmospheric 

fields that correspond temporally to each phase of the components ( listed in Table 7.7) 

were subjected to a rotated PCA to assess the within-group variability. 

Four main questions need to be addressed when examining the \\-ithin-group. atmospheric 
PCA results: 

A. Does rlze Jirst atmospheric component explain the majority of variance:' 

If the atmospheric fields. which together created the group composites and anomalies. are 

spatially consistent. the first within-group atmospheric component should explain a 

majority of the variance within the dataset (for example. greater than 75'-lc ). The greater 

the similarity. and therefore consistency. within each group. the greater the variance that 

will be explained by the first component. The greater the similarity within groups. the 

greater the predictive potential of this analysis. 
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B. Do the majority of pentads load strongly to the first within-grvup atmospheric 

component? 

This provides a second measure of the spatial variability within each group. If the pentads 

within each group are spatially consistent they will all load strongly <greater than 0.85) to 

the first atmospheric component. 

C. Does the first component pattern for each atmospheric group resemhle the group 

composite? 

Comparing the most strongly loading pentad in each group to the average pattern for the 

group (presented in the previous section) is an important task. If the patterns are similar. 

this validates the computed average as a meaningful pattern. It could. therefore. be 

claimed that the unique averages computed previously are relevant physical patterns. 

D. What are the impacts of any ourlying pentads, which do not load strongly to the Jirst 

lritlrin-group atmospheric component? 

It is necessary to examine individual pentads of atmospheric fidds which do not load 

strongly to the first atmospheric component in order to better understand the variability in 

the atmospheric data which. when combined. created the composite patterns. Are weakly 

loading pentads drastically different in spatial structure from the group mean'! With what 

frequency do these weakly loading pentads occur'? 

To interpret and synthesize the within-group PCA results. these four questions will be 

addressed in sequence. 
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:\ .. Does the first atmospheric component explain the majority of \'aricmce :> 

A summary of the results of the within-group atmospheric data PCA arc shown in Table 

7 .9. They are encouraging with respect to the identification of consistent atmospheric 

patterns associated with each phase of the first four '1SWE components. The first 

component explains over 70% of the variance within each group. This indicates that the 

atmospheric patterns (both 5002 and 100n which occur simultaneously with the patterns 

characterized by the 6SWE components are. to a varying degree. spatially consistent. 

Table 7.9 Summary of 5002 and 700T within-group PCA 
results. Input pentads to the PCA are listed in Table 7 .7. 

% Variance Explained, % Variance Explained 
SOOZ PCI 700TPC1 

.lS\VE PCl+ 84.9 86.6 

.lSWE PCI- 79,➔ 75.7 

.lSWE PC:!+ 77.2 83.4 

.lSWE PC!- 81.8 8~.7 

.lSWE PC3+ X0.9 8 l.7 

.lSWE PC3- so.➔ 8:!.4 

.lSWE PC➔+ 7'1.7 80.l 

..\SWE PC4- 87.➔ 87.1 
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B. Do the majority of pentads load strongly to the first within-group atmospheric 
component? 

When the PCA loadings are investigated, there is some evident variability in the strength 

of association between each pentad and the first atmospheric component for each group. 

as summarized in Table 7. l 0. A positive indicator of the consistency of the atmospheric 

patterns within each group is the high average loading. which exceeds 0.85 for all groups. 

An initial examination of the within-group PCA results shows that the majority of 

pentads in all groups do have a loading greater than 0.85. but ··outlier .. pentads with 

loadings weaker than this average value also exist for each group except .lSWE PC➔ 

negative (Table 7. I l ). 

Table 7.10 Summ onents. 
sooz 700T 

~WE Average Pentad with Pcntad with A,·cragc Pcntad with Pcntad with 
Component Loading Strongest Weakest Loading Strongest Weakest 

Loadin Loadin Loadin • Loadin 
PCI+ 0.9::? 890::? {0.98) 9001 {0.812) 0.93 X902 10.971 9001 (0.83) 
PCI- 089 9110 (0.95) 9310 (0.82) 0.87 91 IO (0.9~} ~)008 ( 0 78) 

PC:!+ 0.87 9169 (0.95) 9568 (0.63) 0.91 95i3 tO.lJ(n S870 (0.8-'> 
PC:?• 0.90 9510 (0.98) 9812 (0.73) 0.92 l}5iO (0.961 981::? t<UU) 
PC3+ 0.90 97 IO c0.95) 9l05 (0.75) 0.90 9709 (0.991 970 I ( 0.83 > 
PC3- 0.89 9 I 03 (0.97) 9402 (0.8,4) 0.91 9368 (0.97 I 9273 (0.8:'.) 
PC-'+ 0.85 9610 (0.93) 9671 (0.63) 0.89 96IOW.95> 97i I I 0.83 l 
PC4- 0.94 9303 (0.97) 9305 {0.91) 0.93 9303 10.98) 9305 (0.90) 

Table 7 .11 Proportion of pentads with a loading 
greater than 0.85. 
Group SOOZ Loading 700T Loading 

>0.85 >0.85 
.:lSWE PCI+ 87'7c 93% 

aSWE PCI- 75% 15llc 

.:lSWEPC:!+ 75'7c 88% 

.:lSWE PC:?- 86'7c 86% 

aSWE PC3+ 71 '-lc 71q. 

.:lSWE PC3- 75£7c- 88% 

.lSWE PC.4+ 67% 83% 

.lSWE PC-'- 100% 100% 
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C. Does the first component pattern for each atmospheric group resemble the group 
composite and anomaly? 

Pentads with a loading of at least 0.85 to the first atmospheric component make up the 

majority of each group (Table 7 .11 ). These pentads can be considered similar to each 

other. with the strongest loading pentad in that group sufficient to illustrate the associated 

spatial pattern. Comparing the strongest loading within-group pentad to the group 

composite and anomaly will therefore illustrate the degree to which the first atmospheric 

component resembles computed averages. This is an extremely important comparison 

because it wi II eit.her validate the computed averages as a meaningful physical pattern. or 

expose the averages to be meaningless statistical constructs. Figures 7 .20 through 7 .27 

illustrate the 500Z average and anomaly patterns from the pemad with the hight!st loading 

to the first atmospheric component in each dSWE group. The composite and anomaly 

patterns from section 7.2.2.1 for each group are shown again for comparative purposes. 
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Figure 7.20 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component, ~SWE PCI positive group. Tht! group composite (c) 

and anomaly ( d) are reproduced from section 7 .2.2. l for comparison. 
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Figure 7.21 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component. 6SWE PC l negative group. The group composite 
(c) and anomaly (d) are reproduced from section 7.2.2.1 for comparison. 
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Figure 7.22 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component. tlSWE PC2 positive group. The group composite (c) 
and anomaly (d) are reproduced from section 7.2.2. l for comparison. 
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Figure 7.23 Composite {a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component. ASWE PC2 negative group. The group composite 
(c) and anomaly (d) are reproduced from section 7.2.2.1 for comparison. 
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Figure 7.24 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component. ~SWE PC3 positive group. The group composite (c} 

and anomaly (d) are reproduced from section 7.2.2. l for comparison. 
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Figure 7.25 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component. ASWE PC3 negative group. The group composite 
(c) and anomaly (d) are reproduced from section 7.2.2.1 for comparison. 
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Figure 7.26 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component. dSWE PC4 positive group. The group composite (c) 
and anomaly (d) are reproduced from section 7 .2.2.1 for comparison. 
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Figure 7.27 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 5002 component, 6SWE PC4 negative group. The group composite 
(c) and anomaly (d) are reproduced from section 7.2.2.1 for comparison. 
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The most strongly loading 5002 pentads from each 6SWE group strongly resemble the 

composite patterns from their groups. The anomaly fields tend to be slightly less similar. 

because only a minor difference in the composite fields can be amplified in the 

calculation of the anomaly due to the relatively coarse NCEP grid resolution. In addition. 

a similar atmospheric configuration. but with a different magnitude will produce a similar 

composite pattern. but a dissimilar anomaly field. 

In summary. nearly all the pentads in each group have a strong loading to the first 5002 

component. and the group average and representative component patterns are spatially 

similar. Hence. the composite and anomaly patterns illustraled in section 7 .2.2.1 are 

averages constructed from a group of spatially similar atmospheric fields. These are. 

therefore. relevant patterns that can be linked to the specific SWE accumulation and 

ablation events captured by each phase of the 6SWE components. 

Figures 7 .28 through 7 .35 illustrate the typical 700T pattern for each .1SWE component 

group by illustrating the average and anomaly patterns from the pencad with the highest 

loading to the first atmospheric component. The composite and anomaly patterns from 

section 7 .2.2.1 for each group are shown again for comparative purposes. 
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Figure 7.28 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component. ~SWE PC l positive group. The group composite (c) 

and anomaly (d) are reproduced from section 7 .2.2. l for comparison. 
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Figure 7.29 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component, ~SWE PC 1 negative group. The group composite 
(c) and anomaly (d) are reproduced from section 7.2.2.1 for comparison. 
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Figure 7.30 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component, dSWE PC2 positive group. The group composite (c) 

and anomaly (d) are reproduced from section 7 .2.2.1 for comparison. 
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Figure 7.31 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component, ~SWE PC2 negative group. The group composite 
(c) and anomaly (d) are reproduced from section 7.2.2.1 for comparison. 
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Figure 7.32 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component, .1SWE PC3 positive group. The group composite (c) 
and anomaly (d) are reproduced from section 7.2.2. l for comparison. 
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Figure 7.33 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component. 6SWE PC3 negative group. The group composite 
(c) and anomaly (d) are reproduced from section 7.2.2. l for comparison. 
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Figure 7.34 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component, ASWE PC4 positive group. The group composite (c) 

and anomaly (d) are reproduced from section 7.2.2.1 for comparison. 
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Figure 7.35 Composite (a) and anomaly (b) patterns from the pentad with the strongest 
loading to the first 700T component. ~SWE PC4 negative group. The group composite 
( c) and anomaly ( d) are reproduced from section 7 .2.2.1 for comparison. 
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As with the 5002 data. the most strongly loading 700T pemads from each ~SWE group 

strongly resemble the composite patterns from their groups. Again. the anomaly fields are 

less similar. driven by magnitude differences in temperature between the group averages 

and strongest loading pentads. The majority of pentads in each group have a strong 

loading to the first 700T component. so the average temperature composite and anomaly 

fields presented in Section 7.2.2. l are relevant patterns. 
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D. What are the impacts of any outlying pentads, which do not load strongly to the Jirst 
within-group amwsplzeric components? 

To this point. it has been illustrated that unique mean atmospheric circulation patterns are 

associated with repeating modes of Prairie snow cover as characterized by the dSWE 

components. Further investigation of these atmospheric means show them to be derived 

from groups of generally consistent spatial patterns. It is. however. necessary to examine 

the cases that do not match the average atmospheric pattern for each group. These 

··outlier" patterns an: identified as pentads with loadings less than 0.85 to the first within­

group atmospheric components. The examination of outlier pentads will be organized by 

aSWE component. 

.1SWE PC I Positive 

Two of the fifteen pentads (9001 and 9010) in the ~SWE PCI positive group havt.: 

loadings less than 0.85 to the first 500Z component. These outlier pentads an: shown in 

Figure 7 .36. and do not differ dramatically from the group average. A low pressure cell in 

the vicinity of Hudson Bay is still a feature. although it is less pronounced. resulting in a 

weakening of the trough configuration which dominates the group average. While a 

trough pattern can be linked to the positive phase of ~SWE PC I. Wt!aker trough 

conditions driven by variability in the location and intensity of Arctic low pressure 

account for the outlying pentads. 
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Figure 7.36 Composite patterns for9001(a) and 9010 (b). pentads with loadings below 
0.85 to the first 5002 component. 6SWE PC l positive group. The group average is 
shown in gray for comparative purposes. 

Only one of the fifteen 700T pentads <900 I) is classified as an outlier. and with a loading 

of less than 0.83 it is just below the loading threshold set at 0.85. The composite pattern 

associated with this pentad is illustrated in Figure 7.37. and does not diffc:r markedly 

from the group average. The dominant feature is still a cold cell associated with the low 

pressure centre over the eastern Arctic. Some perturbations in the isotherms over the 

Canada Prairies are the only unique features in the outlying pentad. Even the weakest 

loading pentad in this group does not characterize an independent atmospheric pattern. 

illustrating the lack of spatial variability within this group. 
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Figure 7.37 Composite pattern for 9001. a pentad wich a loading below 0.85 to the first 
700Tcomponent. L\SWE PC\ positive group. The group average is shown in gray for 
comparative purposes. 

JSWE PC I Negative 

The 5002 pentads in the t.\SWE PC l negative group with a loading of less than 0.85 to 

the first component are shown in Figure 7.38. These two patterns {out of eight in the 

group) are dissimilar both to the group average. and to each other. During 93 IO (Figure 

7 .38a). a deep low over Hudson Bay creates a trough pattern over the Prairies which 

resembles the group average for t.\SWE PC l positive. This illustrates that similar 

atmospheric circulation patterns can co-occur wich completely opposed ~SWE patterns. 

Fortunately. this occurs only once out of che eight pentads in this group. Pentad 9608 

(Figure 7 .38b) is similar in structure to the group average. although the ridging over 

Alaska that is indicative of this group is weaker as low pressure extends into the western 

Arctic. While a ridge pattern can typically be associated with t.\SWE PC I negative. the 
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atmospheric fields in Figure 7.38 show that this ridging can exist in a weaker state. or be 

absent altogether. 

-15 -10 -s 0 5 -1s -10 -5 0 5 

a Change 1n S~E (mm) b Change 1n S~E (mm) 

Figure 7.38 Composite patterns for 93 I0(a) and 9608 (b). pentads with loadings below 
0.85 to the first 5002 component . .1.SWE PC I negative group. The group average is 
shown in gray for comparative purposes. 

Two 700T pentads can also be classified as outliers (Figure 7 .39). Like the 5002 patterns. 

they do not match the ridging configuration that has typically been associated with this 

group. In addition. they illustrate the range in temperature magnitude that can exist with 

the same .1.SWE pattern. 
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Figure 7.39 Composite patterns for 9008 (a) and 9608 (b). pentads with loadings bdow 
0.85 to the first 700T component. ilSWE PC I negative group. The group average is 
shown in gray for comparative purposes . 

.1SWE PC2 Positive 

The 5002 pentads in the ASWE PC2 positive group with a loading of less than 0.85 to the 

first component are shown in Figure 7 .40. Two of the eight pentads in this group are 

below the loading threshold. but the pattern for 8912 (Figure 7.40a) does not differ 

appreciably from the group average. Atmospheric flow over the study area remains 

meridional, and in alignment with the zone of increased SWE. The north Pacific region 

contains the only spatial variability from the group average. On the contrary. the pattern 

for 9568 (Figure 7.40b), with a zonal pattern. clearly stands apart from the mean 

atmospheric conditions associated with this ASWE component. With a loading of only 

0.63. this pentad is in no way similar to any of the other seven in this group. The zonal 

atmospheric pattern illustrated in Figure 7.40b cannot be linked to the snow cover pattern 

of ilSWE PC2 positive in any physically logical way. 
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Figure 7.40 Composite patterns for 8912 (a) and 9568 (b). pentads with loadings below 
0.85 to the first 5002 component . .1SWE PC2 positive group. The group average is 
shown in gray for comparative purposes. 

Like ~SWE PC I positive. only one of the eight 700T pentads <8870) is classified as an 

outlier within the dSWE PC2 positive group (Figure 7.4 l ). This is indicative of less 

variability within the atmospheric temperature data as compared to the geopotential 

hdght fields. Although there is slightly stronger ridging over the northwest of the 

continent. there is no feature within the 8870 pattern that illustrates any significant 

deviation from the group average. 
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Figure 7.41 Composite pattern for 8870. a pentad with a loading below 0.85 to the first 
700T component. dSWE PC2 positive group. The group average is shown in gray for 
comparative purposes . 

.:liWE PC2 Negative 

Only a single 5002 pentad in the dSWE PC2 negative group (out of seven) has a loading 

below 0.85 to the first atmospheric component. This one outlier (pentad 9812) does 

illustrate a significant deviation from the group average. as shown in Figure 7.-[!. With a 

low pressure cell just west of the Great Lakes. and split flow over the continental interior. 

this pattern does not resemble any other seen to this point in the study. 
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Figure 7.42 Composite pattern for 9812. a pentad with a loading below 0.85 to the first 
5002 component . .1SWE PC2 negative group. The group average is shown in gray for 
comparative purposes. 

Likewise. the 700T field for 9812 has a weak loading to the first 700T component. This 

pattern. shown in Figure 7.43. indicates that very wann temperatures have penetrated the 

eastern half of North America .. with a colder trough to the west. It is a wave pattern that is 

out of phase with the group average. In summary. six of the seven pentads in this group 

have a similar spatial structure. with one very dissimilar outlier. 
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Figure 7.43 Composite pattern for 9812. a pentad with a loading below 0.85 to the first 
700T component. ~SWE PC2 negative group. The group average is shown in gray for 
comparative purposes . 

.15\VE PC3 Positive 

The 5002 pentads in the 6SWE PC3 positive group with a loading of less than 0.85 to the 

first component are shown in Figure 7.44. Two of the seven pentads in this group (9105 

and 970 I) are below the loading threshold. Both of these pentads. with a low located over 

Baffin lsland. illustrate patterns that differ only subtly from the group average. Pentad 

9105 (Figure 7.44a) contains a deep low with stronger than average meridional tlow over 

the Prairies. while pentad 9701 (Figure 7.44b) characterizes a weak low with more zonal 

flow over the study area. The similarity between these outliers and the averages. 

however. illustrates the general level of consistency that can be found within this group. 
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Figure 7.44 Composite patterns for 9 l 05 (a) and 970 l (b ). pentads with loadings below 
0.85 to the first 5002 component . .1SWE PC3 positive group. The group average is 
shown in gray for comparative purposes. 

As with the 5002 data. 700T pen tads 9105 and 970 I in the .1SWE PC3 positive group 

have a loading of less than 0.85 to the first component. These patterns are shown in 

Figure 7.45. Pentad 9105 contains a deep eastern Arctic low. and has associated cold 

temperatures that extend into the study area. The configuration of the isotherms is very 

similar to the group average. although the pattern is more meridional over the Prairies. 

Pen tad 970 I has a weaker eastern Arctic low with temperatures at the centre of this low 

I 5°C wanner than 9105. These two outliers therefore capture colder and warmer than 

normal temperatures coincident to this .1SWE component. 
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Figure 7.45 Composite patterns for 9105 (a) and 9701 (b). pentads with loadings below 
0.85 to the first 700T component. ~SWE PC3 positive group. The group average is 
shown in gray for comparative purposes. 

ill'WE PC3 Negative 

The 5002 pentads in the ~SWE PC3 negative group with a loading of less than 0.85 to 

the first component are shown in Figure 7.46. Two of the eight pentads in this group 

(9273 and 9402) are below the loading threshold. The group average depicts a zonal 

pattern over the eastern portion of Nonh America. with weak meridional flow to the west. 

The two outliers in Figure 7.46 indicate only subtle deviations from this normal 

condition. During 9273 a zonal atmospheric circulation pattern dominates the entire 

continental interior. while during 9402 the average wave pattern is shifted slightly 

eastward. pushing the zonal flow east of the study area. Both cases do not illustrate a 

marked deviation from the average, indicating a high level of spatial consistency within 

this group. 
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Figure 7.46 Composite patterns for 9273 (a) and 9402 (b). pentads with loadings below 
0.85 to the first 5002 component. ~SWE PC3 negative group. The group average is 
shown in gray for comparative purposes. 

Only one of the eight 700T pentads (9273) is classified as an outlier within the ilSWE 

PC3 negative group (Figure 7.47). Differences from the group avernge are limited to the 

west. where a zonal temperature configuration replaces the meridional pattern of the 

mean. 
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Figure 7.47 Composite pattern for 9273. a pentad with a loading bdow 0.85 to the first 
700T component. ~SWE PC3 negative group. The group average is shown in gray for 
comparative purposes . 

.1SWE PC4 Positive 

The 5002 pentads in the dSWE PC4 positive group with a loading of less than 0.85 to the 

first component are shown in Figure 7.48. Two of the six. pentads in this group (9372 and 

9671) are below the threshold. however. they do not deviate strongly from the group 

averages. A deeper than average low occurs during 9372 (Figure 7.48a) while a weaker 

than nonnal low is present during 9671 (Figure 7.48b). The strong meridional flow over 

the Prairies that is expected to co-occur with this ~SWE pattern is still present within 

these patterns. 

194 



-5 0 5 10 15 -5 0 5 10 15 

Change in SVE (nm) Change in SYE (mm) 

Figure 7.48 Composite patterns for 9372 (a) and 9671 (b). pentads with loadings below 
0.85 to the first 5002 component. ~SWE PC3 negative group. The group average is 
shown in gray for comparative purposes. 

While two pentads in the 5002 group had loadings below 0.85 to the first component. 

only a single 700T pentad (9771) is below the loading threshold <Figure 7 A9). This 

matches the results of some previous groups (PC I positive. PC:! positive. PC3 negative l 

and can be interpreted in two ways. First. it could be an indication of less variability 

within the atmospheric temperature data as compared to the geopotential ht!ight tidds. 

Secondly. as is likely the case here. there may be fewer 700T outliers in number. but they 

may deviate more strongly from the group averages. 
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Figure 7.49 Composite pattern for 977 l. a pentad with a loading below 0.85 to the first 
700T component. ASWE PC4 positive group. The group average is shown in gray for 
comparative purposes . 

.1'i'WE PC4 Negative 

No pentads within the t1SWE PC4 negative group have a loading below 0.85 to t:ither the 

first 5002 or 700T component. Visualization of outlying pentads is therefore not 

necessary. 
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Summary 

The within-group PCA of atmospheric data has illustrated that the composite and 

anomaly atmospheric patterns presented in section 7.2.2. l were derived from spatially 

consistent atmospheric circulation patterns. This has been illustrated in ➔ steps: 

A. The first atmospheric component (5002 and 700T) explains the majority of variance 

in each group. 

B. The majority of pentads load strongly to the first within-group atmospheric 

component. 

C. The first component pattern for each atmospheric group is very similar in spatial 

structure to the group composite and anomaly. 

D. The impact of pentads that do not load strongly to the first within-group atmospheric 

components is not significant. Firstly. they make up a low proportion of the total 

number of pentads in each group. Secondly. the majority of these outlying pentads do 

not differ significantly from the group averages (Table! 7. l :!L 
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Table 7.12 Summary of atmospheric patterns with a loading below 0.85 to the first 
within-group atmospheric components. 
Group SOOZ Pentads Description of SOOZ 700T Pentads Description of 700T 

with a Loading Outliers with a Loading Outliers 
Below0.8S Below0.85 

..\SWE PCI+ 9001 Weaker than average 9001 '.\io s1gnilkam deviation 
9010 trou~h conditions. from aver.il!e. 

..\SWE PCI- 9310 Weaker than average 9008 T cmperaturcs m weaker 
9608 ridging over western 9608 nJge p.ittem. 

North America 

..\SWE PC?+ H9l2 No significant deviation 8870 ~o ,,gnilicant deviation 
9568 from average during 8912. from a,er.igc. 

Very dissimilar pattern 
during 9568: zonal 
atmospheric structure 
instead of typical 
meridional flow. 

..\SWE PC2- 9812 Very unique pauern - no 9812 Ver: J1ss1m1lar 10 group 
resemblance to group .1,·cr.1gc. 
avcral!c. 

..\SWE PC3+ 9105 No significant deviauon 9105 :--.;o ,1gnitkant Jev1auon 
9701 from average. Slightly 9701 from a\ cr.igc. 

deeper trough dunng 
9105. weaker trough 
durinl! 9701. 

..\SWE PC}- 9273 ~o significant deviation 9273 ~o ,1gn11kam Jcv1auon 
9 .. m2 from average. Slightly from ,I\Cragc. 

stronger zonal 
,onfigurauon over 
Prairies. 

..\SWE PC-'+ 9372 ~o significant deviauon 9771 Weaker ..:old ..:di o\'cr 
9671 from average. E;,1s1crn Ar,t1c creates 

Jiffcn:ni:c from a\'Ci.l!!C. 

..\SWE PC4- No outliers . No outliers. 

198 



7.2.2.3 Gridded Atmospheric Field Summary 

The main research question of this section was whether (I) unique and (::?) consistent 

atmospheric patterns are associated with the repeating modes of SWE change captured by 

the ~SWE PCA. 500 mb geopotential height and 700 mb temperature composite and 

anomaly fields were produced from the pentads which coincide with the strongest ~SWE 

component loadings. A comparison of these composite and anomaly fields shows that 

generally unique mean atmospheric conditions are associated with each phase of the 

components. although the majority of 5002 patterns can be generally classified as ridge­

like or trough-like. Rotated PCA of the atmospheric patterns associated with t!ach 

component phase showed that a single component explained the vast majority of within­

group variance. This indicates that the unique averages are composed of spatially 

consistent atmospheric patterns. although spatially outlying pentads do exist for most 

groups. The majority of these outlying patterns do not differ radically from the group 

averages: many of the pentads with relatively weak loadings still resemble the group 

averages. The finding of within-group spatial consistency thert:fore confirms thr: physical 

rt!lt!vance of the unique patterns that are associatr:d with each ~SWE component. The 

following conclusions on atmospheric interaction with Prairie snow cover. based on the 

gridded atmospheric data. can be reached: 

I. When atmospheric ridging dominates North American circulation. snow ablation in the 

Prairies is the expected response. Ridge location controls the Prairie region where 

ablation occurs: 

• A ridge over Alaska is associated with northern Prairie SWE decreases (characterized 

by .1.SWE PC I negative}. 
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• (f the ridge shifts south over British Columbia and Alberta. Prairie SWE decreases are 

confined to a meridional zone extending from the northwest to the southeast 

(characterized by .1SWE PC2 negative). 

• If the ridge shifts to over the western Prairies. SWE decreases are observed in the Red 

River Valley (characterized by .6.SWE PC4 negative). 

This eastward progression of .1SWE centres of action with an eastward shift in the 

longitudinal location of the North American ridge is consistent with the finding of Clark 

and Serreze ( 1999). As the ridging shifts eastwards. warm tcmpcratun: anomalies 

increasingly penetrate the continental interior. 

1. When a deep eastern Arctic low with an associated trough extends over the wntincntal 

interior of North America. snow accumulation is the expected response i as characterized 

aSWE PC! positive. PC2 positive. and PC4 positive). Similarity in these patterns make it 

difficult to link a specific sub-type of trough to the Prairie region of increased SWE. In 

these cases. the North American ridge is shifted well to the west. outside of the gridded 

atmospheric data window. allowing anomalously cold temperature to dominate the study 

area. Again. this relationship is consistent with the findings of Clark and Serreze ( 1999). 

3. The relationships in (I) and (2) are consistent with the systematic associations 

identified with the EP teleconnection pattem·in section 7.2.1. 

4 . .1SWE PC3 is the only component not related to general trough and ridge atmospheric 

conditions. [nstead. a split tlow pattern over western North America i!'I linked to snow 

accumulation in the western Prairies (as characterized by aSWE PC3 negative). 
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5. The location of the - l 0°C isotherm at 700 mb appears to play an important role in 

determining SWE ablation versus accumulation. For instance. for ~SWE PC:! positive. 

the -10° C isotherm is aligned with the southern margin of SWE increase. while for 

.1SWE PC2 negative the same isothenn is shifted to the northern margin of SWE 

decrease. 

The relationships between snow cover and atmospheric circulation identified in this 

section are physically logical in a cause and effect sense. Further insight into the 

developmental processes behind these relationships will now be explored through the use 

of quasi-geostrophic model output. 
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7 .2.3 Quasi-Geostrophic Model Output 

The investigation of gridded atmospheric data to this point has utilized pentad averages to 

correspond to the temporal resolution of the SWE imagery. Analysis of this data has 

provided of evidence of consistent and physically logical associations between ~entral 

North American snow cover and atmospheric circulation. The atmospheric model output 

presented in this secrion will clarify the previous findings in two ways. First. the 

ist!ntropic potential vorticity ( IPV) fields provide an additional variable that can provide 

insight into interactions between snow cover and atmospheric circulation. Second. the 

model output is produced at the daily resolution. meaning a more h:mporally sensitive 

approach to investigating the atmospheric data is possible. 

The IPV data will be incorporated into this study on a case study basis. with each pha..;e 

of the four ilSWE components explored previously providing one l:ase. The intervals for 

these case studies have beer. selected based on pentads that have a strong loading to each 

of the .1SWE components. A summary of the case studies to be examined is shown in 

Table 7.13. 

Table 7.13 Model output case studies to be explored . 
.1SWE Component Case Study Pentad Loading to SWE Component 

for Case Studv Pentad 
PCI+ 
PCI­
PC2+ 
PC2-
PC3+ 
PC3-
PC-l+ 
PC~-

8906 
8907 
8912 
89IO 
900:? 
9l03 
9372 
9305 

0.72 
-0.72 
0.77 
-0.58 
0.57 
-0.55 
0.65 
-0.35 
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7.2.3.1 Case Study: ~WE PCt Positive 

Pentad 8906 has a strong positive loading to 6SWE PC l. and is therefore a suitable case 

for examining daily resolution atmospheric data as they relate to this SWE pattern. Figure 

7 .50 presents the atmospheric data for the individual days that make up this pentad 

(January 3 I through February 4 ). 

The pentad averaged data explored previously illustrated that an eastern Arctic low with a 

trough circulation pattern and cold temperatures over the continental interior is typically 

associated with ~SWE PC I positive. The relationship between the devdopment of cold 

temperatures and snow deposition across the Northern Prairies is r.:karly evident in the 

daily atmospheric fields in Figure 7 .50. Through the pen tad. the centre of the Arctic low 

shifts slightly to the east. although its influence remains extended on:r tht: Prairies. The 

location of the -IO °C isothenn shifts southward from bisecting the centre of the study 

area ( Figure 7 .50b) to being entirely south of the study area ( Figure 7 .50f). Active system 

development expressed by IPV is spatially extensive and associated with the region of 

increasing SWE across the northern Prairies. By the final day of the pentad. this activity 

has shifted eastward and is no longer relevant to the study area. 

In summary. the daily resolution data confirms the interpretation of the pentad averaged 

patterns. A trough geopotential height pattern. southward penetration of cold air. and 

active system development in the nonhem Prairies occur coincidentally to increasing 

SWE in this region. 
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IPV Units 

Figure 7.50 ~SWE PCI+ (shown in a with pentad average -10°C isotherm at 700 mb) 
case study. Daily data for Jan. 31 (b) 1989 through Feb. 4 (f) 1989 is shown. Gray tones 
illustrate IPV. the dashed line indicates the position of the -10°C isotherm at 700 mb. 
solid lines depict the 500 mb geopotential height pattern (metres• 10'1 . .1SWE loading 
for this pentad is 0.72. 
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7.2.3.2 Case Study: ASWE PCl Negative 

Pentad 8907 has a strong negative loading to ~SWE PC I. and is therefore a suitable case 

for examining daily resolution atmospheric data as it relates to this SWE pattern. Figure 

7 .5 l presents the atmospheric data for the individual days that make up this pentad 

l February 5 through February 9 ). 

The impact of warm air advection into the Prairie region is evident when examining this 

daily resolution case study. The cold temperature conditions observed during the previous 

pentad (Figure 7 .50) remain over the study area at the beginning of this pentad ( Figure 

7 .51 b ). The 5002 field shows that ridge conditions are developing over Alaska by day 3 

of the pentad (Figure 7.5 ld). The trough conditions over the Prairies with associated 

zonal structure is replaced by a meridional pressure distribution. Further development of 

the ridge allows wann air from the southwest to advect into the study area. creating the 

conditions observed at the end of the pentad (Figure 7.5 l t). lt can be hypothesized that 

the decreases in SWE observed across the northern portion of the study area occur at this 

point in the pentad. The core region of IPV evolves eastward along with the ridge system. 

and is never significant to the Prairie study area. 

The transition from trough to ridge conditions. and the impact this has on Prairie .1SWE 

patterns is illustrated clearly by the first two daily case studies ( Figures 7 .50 and 7 .5 l ). In 

addition to the differences in 5002 and 700T patterns. the IPV fields also show that 

differing atmospheric states are associated with two SWE patterns characterized by 

aSWE PCI. 
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IPV Unics 

Figure 7.51 .lSWE PC l • (shown in a with pentad average. ( 0°C isotherm at 700 mb) 
case study. Daily data for Feb. 5 (b) 1989 through Feb. 9 (f) 1989 is shown. Gray tones 
illustrnte IPV. the dashed line indicates the position of the -10°C isotherm at 700 mb. 
solid lines depict the 500 mb geopotential height pattern (metres• IO\ ~SWE loading 
for this pentad is -0. 72. 
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7.2.3.3 Case Study: 6SWE PC2 Positive 

Pentad 8912 has a strong positive loading to 6SWE PC2. and is therefore a suitable case 

for examining daily resolution almospheric data as it relates to this SWE pattern. Figure 

7 .52 presents the atmospheric data forthe individual days that make up this pcntad 

( February 25 through March l ). 

The 5002. 700T. and IPV data combine in a similar fashion for the ~SWE PC:! positive 

case study. as for the 6SWE PCI positive case presented in Figure 7.50. Given that these 

.1SWE panems both characterize accumulation events. and the results of the pcntad data 

analysis. this consistency is expected. Again. the development of an c;:astcrn Arctic low 

creates cold. trough conditions over the Prairies. This is clearly developed by the third 

day of the pentad ( Figure 7 .52d). A clear issue is if any difforence in the atmospheric 

state can be related to the different regions of increasing SWE between ~SWE PC 1 

positive and .1SWE PC2 positive. While the 5002 and 700T patterns arc similar to the 

PC I positive case. the IPV fields do provide some insight. During PC I positive. strong 

IPV values were distributed from the Pacific coast across to Labrador. Com:~pondingly. 

a SWE PC I positive shows widespread SWE increases across the northt!m half of the 

study area. Conversely. the IPV values for ~SWE PC2 positive are mort! localized in the 

exact vicinity of the meridional zone of increasing SWE characterized by PC:!. From the 

daily IPV fields. it can be estimated that the accumulation event(s) occurred during the 

final two days of the pentad (Figure 7.52e and t). 

In the summary of the pentad data analysis (Section 7.2.2.3). it was concluded that 

differences in the 5002 and 700T fields were insufficient to account for the different 
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SWE accumulation zones captured by ASWE PC l positive and ASWE PC:! positive. This 

case study illustrates the importance of variables such as IPV in influencing winter 

precipitation events. 

208 



1.8 2.0 2.2 

IPV Units 

Figure 7.52 uSWE PC2+ (shown in a with pentad average -10°C isotherm at 700 mb) 
case study. Daily data for Feb. 25 (b) 1989 through March I (f) 1989 is shown. Gray 
tones illustrate IPV, the dashed line indicates the position of the -I 0°C isothenn at 700 
mb. solid lines depict the 500 mb geopotential height pattern (metres• 10'1. .:lSWE 
loading for this pentad is 0.77. 
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7.2.3.4 Case Study: ~WE PC2 Negative 

Pentad 8910 has a strong negative loading to ~SWE PC2. and is therefore a suitable case 

for examining daily resolution atmospheric data as it relates to this SWE pattern. Figure 

7.53 presents the atmospheric data for the individual days that make up this pentad 

( February 20 through February 24 ). 

The similarities in the atmospheric dynamics associated with the first two SWE 

accumulation modes is paralleled by consistent daily patterns associated with the first two 

ablation modes (Figure 7.51 and 7.53). Ridge development is the primary feature in the 

5002 fields. and in the .1SWE PC2 negative case. a ridge is clearly in place over British 

Columbia and Alberta by the second day of the pentad (Figure 7.53c). This is a more 

southern location than the ridge observed with PC I negative. and results in a strong shift 

in the -10°C isotherm to fully north of the study area (Figure 7.53e). [t can be estimated 

that the melt event occurs during the third and fourth day of the pentad as colder 

temperatures have returned by the fifth day (Figure 7.53f). As with the ~SWE PC I 

negative case. IPV centres of action are eastward of the study area. and insignificant to 

the Prairie region. 
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Figure 7.53 .lSWE PC2- (shown in a with pentad average - l0°C isotherm at 700 mb) 
case study. Daily data for Feb. 20 (b) 1989 through Feb. 24 (f) 1989 is shown. Gray tones 
illustrate IPV. the dashed line indicates the position of the -10°C isotherm at 700 mb. 
solid lines depict the 500 mb geopotential height pattern (metres• IO\ .1SWE loading 
for this pentad is -0.58. 
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7 .2.3.5 Case Study: ~WE PCJ Positive 

Unlike PC I. PC2. and PC4. the linkages between L1SWE patterns characterized by PC3 

and atmospheric circulation were not clearly defined at the pentad resolution. Subsequent 

figures and discussion of daily case studies will also show that these .1SWE patterns are 

not linked to atmospheric circulation in the same fashion as the other components. Unlike 

the other .1SWE components. a cold eastern Arctic low is not coincident to SWE 

accumulation (PC3 negative). and a western North American ridge is not coincident to 

SWE ablation ( PC3 positive). It can by hypothesized. therefore. that these ~SWE patterns 

are the result of orographic processes and influence. hence the: lack of clear association 

with continental scale atmospheric circulation patterns. This explanation is particularly 

appealing for .1SWE PC3 positive because the ablation centre is lrn.:ated in a region 

influenced by rapid wanning (chinook) events. 

Pentad 9002 has a strong positive loading to 6SWE PC3. and is therefore a suitable case 

for examining daily resolution atmospheric data as it relates to this SWE pattern. Figure 

7.54 presents the atmospheric data for the individual days that make up this pentad 

(January 6 through January 10). As with the previous SWE ablation patterns. strong IPV 

does not appear to be a factor throughout the pentad. A split flow pattern of atmospheric 

circulation is evident over western Canada for all five days of the pentad. Temperatures 

over the Prairies are quite variable, although it is clear that conditions warmer than -I 0 

°C dominate the southern half of the study area. Given the location of the SWE ablation 

centre (southern Alberta, Montana). it is plausible that chinook conditions in the lee of 

the Rocky Mountains account for this SWE pattern. This type of regional melt event is a 
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common feature in the daily operational SWE maps produced by MSC (A. Walker and A. 

Silis, personal communication. 2000). Surface data from stations in Medicine Hat and 

Lethbridge confirm that rapid surface warming is present throughout this pentad. 
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Figure 7.54 ~SWE PC3+ (shown in a with pentad average -10°C isothenn at 700 mb) 
case study. Daily data for Jan. 6 (b) 1989 through Jan. 10 (0 1990 is shown. Gray tones 
i I lustrate IPV. the dashed line indicates the position of the - I 0°C isothenn at 700 mb. 
solid lines depict the 500 mb geopotential height pattern (metres• I0'). :lSWE loading 
for this pentad is 0.57. 
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7.2.3.6 Case Study: ~WE PCJ Negative 

Pentad 9103 has a strong negative loading to 6SWE PC3, and is therefore a suitable case 

for examining daily resolution atmospheric data as it relates to this SWE pattern. Figure 

7 .55 presents the atmospheric data for the individual days that make up this pen cad 

(January 11 through January 15). 

The continental scale atmospheric conditions identified to this point as being linked to 

SWE accumulation are not evident in the 6SWE PC3 negative case study (Figure 7.55). 

Unlike PC I positive and PC2 positive, strong centres of IPV are not spatially ~issociated 

with the accumulation zone. Split flow atmospheric circulation is the c.lominant 5002 

feature (as with PC3 positive). and temperature conditions are highly variable over the 

study area. A potential explanation for the lack of interpretability in these results. is that a 

trough over North America does coincide with this 6SWE pattern as it does for the other 

accumulation modes. As indicated in Figure 7.55(e). a weak eastern Arctic low is present. 

with a trough located over the study area. The relativdy weak. and temporally brief 

nature of this trough pattern. however. means that the averaging procedure used to 

produce the 5002 composite may have failed to identify this pattern. 
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Figure 7.55 ~SWE PC3- (shown in a with pentad average -\0°C isotherm at 700 mb) 
case study. Daily data for Jan. 11 (b) 1989 through Jan. 15 (f) 1991 is shown. Gray tones 
illustrate IPV. the dashed line indicates the position of the - l 0°C isothenn at 700 mb. 
solid lines depict the 500 mb geopotential height pattern (metres• 10\ aSWE loading 
for this pentad is -0.55. 
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7.2.3.7 Case Study: .1SWE PC4 Positive 

Pentad 9372 has a strong positive loading to ASWE PC4. and is therefore a suitable case 

for examining daily resolution atmospheric data as it relates to this SWE pattern. Figure 

7.56 presents the atmospheric data for the individual days that make up this pentad 

( December 22 through December 26 ). 

Examination of the daily case studies for ~SWE PC4 indicates a recurn to the expected 

links with the atmosphere. ASWE PC4 positive characterizes a north to south zone of 

increased SWE in the Red River Valley region. During this pentad. a deep eastern Arctic 

low develops. creating very cold temperatures in the eastern half of North America. The 

IPV data illustrates the source of snow producing systems in the region. with a strong 

lPV centre settling over the Great Lakes by the fourth day of the pentad ( Figure 7 .56e ). 

As with PC I positive and PC2 positive. the presence of strong IPV can be linked to the 

zone of SWE accumulation. In this case. a larger study area (extending e,L'\twards) would 

show SWE increases across Northern Manitoba and Ontario. produced by the extensive 

region of strong IPV. 

The pentad resolution data did not allow specific conclusions to be reached regarding 

links between the location of SWE increases and atmospheric circulation. Integration of 

the model produced IPV data has shown chat although 5002 and 700T patterns may be 

similar for three modes of SWE accumulation (PCl positive: PC2 positive: PC4 

positive), different centres of system development can account for the variability in 

tlSWE patterns. 
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Figure 7.56 aSWE PC4+ (shown in a with pentad average -10°C isotherm at 700 mb) 
case study. Daily data for Dec. 22 (b) l989 through Dec. 26 (f) 1993 is shown. Gray 
tones i I lustrate IPV, the dashed line indicates the position of the - I 0°C isothenn at 700 
mb. solid lines depict the 500 mb geopotential height pattern (metres• 10\ .1.SWE 
loading for this pentad is 0.65. 
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7.2.3.8 Case Study: ASWE PC4 Negative 

Pentad 9305 has a strong negative loading to ~SWE PC4, and is therefore a suitable case 

for examining daily resolution atmospheric data as it relates to this SWE pattern. Figure 

7 .57 presents the atmospheric data for the individual days that make up this pentad 

(January 21 through January 25). 

The daily resolution case study data for ~SWE PC4 negative indicates that one single day 

( Figure 7.57b) likely contains the significant melt event within this pentad. At only one 

interval in this pentad, do warm temperatures dominate the eastern portion of the study 

area where the ablation zone is located. This temperature pattern is influenced by a the 

atmospheric wave pattern which indicates that a weak ridge is present to the north of the 

Great Lakes. with low pressure confined to the Arctic. This ridge shifts eastward through 

the remainder of the pentad, creating meridional flow over the Prairies. which returns 

colder air to the study area. From this sequence. it is evident that Figure 7.57b likdy 

captures the melt event. 
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Figure 7.57 LlSWE PC4- (shown in a with pentad average -10°C isotherm at 700 mb) 
case study. Daily data for Jan. 21 (b) 1989 through Jan. 25 (0 1993 is shown. Gray tones 
illustrate IPV, the dashed line indicates the position of the -10°C isotherm at 700 mb. 
solid lines depict the 500 mb geopotential height pattern (metres• 10\ LlSWE loading 
for this pentad is -0.35. 
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7 .2.3.9 Case Study Summary 

A summary of the daily resolution case studies presented in Figure 7.53 through 7.60 is 

presented in Table 7.14. The interrelationships between atmospheric circulation (5002). 

temperature (700TI, and SWE identified at the pentad resolution stand up to scrutiny with 

daily atmospheric fields as well. Of particular note is the linkage between IPV centres of 

action and ASWE patterns. Regions of strong IPV are spatially associated with areas of 

increased SWE. while discontinuous. weaker IPV regions typically located to the north 

and east of the study area are linked to areas of decreased SWE. The physically logical 

cause and effect associations identified in this chapter will be discussed within the wider 

research context in the next chapter (8) while conclusions and a future research agenda 

will be presented in Chapter 9. 
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Table 7.14 Summary of daily resolution case studies. 
ASWE Component 
PCI+ 

PCI-

PC1+ 

PC?-

PC3+ 

PC3-

PC-l+ 

SOOZ Patterns 700T Patterns 
Stationary eastern Arctic 
low. trough conditions 
extend over Prairies. 

Ridge develops over 
Alaska. 

Eastern Arctic low 
develops along with 
trough conditions over 
Prairies. 
Ridge develops over 
B.C. and Alberta. moves 
cast 

Split flow pattern. 

Split tlow pattern. 

Deep Arctic low 
develops and shifts east. 

Ridge pattern evolves 
eastward across southern 
Canada/northern U.S. 

Daily southward 
progression of -10 °C 
isotherm. 

Warm temperatures push 
inco Prairies from 
southwest. 
Cold temperatures push 
southward. 

Warm temperatures push 
into Prairies from 
southwest. 

High variability. 
although - IO °C isotherm 
remains centred across 
~tudy area. 
Highly variable. 

Very cold conditions in 
ca'itcm Prairies 

Warm temperatures push 
cast and arc replaced hy 
colder air. 
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IPV Patterns 
Strong and continuous 
aaoss northern Prairies. 
evolves to cast of study 
area. 
Cemrc of strong IPV 
remains ca.'it of study 
area. 
S1rong centre of IPV 
Jevclops over northern 
half of study area. 

IPV is discontinuous and 
weak: not spatially 
asso1.:i.ued with study 
area. 
IPV is weak: orographic 
chinook plausihlc. 

IPV rcl.uivdy weak and 
i:ontincu to Arctic. 
Strong IPV centre over 
Great Lakes. hut Jocs 
c,tcnJ nvcr eastern 
Prairies. 
We.tk. Jiscnntinuous . 
• mJ contincu to Arctic. 



8. DISCUSSION 

[n Chapter 7. l presented a multi-step, multi-dataset investigation of linkages between 

North American Prairie SWE and synoptic-scale atmospheric circulation. The purpose of 

this chapter. is to present the results of this investigation in a concise manner. and place 

them in the context of the pre-existing body of research. From the multiple datasets and 

analysis techniques employed in this study. a series of conceptual feedbacks involving 

the surface and the atmosphere can be developed for winter season central North 

American snow cover. These will be presented in section 8. l. with a discussion placing 

these feedbacks into the context of other recent studies in section 8.2. 

8.1 Conceptual Feedbacks 

The majority of Chapter 7 focussed on time series analysis of the .1SWE dataset. and 

investigation of coincident gridded atmospheric fields. The results of this analysis can be 

organized into three distinct categories of snow cover change - atmospheric linkages: 

accumulation events (aSWE PCl positive: PC2 positive; PC➔ positive). ablation events 

(~SWE PC I negative: PC2 negative: PC4 negative). and orographically driven events 

(aSWE PC3 positive: PC3 negative). Consistent relationships between atmospheric 

circulation and changes in central North American SWE can be identified within each of 

these three groups. allowing a simplified summary of these associations. 
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8.1.1 Accumulation Events 

Figure 8.1 summarizes the relationships between atmospheric circulation and snow cover 

for SWE accumulation modes (~SWE PC I positive; PC2 positive; PC.J positive). A 

trough atmospheric circulation pattern. typically coincident to the negative phase of the 

EP teleconnection pattern. dominates North American circulation. The resulting negative 

5002 anomalies are associated with cold air penetration over the continental interior. As 

will become more obvious when examining the ablation event summary. tt!mperature is 

not as clear a forcing variable. when compared to atmospheric configuration as depicted 

by the 5002 anomalies. For instance, strongly negative 700T anomalies are not 

coincident to SWE accumulation in all three modes. More important is the spatial 

relationship between the 5002 anomalies and the margin between increasing and 

decreasing SWE within the component patterns. lt is apparent that the transition between 

negative and positive 5002 anomalies is oriented and co-located over this margin. The 

IPV fields also illustrate the important role of the location of the 5002 anomaly centers. 

In all three cases. IPV is associated with the region of negative geopotential height 

anomalies. with the variability in anomaly location - and hence. IPV location. a factor in 

determining the location of SWE increases. 
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Figure 8.1 Summary of relationships between atmospheric circulation and .1SWE 
accumulation modes. Dashed lines in (a) depict centers of the average negative 5002 
anomalies. Dashed lines in (b) depict the average location of the• I 0°C isotherm. Gray 
tones in (c) depict coincident IPV from the case study in section 7.2.3. Schematic in (d) 
summarizes the relationships between variables. 
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8.1.2 Ablation Events 

When summarizing the accumulation events it was evident that geopotential height 

anomalies. not temperature anomalies can be utilized most simply to explain the resulting 

increases in SWE. This is again the case with the ablation events. as shown in Figure 8.2. 

Positive height anomalies with unique spatial locations are associated with the ablation 

modes of aSWE (PC 1 negative~ PC2 negative; PC4 negative). The temperature fields 

coincident with these ablation events do not differ markedly from those coincident with 

the accumulation events (Figure 8.1 b). ln fact. the pentad averaged 700T anomaly fields 

are not useful for interpreting cause and effect relationships because anomalies of the 

same sign are coincident to both phases of the same ~SWE components ( for example. 

PC I and PC:!). lt can be noted. however. that each of the 

- I 0°C isotherms shown in Figure 8.2b illustrate the source of warm air advection 

necessary for the SWE ablation characterized by the aSWE components. For PC I 

negative. the 5002 ridge centered over the Pacific coast of British Columbia creates a 

similar ridge in 700T distribution which evolves eastward - a process clearly illustrated 

in the daily case study in section 7.2.3. For PC2 negative. the ridge over the Prairies 

causes a retreat in the -I 0°C isothenn to the northern edge of the study area. allowing 

warm air from the southwest to penetrate the region. For PC➔ negative. a ridge over 

Eastern Canada creates a temperature disturbance over the Great Lakes. which influences 

the study area from the east. For all the ablation modes. IPV centers of action are east of 

the study area. and although they are relatively expansive and continuous. they are not 

significant to the Prairie region. 

226 



■PC1· ■PC2-

ABLATION 
MonF.~ 

TYPICALLY POSITIVE 

PHASE OF THE EP 
TELECONNECTION 

. " 
~-, 

"'~ 
PC1- ■PC2 

RIDGE ATMOSPHERIC 

/ ._ __ c_o_N_F1_o_u_RA_T_1_o_N _ __. 

+ 
POSITTVE 500Z HEIGHT 

ANOMALIES DOMINATE 

LOC..\TION OF 5002 
.-\~OMAL Y CENTER 

Cc >7'1TROLS REGION OF 

:\BL.\TION 

CTL'RE A 
.CTIO!'i. Em 
<PACIFIC IN 
ST (GL"LF [:-,; 

Figure 8.2 Summary of relationships between atmospheric circulation and ~SWE 
ablation modes. Solid lines in (a) depict centers of the average positive 5002 anomalies. 
Dashed lines in (b) depict the average location of the -10°C isotherm. Gray tones in (c) 
depict coincident IPV from the case study in section 7.2.3. Schematic in (d) summarizes 
the relationships between variables. 
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8.1.3 Orographic Phenomena 

Given the lack of interpretability in the coincident atmospheric patterns to aSWE PC3. 

and the location of the accumulation and ablation regions characterized by this 

component, orographic effects are a potential cause. Positive 5002 anomalies. resulting 

from a split flow pattern. are present for both component phases. and are centered in the 

same location (Figure 8.3a). The IPV values are weak. and distant from tht: study area 

(Figure 8.3c). This leaves the 700T data as the only variable with a discriminating 

feature. A slight depression in the - l0°C isothenn is associated with SWE increases to the 

ke of the Rocky Mountains (PC3 negative). Coincident to ablation in this same area 

(PC3 positive) this .. hitch" in the isotherm is not evident (Figure 8.3b). In the case of 

aSWE PC3 positive. the orographic hypothesis is appealing because the typical 

atmospheric conditions associated with ablation (discussed in the pn:vious section) are 

not present. and the tlSWE center of ablation is located in a region known to be 

influenced by chi nook events. An orographic explanation for ~SWE PC3 negative is less 

convincing given the westerly flow that is present. In any case. the atmospheric 

associations to the tlSWE patterns characterized by PC3 do not tit into the trough 

(accumulation) versus ridge (ablation) context of the other aSWE components. The 

similarities between the 5002. 700T. and IPV data to dSWE PC3 positive and negative 

suggest that these events need to be considered separately from the consistent 

associations identified with the other components. 
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Figure 8.3 Summary of relationships between atmospheric circulation and ilSWE 
orographic modes. Solid lines in (a) depict centers of the average positive 5002 
anomalies. Dashed lines in (b) depict the avenige location of the -10°C isotherm. Gray 
tones in (c) depict coincident IPV from the case study in section 7.:!.3. Schematic in <d) 
summarizes the relationships between variables. 
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8. 1.4 Summary 

This study has illustrated the utility of passive microwave imagery for investigating 

associations between terrestrial snow cover and atmospheric circulation. Analysis of 

quantitative SWE imagery. at a five day temporal resolution. through ten winter seasons. 

has allowed for a detailed study into these variables. The conceptual results of this study. 

summarized previously in Figures 8.1. 8.2. and 8.3. represent a new understanding of 

synoptic-scale forcing relationships in a physical system with complex feedbacks. It is 

important to understand these results in the context of other recc:nt contributions to this 

field of study. The next section of this chapter will focus on this comparison. 

8.2 Comparisons with Recent Studies 

There are limited rt!cent studies of interactions between snow cover and atmospht!ric 

circulation that can be directly compared to the results of this investigation. While a wide 

range of work has contributed to an improved understanding of snow - di mate feedbacks 

(see Chapter 3 ). the majority of these works contain one or more of the following 

characteristics that make comparison to this study difficult: 

• a study area composed of the mountainous western portion of North America ( for 

example. Cayan. 1996; Changnon et al.. 1993: Byrne et al.. 1999: Serrezc et al.. 1999; 

McCabe and Legates, 1995). This is a well studied region given the importance of 

spring melt for freshwater runoff in this area. and the historical time series of snow 

telemetry (SNOTEL) measurements that exist. 

• the examination of one shon temporal interval. and the preceding conditions. such as 

linking April l snow depth to winter season precipitation and temperature anomalies 

(for ex.ample. Cayan. 1996; McCabe and Legates, 1995). 
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• the examination of long time series of snow cover and climatic variables. such as 

precipitation and temperature. with no consideration of dynamic atmospheric 

circulation (for example Karl et al.. I 993). 

• the e:rnmination of relationships between snow cover and gridded atmospheric data. 

but at a coarse temporal resolution, such as monthly averages ( for example Serreze et 

al.. 1998). 

What remains is a relatively small body of literature that compan:s spatially -:ontinuous 

snow cover information to atmospheric circulation with synoptic sensitivity. Three recent 

studies wi II provide a context for the results of this study. and are summarized in Table 

8.1. 

Table 8.1 Summary of studies to be compared. 
Study Data 

Derksen. 200 I 

Clark ct al.. l 999 

Frei and 
Robinson. 1999 

Grundstcin and 
Leathers. 1999 

Pcntad passive microwave derived 
SWE imagery. 

Gridded atmospheric variables 
from NCEP. 
Daily snowfall for 1229 stations of 
co-operative ohservalions takes 
from Historical Daily Climatic 
Dataset CHDCD) 

Daily 500 hPa fields from 
NCEP/NCAR reanalysis 
Weekly snow cover e:\tent chans 
from NOAA visible satellite 
imagery 

Monthly mean 500mb geopotential 
height from NCEP 
Initial snow depth from HCDC. 
daily changes computed using 
SNTHERM model, forced by 
station meteorological data from 
the National Weather Service 

500 mb height fom NCDC 
radiosonde data 
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Time 
Series 
Wimer 
,casons: 
1988/89-
1997/98 

1978-
1993 

1972-
1994 

1966-
1990 

Study Area 

North Amcric.in 
Prairies 

Snowfall: l!.S.A. 
Atmospheric D,ll,1: 
North America. 
cxtending into .·\n.:tic. 
Pacific and Atlantic 
regions 

North Amcric.i 

Amcrican Great 
Plains 



Clark et al. ( /999) 

Clark et al. ( 1999) investigate relationships between the phase and amplitude of the 

tropospheric wavetrain and snowfall in the United States. At a daily resolution. the 

longitude with the northernmost point of the 5500m contour line was identified. These 

observations were categorized into six I 0° longitude bins. ranging from I IO to I 00 °W to 

160 to 150 °W. High amplitude cases (strong ridging) were stratifit:d separately from low 

amplitude cases (weak ridging). Average temperature. precipitation. and snowfall 

anomalies for the contenninous United States were computed for each of the ridge 

location categorit!s. A summary of the high amplitude results of Clark et al. ( 1999) is 

presented in Table 8.2. As noted in this table. the results of this thesis tit wdl into the 

scenario presented by Clark et al. ( 1999). 
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Table 8.2 Relationship between high amplitude ridge location and continental climate 
response. 
Ridge 
Location 
160-130°W 

130-l10°W 

l::?0-l l0°W 

Description of Pattern 

Ridge over Pacific basin, 
trough pattern over Nonh 
America 
Ridge over Pacific coast of 
Nonh America 
Ridge over western ponion 
of Nonh America 

I J 0-100°\V Ridge over continental 
interior 

Snowfall Response 
(Clark et al .. 1999) 
Negative temperature depanurcs 
Positive precipitation anomalies 
Snowfall is prevalent 
Temperature, precipitation and 
snowfall dcpanures near zero 
Warm and dry conditions= 
negative snowfall anomalies 

Very warm and dry= negative 
snowfall anomalies 

SWE Response 
( Derksen, 200 I) 

SWE accumulation is 

SWE ablation across 
Canadian Prairies 
SWE ahlation in a 
mcriJional region 
c.,ccnding across 
,outhcm Canadian 
Prairies anJ Nonhcrn 
U.S. Great Plains 
SWE ahlation in Red 
River Vallcv 

The results for the low amplitude conditions are similar to those summarized in Table 

8.2. A western ridge location is conducive to snowfall in the western and central portions 

of the U.S. An eastward ridge shift results in dry and warm conditions not suitable for 

snowfall development. In general. Clark et al. ( l 999) state that positive snowfall signals 

in the eastern U.S. occur when the ridge is amplified and shifted west of its 

climatological mean. Low amplitude wave structure. also shifted west. i.:ontributes to 

snowfall in the western U.S. An eastward ridge location. both of high and low amplitude. 

is associated with dry and warm (snow melt) conditions across the continent. 

Frei and Robinsori ( /999) 

The study by Frei and Robinson ( t 999), although utilizing monthly averaged atmospheric 

data. provides a means of comparison with the results of this study. The method 

employed was to rank total North American snow extent and examine tht! 500 mb 

composites temporally associated with the upper quartile (high snow extent) and lower 

quanile (low snow extent) snow extent patterns. In a sense. the high snow extent patterns 

can be compared to the accumulation modes in this thesis. with the low snow extent 
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patterns comparable to the snow ablation modes. Frei and Robinson ( 1999). like Clark et 

al. ( 1999). note that the location of the North American ridge relative to its climatological 

mean position is the atmospheric trigger to extensive snow accumulation. A westward 

shift in ridge location of 20 to 30 ° longitude is linked to above average snow extent. 

Troughing deepens in the east and meridional flow dominates. This confirms the finding 

of this study. where a deep eastern Arctic low and lack of observed ridging was 

associated with SWE increases in various regions of the Prairies. The westward shift of 

the North American ridge. essentially out of the NCEP study area used in this thesis. 

explains the dominant trough pattern associated with accumulation in this study. 

Frei and Robinson ( 1999) also note that negative 500 mb height anomalies are commonly 

found over regions with extensive snow cover. That general finding is enhanced in this 

study through the use of SWE rather than snow extent imagery. This allowed darification 

of that relationship by illustrating that negative height anomalies are typically found to be 

spatially aligned with regions of increasing SWE. 

The analysis of low snow years by Frei and Robinson ( 1999) shows that frequent ridging 

over the continent dominates. Since ridge location was shown to control regional SWE 

ablation in this thesis. the findings of these two studies are consistent. 

A number of other observations by Frei and Robinson ( 1999> must be noted. First. they 

observe that at regional to continental scales, atmospheric control over snow extent 

weakens during the melt season (March onwards). Regional snow cover itself plays a 

greater role in controlling thermal conditions. suggesting a reversal in forcing direction 

from the atmosphere leading. to the surface leading. This conclusion cannot be confirmed 
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by this study due to the winter season analysis period. but provides a worthwhile point of 

investigation for future studies. 

Secondly. Frei and Robinson ( 1999) developed snow indices to explain low and high 

snow extent years in Western and Eastern North America. These indices are based on 

centers of action taken from the 500 mb difference charts between high and low snow 

extent years. Notably. these centers of action represent secondary modes of tropospheric 

circulation that are not captured by eigenanalysis of a geopotential height timi.: series. 

This finding affirms the validity of the methodological approach of this thesis. Rather 

than performing PCA on both SWE and atmospheric data (an approach evaluatc=d by 

Derksen et al.. 1998a). only the SWE data was mathematically charactt:rized before 

integrating the atmospheric data. Investigating the primary modes of atmospheric 

variability captured by a PCA of the NCEP data could have resulted in the examination 

of atmospheric patterns that were insignificant to snow cowr. 

In summary. the atmospheric patterns identified as relevant to SWE increases and 

decreases in this study fit well into the context set by the composite 500 mb charts 

produced by Frei and Robinson ( 1999). Similar results are evident at both the pentad and 

monthly temporal resolutions. for both central North America and the entire continent. 

Grundstein and Lt!atlzers ( /999) 

The study by Grundstein and Leathers ( 1999) does not allow for a direct comparison with 

the results of this thesis because their analysis focussed on energy flux mechanisms 

between melting snow and the atmosphere. Point snow depth observations and hourly 

meteorological observations were used as forcing data for SNTHERM. a physically based 

snowmelt model. Gridded synoptic data were integrated into the study. but surface 
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pressure was the selected variable. Despite the differences in the data utilized in the two 

studies. similarities in study area and timing (winter season) allow some useful 

comparisons to be noted: 

I. Grundstein and Leathers ( 1999) detennined that three unique synoptic types are 

associated with winter season melt events in the U.S. Great Plains through the 25 

years of the study. ln this thesis, four unique synoptic patterns were linked to central 

North American SWE decreases. It is not possible to compare the spatial structure of 

the patterns identified in both studies. as different variables (surface pressure vs. 500 

mb geopotential height) were investigated. It is imponant to note. however. that a 

similar degree of variability in atmospheric patterns was identifo!d by both studies. 

The decision by Grundstein and Leathers ( 1999) to retain three significant spatial 

modes out of a PCA of 25 seasons of data~ confirms the decision to retain only four 

leading modes out of ten seasons in this study. This small number of synoptic types is 

sufficient to investigate winter season interactions between terrestrial snow cover and 

atmospheric circulation. 

1 Gnmdstein and Leathers ( 1999) identified the advection of wann air in the Great 

Plains region through midlatitude synoptic processes as the most significant trigger to 

snow melt events. The 5002 patterns identified as coincident to melt events in this 

thesis all allow for the advection of wann air. from various source regions. into the 

study area. The focus of the Grundstein and Leathers ( 1999) study is on the spatial 

pattern of radiative and turbulent energy fluxes. which they find are controlled by 

multiple variables such as cloud cover. albedo (established by pre•existing snow 

cover). temperature, humidity. and wind speed. While the investigation of these 
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variables was beyond the scope of this thesis. these two studies both identify similar 

fundamental continental synoptic conditions necessary for snow ablation events. 

8.3 Summary 

A large body of research with which to compare this study does not exist. because this 

study represents the initial attempt to apply time series analysis to passiw microwave 

derived SWE imagery. and combine the results with gridded atmospheric fidds. The 

results of this study have contributed towards a new application of passive microwave 

imagery. and have enhanced our understanding of the synoptic•scale processes associated 

with snow cover accumulation and ablation in North America. The figures in section 8.1 

present a succinct summary of these processes. The discussion of the work of Clark et al. 

( l 999). Robinson and Frei ( 1999) and Grundstein and Leathers ( l 999) in section 8.2 

confirms the physical plausibility of these results. The final chapter of this thesis will 

revisit the conclusions of this study in the context of the original objectives. and identify 

necessary questions that future research should address. 
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9. CONCLUSIONS AND 

FUTURE RESEARCH 

In this thesis I have focussed on exploring physical linkages between central North 

American SWE change patterns and atmospheric circulation. Conceptually. this is a four­

phase process as outlined in Table 9.1. Before initiating analysis.compilation of the data 

with consideration of potential systematic errors is necessary. Before developing cause 

and effect linkages. statistical characterization of the data is required. Process 

relationships can then be developed through interpretation and secondary analysis. 

Finally. integrating time lags into the study can derive forcing relationships. 

As outlined in Table 9.1. this study has focussed on the first three phases of this 

conceptual research tlow. Through the twelve general research steps listed in Table 9.1. 

the research questions outlined in Chapter I have been addressed. A dis<.:ussion of these 

results is included in previous chapters: what follows is a succinct summary of the main 

conclusions. 
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I 
Research Proi:ression Anal)'.sis 

I 

I. Dataset compilaricm and • Screening of SWE imagery with 
assessmetlf. .. surface 1empcr;11urc Jara. 

• Principal components analy\is 
(PCA) of SWE J.11,Lse1s. 

• Derivation of atmospheric 
II. Swtistical clwracteri:.arion of composilcs anJ annmalics. as 
SWE .inJ atmospheric datasets. .. related to SWE components, with 

no time lag. 

• Within group PCA ot' atmospheric 
fields. 

• Interpretation of atmospheric 

Ill. ldcntifo.:ation of process 
composite and anom.ily ticlJs. 

• lntegr.ition of model derived Q-
rcla1ionships. ► vector and IPV fields. 

• Investigate link, with atmosphcrii.: 
teleconncction I m.lii.:cs, 

IV. IJcntificatiLin offorcing • Repeat previous analysis with 
relationships. .. 1ime lags. 

Figure 9.1 General overview of research progression and related analysis for linking 
snow cover and atmospheric circulation. 
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Table 9.1 Research progression. Research phase refers to Figure 9.1 
Step Action Research Phase 

I 
2 
J 
~ 

5 
6 

7 
8 

9 

10 
11 

12 

Compare SWE imagery from AM and PM overpass times 
Use surface temperature data to identify problematic measurement intervals 
Produce SWE anomaly and ASWE datasets to complement SWE imagery 
Compare ten-season PCA of the three passive microwave SWE Jata.-;cts 
Select four leading ASWE components. and create composite patterns 
Cross correlate componenl loading panems with penlad and momhly 
telcconnection indices 
Examine teleconnection indices on a case by case basis 
Compute 5002 and 700T composites and anomalies that coincide with the 
.lSWE component loading peaks 
Perform within-group PCA of 5002 and 700T fields lo investigate 
consistency 
Examine outlying 5002 and 700T patterns 
Develop physically plausible linkages between 5002 and 700T composites 
an<l anomalies amt 6SWE component pauems 
lntcuratc model output throueh case studies to clarify physical linkal!cs 

9.1 Summary of Conclusions 

Objective I: Development of a surface temperature-based scheme for accuracy 

asse.ument of passive micrn,1-·ave SWE imagery. 

I 
I 
l 
II 
lI 
III 

III 
II 

Ill 

[I[ 

[II 

Ill/IV 

Analysis of a distributed network of hourly surface temperature measurements showed 

that by identifying melt events. these data can used to isolate problematic passive 

microwave measurement intervals. A comparison illustrated that morning overpass times 

contain fewer problematic measurement intervals than afternoon overpass times. resulting 

in the use of the former for time series analysis. Snow melt and refreeze events were 

shown to occur throughout all winter seasons in :di regions of the study area. Notably. the 

response of passive microwave retrieved SWE to melt and refreeze is generally consistent 

(decreased Prairie SWE during melt. increased SWE following refreeze). however the 

spatial response of SWE to melt and refreeze is not consistent. It was concluded. 

therefore. that correction of individual SWE images for the effects of melt and refreeze 

was not possible. rather problematic pentads were identified. and removed from any data 

visualization. 
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It is important to note. therefore. that melt events (which are also episodes of negative 

dSWE) that occurred in the morning were not considered in the integration of 

atmospheric data. This is. therefore, an exclusionary process but was nect!ssary because 

the atmospheric analysis was based on the results of the ~SWE time series analysis. lt 

was necessary to ensure that the dSWE patterns were composed of passive microwave 

derived data upon which confidence in the accuracy of the SWE patterns could be placed. 

The low number of morning melt events relative to the complete time series of data 

means the impact of excluding these events is minor. 

Significance of Results 

An acknowledged weakness of passive microwave SWE monitoring is the complex 

changes in microwave emission caused by changes in the physical scare of the snowpack. 

The dynamic nature of the relationship between emission and various snowpack 

properties affects SWE algorithm performance on both daily and seasonal time scales. 

The use of surface temperature data in this study has illustrated that rdativdy simple 

procedures can be incorporated into analysis plans to improve user confidence in passive 

microwave SWE imagery. 

Objective 2: ldemify the extellt to \vhich SWE patterns reoccur H'ithin and hetween wimer 
seasons. 

Three ten-season. pentad resolution SWE datasets were compiled and subjected to a 

rotated PCA: SWE imagery. SWE anomalies. and change in SWE (dSWEL For the 

research application of linking snow cover patterns to atmospheric circulation. the most 

appropriate dataset was that which contained SWE patterns that repeat within and 

between seasons because this is the same temporal and spatial behaviour exhibited by 
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North American atmospheric circulation patterns. Within this context. the ~SWE dataset 

was deemed most appropriate, and was therefore selected for continued analysis. The 

PCA of the L.\SWE time series produced four components that 1.:haracterized ~SWE 

patterns that repeat within and between seasons. 

The positive phase of L.\SWE PC l captured a pattern of a widespread increase in SWE 

values across the northern portion of the study area. with a moderate decrease in SWE 

values observed across the south. The negative phase of L.\SWE PC 1 depicts a reversal of 

these broad accumulation and ablation zones. Specific centres of action are not apparent: 

this component simply identifies a north - south gradient in L.\SWE values. 

Unlike PC I. the three remaining L.\SWE components highlight specific subregions within 

the Prairie study area. which characterize clearly defined changes in SWE. PC2 depicts a 

zone of activity that bisects the study area from the northwest to the southeast. In the 

positive phase. this is an accumulation zone surrounded by very litth: change in SWE. 

while in the negative phase it reverses to become a zone of ablation surrounded by 

moderate increases in SWE. 

PC3 characterizes a L.\SWE zone in the western region of the study area. This reverses 

between an ablation zone in the positive phase and an accumulation zone in the negative 

phase. dSWE PC4 illustrates a latitudinally oriented region of change in the northeast. In 

the positive phase this is depicted as accumulation in the Red River Valley. extending 

from Lake Winnipeg south into the Dakotas. The negative mode of this component is a 

co-located region of ablation. 
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These eight patterns provided the foundation for linking central North American snow 

cover to atmospheric circulation in the final phase of this study. 

Significance of Results 

The characterization of the dominant regional SWE patterns is of fundamt!ntal 

importance to water resource managers. It was this need that motivated development of 

passive microwave SWE monitoring capabilities at MSC (Goodison and Walker. 1994). 

Potential value exists. however. for other research communities. For example. the 

numerical modelling community requires existing datasets with which to verify modeled 

snow covt!r fields (Foster et al.. 1996). An understanding of the expected spatial modes of 

SWE can provide a means of assessing model perfonnance - both in the simulation of 

snow cover fields and the expected coincident tropospheric patterns ( Frd and Robinson. 

1998). 

Objective 3: Identify whether unique and consistent atmospheric circulation patterns are 

associated with any repeating modes of SWE change. 

Atmospheric teleconnection indices were utilized with the hope of providing some 

general contextual linkages between the snow cover patterns isolated by the .;lSWE PCA. 

and low-frequency atmospheric dynamics. Cross correlation analysis at the pentad and 

monthly temporal resolution failed to provide evidence of any strong associations. A case 

by case investigation of pentads with strong loadings to the ~SWE components provided 

some insight which, while not rigorous enough to allow for definitive linkages. provided 

some context. 

243 



First. the positive phase of the EP teleconnection produces an atmospheric circulation 

pattern that blocks cold air masses from penetrating the Prairie region. Instead. warm air 

of southerly origin overlays the study area. Logically. a ~SWE pattern characterizing a 

zone of SWE ablation corresponds consistently to the presence of this atmospheric 

configuration (~SWE PC2 negative). Conversely. the negative phase of tht: EP produces 

a cold Arctic low centred over Hudson Bay. This pattern is consistently associated with 

two ~SWE components that characterize SWE accumulation in the northern portion of 

the study area (~SWE PC I positive and PC4 positive). It is worth noting that the only 

statistically significant cross correlation results at the pentad resolution also involved the 

EP pattern. 

Secondly. the PNA pattern (either phase) cannot be systematically linked to Prairie snow 

cover as characterized by ASWE components. This is a finding of note simply because 

previous studies tend to identify the PNA. especially the positive phast!. as a forcing 

variable on North American snow cover. Studies cited previously that did identify 

significant associations with the PNA (for instance Gutzler and Rosen. 1992> investigated 

a hemispheric snow cover dataset. which is likely necessary to robustly link snow cover 

to these low-frequency atmospheric configurations. Still. central North American snow 

cover is widely regarded to be a variable that is forced by the phase and magnitude of the 

PNA teleconnection (see Cayan. 1996). so this null finding is a notable exception. 

Links to the atmosphere using gridded atmospheric fields were subsequently explored. 

Derivation of atmospheric composites and anomalies was based on those pentads with 

strong .!1SWE component loadings. Results indicated that unique 5002 composites and 

anomalies were associated with each phase of the four leading ~SWE components. 700T 
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composites and anomalies were also spatially unique; however. they were less significant 

as an explanatory variable because like-sign anomalies were associated with both phases 

of the same ~SWE component. 

Within-group PCA of each series of pentads that composed each composite and anomaly 

shows that the averages are generally made up of spatially similar patterns. This makes 

the average patterns physically relevant. and allowed for linkages to be developed 

between aSWE patterns and atmospheric circulation at no time lag. It must be noted that 

outliers within seven of the eight component groups did exist. illustrating the variability 

in atmospheric conditions that can be associated with a similar .1SWE pattern. 

Model produced IPV fields were integrated into the study and prowd ust!ful in t!Xplaining 

the developmental atmospheric dynamics associated with snow accumulation events. 

Strong IPV centers are spatially aligned with negative geopotential height anomaly 

centers during episodes of SWE increase. but are not significant during ablation events. 

Combined. the 5002. 700T. and IPV data allowed the development of a conceptual 

process understanding that illustrates the atmospheric conditions responsible for 

accumulation. ablation. and orographically driven ~SWE patterns in central North 

America. A full discussion of these processes was included in Chapter 8. 

Briefly. when atmospheric ridging dominates Nonh American circulation. snow ablation 

in the Prairies is the expected response with ridge location controlling the Prairie region 

where ablation occurs. An eastward progression of ~SWE centres of action with an 

eastward shift in the longitudinal location of the North American ridge is consistent with 

the finding of Clark and Serreze ( 1999). As the ridging shifts eastwards. warm 
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temperature anomalies increasingly penetrate the continental interior. It is important to 

note that although analysis of the atmospheric teleconnection data did not isolate any 

associations between the PNA pattern and SWE distribution. these ridge patterns that are 

coincident to SWE ablation events can be categorized as 'PNA-type' because of the 

strong ridge development over western North America. 

When a deep eastern Arctic low with an associated trough extends over the continental 

interior of North America. snow accumulation is the expected response (as characterized 

~SWE PC I positive, PC2 positive, and PC4 positive). Similarity in these patterns makes 

it difficult to link a specific sub-type of trough to the Prairie region of increased SWE. 

although the IPV data do illustrate spatially unique regions of development associated 

with the ~SWE accumulation modes. For the accumulation cases. the North American 

ridge is shifted well to the t:ast. outside of the gridded atmospheric data window. allowing 

anomalously cold temperatures to dominate the study area. Again. this relationship is 

consistent with the findings of Clark and Serreze ( 1999). 

Significance of Results 

Understanding the linkages between SWE distribution and atmospheric circulation in 

space and time is fundamentally important to both climatological and hydrological 

applications. For instance: 

• Monitoring SWE patterns in central North America is essential for hydrological 

forecasting and management. especially during the spring mdt period. An 

understanding of atmospheric mechanisms that contribute to SWE accumulation and 
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ablation will. therefore. improve predictive understanding of the coupled snow -

atmosphere system. 

• A consequence of identifying the links between snow cover and atmospheric 

circulation is understanding how changes in the frequency of the dominant 

hemispheric circulation patterns. due to global climate change. ,viii impact regional 

SWE patterns. 

• As discussed previously. identification of the expected regional SWE and coincident 

troposph!!ric patterns can provide useful model assl!ssment and evaluation 

information to the numerical modelling community. 

9.2 Future Research Agenda 

Five themes can be pursued within future research endeavors. to impro\'c the utilization 

of passive microwave imagery in exploring associations between snow ;.;over ~ind 

atmospheric circulation: 

I. Increase the SWE rime series length. 

The passive microwave time series can be fully exploited through the use of Scanning 

Multichannel Microwave Radiometer (SMMR) data that can extend the time series back 

to 1978. but was not yet widely avai table in the EASE-Grid projection for this study. The 

imminent launch of a new generation passive microwave sensor onboard the NASA Aqua 

platform will ensure the continued utility of this technology for cryospheric monitoring. 

Attention must be given, however, to the impact of slightly different radiometric channels 

on SWE algorithm performance and time series continuity and consistency. 
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2. Increase seasonality of time series. 

This study focussed solely on the winter season. Incorporating the shoulder seasons of 

autumn and spring would not only increase the effective time series. but allow 

examination of climatologically significant variables such as date of initial snow 

accumulation, and date of complete snow ablation. Investigating these seasons with 

passive microwave data. however. will require additional effort to be given to the 

identification of problematic measurement intervals. Thin snow cover on warm ground 

(autumn) and wet. melting snow (spring) are two clear scenarios within which passive 

microwave SWE retrievals are notably error prone. 

3. Increase studv area dimensions. 

The results of this study are clearly limited by the small Prairie •audy area. [ncreasing the 

usable window of SWE imagery could more clearly illustrate the impacts of atmospheric 

circulation on regional snow cover and vice versa. Linkages between snow cover and 

low-frequency teleconnection indices will potentially be more clearly identifiable when a 

larger study area can be considered. Spatial oscillation in snow cover patterns - much 

like the ·seesaw· effect documented from Arctic sea ice concentration may also become 

evident if more extensive SWE imagery can be produced. 

Changes in the study area are dependent on improvements to SWE algorithms. to allow 

accurate SWE retrievals over a variety of land cover types. Recent research has led to a 

multi-algorithm approach to mapping SWE. with separate algorithms for different land 

cover classes resulting in one SWE map (Goita et al.. 1997). While this imagery is now 

released by MSC to the operational water resource management community. work is 

already underway to evaluate its utility for time series analysis. Results of an initial 
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evaluation using a distributed network of in situ measurements spanning an entire winter 

season are favourable (Derksen et al.. in press). 

4. Integrate afonn of trend analysis for gridded atmospheric fields. 

The results of this. and other studies, has illustrated the importance of atmospheric ridge 

location in controlling the occurrence and location of snow melt events in central North 

America. Future research questions. therefore. include: is there a trend in the frequency of 

ridge versus trough atmospheric patterns over North America during the passive 

microwave data record'? Are there trends in North American ridge location'? Can these 

trends be linked to the frequency of occurrence of given SWE patt\!ms'! Can geophysical 

phenomena with global implications (for example. strong El Nino/Southern Oscillation 

events: the 1992 Mount Pinatubo eruption) be linked to linked to variability in SWE 

patterns'? 

5. Integrate time lags. 

As discussed earlier in the Chapter. there is a conceptual four-step process when linking 

surface and atmospheric variables. The final phase - identifying forcing relationships 

through time lagged analysis was not the focus of this study. Addressing this issue. 

however. would further clarify the process relationships identified in this study. 
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This study has illustrated. through time series analysis of synoptically sensitive surface 

and atmospheric datasets. the fundamental linkages between central North American 

snow cover and atmospheric circulation. The passive microwave imagery utilized in this 

study is indispensable in the study of spatially and temporally dynamic variables such as 

SWE. The results of this study provide a foundation for linking patterns of central North 

American snow cover distribution with synoptic-scale atmospheric ~irculation. 

Identifying the specific atmospheric patterns which coincide consistently with a given 

snow cover pattern has important implications for both climatological and hydrological 

forecasting in the region. We are now moving towards the ability to predict 

systematically. the impact of change and variability in atmospheric circulation on Prairie 

snow distribution. and hence. a significant freshwater resource to the region. 
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