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ABSTRACT 

The information from the Canadian Regional Climate Model (CRCM) can be applied to 
improve prediction of Prairie drought in order to reduce its devastating environmental, 
societal, and economical effects. One can, for example, use the CRCM to investigate the 
importance of certain feedbacks in maintaining the drought. A necessary step before 
using the CRCM for such purposes is to establish how well the model reproduces 
observed features of the drought. In this study, satellite and surface station data from the 
recent and severe Canadian Prairie drought of 1999-2004 are used to compare with the 
model output. The absolute data fields examined include precipitation, cloud properties, 
and top-of-atmosphere albedo. Cloud amount-Standardized Precipitation Index (SPI) 
correlations, and top-of-atmosphere albedo-SPI correlations are also compared. Overall, 
the CRCM performs well in the areas examined and gives confidence in its usefulness as 
a tool to understanding Prairie drought. 
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RÉSUMÉ  

Les informations du modèle régional canadien du climat (MRCC) peuvent être utilisées 
pour améliorer la prédiction de la sécheresse dans la Prairie afin de réduire ses effets 
environnementaux, sociétaux et économiques dévastateurs. Il est possible, par exemple, 
d'utiliser le MRCC pour déterminer l'importance de certains effets de rétroaction sur la 
maintenance de la sécheresse. Une étape préliminaire nécessaire a l'usage du MRCC a de 
telles fins est déterminer l'efficaté avec laquelle la modèle reproduit les caractéristiques 
observées de la sécheresse Dans cette étude, des données satellites et de stations au sol de 
la sécheresse récente et sévère la Prairie Canadienne de 1999-2004 sont utilisées et 
comparées aux données de sortie du modèle. Les champs de données étudies incluent la 
précipitation, les propriétés des nuages et l'albédo du sommet de l'atmosphère. La 
corrélation entre la quantité de nuage et l'indice standardisé de précipitation (ISP) et la 
corrélation entre l'albedo du sommet de l'atmosphère et l'ISP sont aussi comparées. 
Globalement, le MRCC obtient de bon résultats dans les domaines étudies et donne 
confiance en son utilité comme outil dans la compréhension de la sécheresse de la Prairie. 
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CHAPTER 1 – INTRODUCTION 

1.1 Background 

1.1.1 Drought 

One of the few similarities that droughts share with other natural hazards such as 

earthquakes and floods is that it is a normal phenomenon with inevitable recurrence 

(Wilhite, 1993). On the other hand, drought is the most complex and the least understood 

of all natural hazards (Wilhite, 1993). It can be widespread and last for a long period of 

time, without a defined onset and cessation (Wilhite, 1993). To make matters worse, the 

consequences of drought can often accumulate slowly over time, appear delayed, and 

may persist for years after the event has ended (Tannehill, 1947). Thus, impacts are 

typically less obvious than other natural disasters and can be spread over a larger 

geographical area (Wilhite, 1993). In some cases, a relatively small drought in space and 

time may cause such subdued impacts that it is not considered to be a drought unless 

anthropogenic activities are affected (Maybank et al., 1995). This alludes to another 

difference between drought and other natural disasters: the impacts felt upon society vary 

with economic vulnerability. While death is rarely a consequence of drought in the 

developed world, many casualties may occur in a developing country that has been 

subjected to sustained drought. Deaths due to drought also differ from other natural 

disasters in that they are not typically as direct and immediate (Maybank et al., 1995). 

Regardless of location, major impacts can affect various sectors such as agriculture, 

forestry, industry, municipalities, recreation, human health and society, and aquatic 

ecosystems (Bonsal and Regier, 2007). Consequently, drought tends to affect more 

people than any other hazard (Wilhite, 1993) and affect so many economic activities that 

they are considered among Canada’s costliest natural disasters (Bonsal, 2008).  

The challenge of defining and measuring droughts 
The severity of impacts due to drought often depends on the timing and 

sequencing of dry periods (Bonsal, 2008). For example, shortages of water and soil 

moisture at a critical time for crop growth may initiate drought to a farmer, but 

hydropower generations would not experience the drought if reservoirs have adequate 

supplies (Bonsal, 2008). This raises a good question: what is drought? The American 
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Meteorological Society (AMS) Glossary (2000) defines drought as a period of 

abnormally dry weather sufficiently long enough to cause a serious hydrological 

imbalance. However, there is no precise and universal definition of drought, adding to the 

confusion about when a drought may be considered to exist and, if it does, its degree of 

severity (Wilhite, 1993). This point also reveals yet another difference between droughts 

and other natural hazards.  

Despite the common misconception, drought occurs in essentially all climate 

classifications, from humid to arid regions with varying factors such as duration, size, and 

intensity (Wilhite, 1993). Thus, not only will different locations affected by drought have 

different environments, but they will also have varying economic systems, societal needs 

and perspectives, and adaptation capabilities (Wilhite, 1993). This is important to note 

because while drought is typically understood as a period of abnormally low 

precipitation, ultimately a more meaningful definition of drought will vary from one 

region to another based on these mentioned differences as well as the diverse disciplinary 

perspectives, such as physical, biological, and/or socioeconomic factors of those who are 

studying, managing, or experiencing drought (Wilhite, 1993).  

Since a simple, all-encompassing definition of drought that is applicable to all 

stakeholder groups does not exist and is clearly an unrealistic expectation, a myriad of 

definitions have been developed (Wilhite, 1993). These definitions of drought can be 

grouped into four fundamental categories as follows: meteorological, hydrological, 

agricultural, and socioeconomic (Wilhite and Glantz, 1985). Before these distinct types of 

drought are described, it should be noted that this does not imply that they occur 

independently of each other. Most often, one drought type follow from another, usually 

beginning with meteorological drought, which results from precipitation deficiencies 

based on what is normally expected for a given region. Agricultural droughts occur 

when a deficient water supply fails to meet agricultural demand. For example, 

precipitation shortages (meteorological drought) can result in soil water deficits, 

preventing crops from meeting their potential transpiration, thus causing adverse crop 

responses (agricultural drought). Hydrological droughts occur when a prolonged period 

of below-normal precipitation causes deficiencies in surface or subsurface water supply 

(i.e., stream flow, lake and reservoir levels, groundwater). Socioeconomic droughts are a 
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result of water shortages causing a reduction in the supply of goods that depend on water, 

thereby negatively impacting regular societal activities.  

Drought indices are essential in providing a simple and scientific assessment of 

drought conditions for policy and decision-makers in order to prepare for and reduce any 

potential impacts that drought may induce. However, given the multitude of definitions of 

drought, one universal drought indicator to satisfy every need and interest is clearly 

unrealistic. Thus, numerous drought indices have been developed. They range from 

simple approaches using only precipitation, to more complex indices that incorporate 

such factors as precipitation, evapotranspiration, soil moisture, and runoff in a water 

budget approach (Wheaton, 2000). While one of the advantages of using drought indices 

is the ability to conduct standardized and quantitative comparisons of droughts from 

different regions and eras (Dai et al., 1998; Nkimderim and Weber, 1999), complex 

indices may require data that are unavailable or unreliable in the time and space of 

interest. Thus, it is advantageous to utilize a measure of drought that is readily understood 

and can be used without requiring extensive knowledge of the data and science behind 

the calculation (Quiring and Papakyriakou, 2003).  

One of the most commonly used drought indices is the Standardized Precipitation 

Index (SPI), which was designed to be relatively simple and based solely on precipitation 

(McKee et al., 1993). This index interprets observed precipitation in the context of a 

precipitation probability distribution and computes a standard departure from the 

historical conditions across various timescales (Quiring and Papakyriakou, 2003). 

Another widely utilized index is the Palmer Drought Severity Index (PDSI), which is 

based on the hydrological balance by which excesses or deficiencies in moisture are 

determined in relation to average climatic values (Palmer, 1965). Values taken into 

account in the calculation of the index include precipitation, potential and actual 

evapotranspiration, infiltration of water into a given soil zone, and runoff (Palmer, 1965).  

1.1.2 The Canadian Prairies 

Prairies are herb-rich grasslands, the height of which is determined by rainfall; the 

wetter the area, the taller the prairie. In Canada, the prairies are stretched throughout 

western Canada along the southern areas of the Prairie Provinces of Alberta, 

Saskatchewan, and Manitoba. As evident from the topographic map in Figure 1.1, the 
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elevation of the Prairies lowers from the western side, in Alberta where the foothills of 

the Canadian Rocky Mountains are located, to the east towards Manitoba and the 

Canadian Shield.  

 
Figure 1.1: Map of Canada showing topographic relief (Natural Resources Canada, 2007). 

Because of its location east of the Rocky Mountains, the Prairies receive little 

precipitation and can be semi-arid in some areas. Palliser’s Triangle (Figure 1.2) 

describes the semiarid geographic area in western Canada that upon discovery, was 

determined to be unsuitable for agriculture because of its unfavourable climate and soil. 

The triangular-shaped area is located mostly in southern Alberta and Saskatchewan. The 

eastern section of the Canadian prairies in Manitoba has more available moisture, as is 

evident by the several large lakes and rivers. The middle sections of Alberta and 

Saskatchewan are also wetter than the south and have better farmland, despite having a 

shorter frost-free season. Further north, the area is dominated by boreal forest, as it 

becomes too cold for most agriculture.  
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Figure 1.2: Location of the Palliser Triangle region relative to the Prairie Provinces. The driest area is 
located in southeastern Alberta and southwestern Saskatchewan (Einstein, 2005).  

The prairies are productive agricultural lands and are commonly referred to as 

“Canada's breadbasket”, with more than 80% of the land being occupied by crops and 

ranges for livestock. It is the dominant economic driver of the area, as well as an 

important factor in Canadian foreign trade. In fact, the Canadian Wheat Board (2009) is 

one of the world's largest grain trading companies, with annual sales revenues averaging 

approximately from $4- to $5- billion and marketing to over 70 countries worldwide. 

Primary industries include wheat, barley, canola, brassica, and oats, as well as cattle and 

sheep ranching. Secondary industries derived from the natural resources such as tar sands 

(Fort McMurray, Alberta) and other forms of oil production, which also rely heavily on 

the water supply, have allowed some regions of the Prairies to experience rapid growth 

since the mid-20th century. Alberta has seen a record increase in population, second only 

to Ontario, and Manitoba has experienced record immigration levels. More recently, the 

success of Saskatchewan’s potash industry has created a high demand for labour, 

increasing the potential for a population spike in the near future. 

1.1.3 A climatological overview of Canadian droughts 

Droughts occur in all regions of Canada; however, their impacts are felt greatest 

in regions especially vulnerable to dry conditions, such as the Canadian Prairies (Bonsal 

and Regier, 2007). In fact, most of the time, some type of drought is occurring 
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somewhere in the Prairies (O’Brien, 1994). Palliser’s Triangle and the interior of British 

Columbia are especially susceptible to drought because the precipitation they receive is 

highly variable in both time and space (Bonsal, 2008). Their vulnerability is increased by 

two additional factors: first, normal annual precipitation amounts received are so 

marginal that they only just meet the demand of activities reliant upon the water supply 

and second, the Prairies also rely on precipitation for irrigation, as this area is very 

agriculture-intensive (Bonsal et al., 1999). Thus, any precipitation shortage will reduce 

agricultural productivity. The physiography and added vulnerability makes drought in the 

Prairie Provinces usually longer in duration, more frequent and intense, and affect larger 

areas than in other Canadian regions (Wheaton et al., 2005).  

Past drought 
Very dry conditions are a common and recurring theme for the Canadian Prairies. 

In fact, Quiring and Papakyriakou (2005) found that the notoriously dry Palliser’s 

Triangle, on average, experiences drought in one out of every six years. Furthermore, 

observational weather records kept since the 1880s have revealed that major Prairie 

droughts were experienced in the 1890s, 1910s, 1930s, 1960s, 1980s, and 2000s 

(Chipanshi et al., 2006); while the worst 20th century agricultural droughts were in 1936-

1937, 1961, 1884-1985, and 1988 (O’Brien, 1994). Environmental records derived from 

lake cores and tree ring analyses suggest that drought conditions in the present century 

lack the persistence and severity of the dry spells occurring in the last millennium 

(Sauchyn and Skinner, 2001). Clusters of droughts were determined to have occurred in 

the 1690s, 1720s, 1750s-1760s, 1790-1800s, 1820s, and 1850s-1860s (Sauchyn and 

Skinner, 2001). If droughts of this intensity were to occur today, the prairies would be at 

a large risk of desertification, burdening the agricultural industry with unrecoverable 

losses.   

The recent drought of 1999-2004 
Recently, the Canadian Prairies experienced a multi-year drought that brought 

conditions unseen for at least a century in some regions (Wheaton et al., 2005). Well 

below normal precipitation was reported in parts of Alberta and Saskatchewan for 

consecutive seasons for more than four years, extending from autumn 1999 to the spring 

of 2004 (Wheaton et al., 2005). This episode was particularly rare due to its long 
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duration, massive spatial extent, and harsh severity (Wheaton et al., 2008). In fact, “the 

droughts were so widespread that it may have brought the first coast-to-coast droughts on 

record” (Wheaton et al., 2005). Even areas that are less accustomed to dealing with 

droughts were struck, such as Eastern Canada and the northern agricultural prairies 

(Wheaton et al., 2005). The droughts were concentrated, however, in the West, with 

Saskatchewan and Alberta the most severely effected provinces overall (Wheaton et al., 

2005).  

Embedded in the four year dry spell were the exceptional droughts of 2001 and 

2002, which easily rank among the major droughts of North America for the period of 

record. They were so widespread and severe that every province in Canada experienced 

dry spells in one or both years, with many weather stations reporting record or near-

record droughts (Wheaton et al., 2005). Thus, a wide range of sectors were affected, 

ultimately affecting the entire Canadian economy. Impacts included almost complete 

agricultural crop production losses, land and pasture degradation, reduced or non-existent 

stream flows, decreased hydro-electric production, and significant increases in forest 

fires, reducing Canada’s Gross Domestic Product by approximately $5.8 billion for 2001 

and 2002 (Wheaton et al., 2005). Long-lasting impacts included soil and other damage by 

wind erosion, deterioration of grasslands, and herd reductions (Wheaton et al., 2005).  

Future droughts 
Being that drought is a normal part of the Canadian climate, the risk of droughts 

will inevitably continue in the future, especially in the Prairies (Wheaton et al., 2005). In 

fact, all global climate models (GCMs) are currently projecting an increased risk of 

severe droughts for the 21st century (Bonsal, 2008). This is a result of a combination of 

increased temperature due to increased amounts of greenhouse gases, and thus increased 

evapotranspiration, both not being balanced by precipitation (Meehl and Stocker, 2007). 

Also, society's increasing demand for water will increase the stress on the water system in 

times of severe shortage that occur during periods of drought (Wheaton et al., 2005). This 

increased risk of drought suggests that much attention should be drawn towards 

monitoring, assessment, and adaptation activities (Wheaton et al., 2005).  
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1.1.4 The role of models 

Regional climate models (RCMs) have become one of the most popular tools to 

research the impacts of various climate characteristics on local settings (Jiao and Caya, 

2006). Many extreme events such as ice storms, flooding, and droughts are more 

accurately simulated in these higher resolution modeling systems, as they are able to 

provide valuable fine-scale information, especially in regions where the climate variables 

are strongly influenced by the underlying topography and the surface heterogeneity (e.g., 

Giorgi 1990; Jones et al. 1995; Laprise et al. 1998; Houghton et al. 2001). 

One of the most important benefits of doing a model evaluation for a drought 

period is to enhance the understanding regarding feedback scenarios. Before this can be 

done, the model must be evaluated to determine if it can simulate similar relationships as 

those observed. This can provide confidence that the model works well enough to draw 

conclusions from them. Once the confidence is established, feedback scenarios can be 

tested to determine the significance of the feedback and where feedbacks may break 

down or become further enhanced.  

In the study of drought, an example of an interesting feedback loop is the cloud-

precipitation relationship. It is hypothesized that a decrease in precipitation will reduce 

soil moisture, reducing evapotranspiration and thus increasing ambient and dew point 

temperatures. These consequences are also associated with higher lifting condensation 

levels and a reduction in the amount of cloud cover, which act to further reduce 

precipitation and thereby prolong the initial drought.  

There are many other means of potentially reducing precipitation: changes in 

large-scale circulation patterns, storm track alteration, reduced and altered types of 

clouds, aerosol effects, high cloud bases and large sub-cloud precipitation loss, the 

drying-up of many ponds and sloughs, altered surface evaporation, etc. By rerunning the 

RCM with variations of each of these factors, the many questions associated with them 

can be investigated: How do these factors act to reduce precipitation? What is the 

importance of clouds? What was the impact of sub-surface moisture decreases? Did the 

altered land surface and agricultural crops act to enhance or reduce the drought?  

The Canadian Regional Climate Model (CRCM) developed by Caya and Laprise 

(1999) is one of the tools that can help drought scientists to better understand the physical 

 8



characteristics of and processes influencing Canadian Prairie droughts. The CRCM can 

help improve the understanding of processes and feedbacks governing the formation, 

evolution, cessation, and structure of the drought. It can also help to assess and contribute 

to reducing uncertainties in the prediction of drought. This will ultimately contribute to 

their better prediction and to improved societal preparation.  

1.2 Objectives and Strategy 

The main objective of this study is to determine how well the Canadian Regional 

Climate Model (CRCM) is able to reproduce absolute data fields and correlations with 

those determined from observational data. This will be realized through three specific 

tasks stated as follows: 

1. Compare the absolute data fields of the model data to the observational data. Data 

fields include accumulated precipitation, cloud cover, cloud cover by layer, and 

top-of-atmosphere (TOA) albedo.  

2. By employing the Standardized Precipitation Index (SPI), use model data to 

characterize the recent drought in terms of drought frequency and consecutive 

drought months. Compare outcome with observational results from Greene 

(2008). 

3. Compare correlations of the model and observational output between the 

occurrence and features of clouds and TOA albedo to the varying degrees of 

drought severity.  

The remaining content of this thesis is outlined as follows. Chapter 2 describes the 

datasets used as well as the methodology applied in order to obtain the SPI for this study. 

Chapter 3 focuses on the concept of meteorological drought in two ways. First, the 

modeled precipitation data are examined temporally and spatially with respect to the 

observations. Second, the CRCM data are used to calculate the SPI in order to determine 

the locations within the Prairie Provinces that most frequently experience drought and 

those locations that experienced the highest number of consecutive drought months. 

These locations are then compared to the results of a similar study done (Greene, 2008) 

that uses observational data as described in Chapter 2. Chapter 4 is based on comparing 

the results from the CRCM data with the observational data regarding cloud 

characteristics. These properties are examined as absolute fields as well as in dry versus 
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wet periods of the Prairie Provinces on a large scale. Seven case study regions found 

within the Canadian Prairies are used to compare the cloud cover on a smaller scale 

between the model scenarios, the satellite observations as analyzed by Greene (2008), 

and surface station data. The seven case study regions are briefly described in Chapter 2. 

In Chapter 5, the results regarding the TOA albedo and TOA albedo anomalies are 

compared between the observations and model output. Absolute fields as well as 

relationships in dry versus wet periods of the Prairie Provinces on a large scale are 

examined. Chapter 6 includes a summary of key outcomes of this study, the limitations of 

this study, suggestions for possible future work, and concluding remarks. 
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CHAPTER 2 – DATA AND THE DERIVED DROUGHT INDEX 

2.1 Datasets 

This study utilizes various datasets including output data from the Canadian 

Regional Climate Model (CRCM) (section 2.1.1), gridded surface observations from 

CANGRID (section 2.1.2), satellite data from the Surface Radiation Budget Project 

(SRB) (section 2.1.3) and meteorological surface station data (section 2.1.4).  

This study focuses specifically on the Canadian Prairie Provinces, so the study 

area consists of a 1o x 1o square grid from 49o to 60oN and 240o to 265oE. Individual grid 

cells in this study are hereon referred to as grid points. Figure 2.1 denotes this area in red. 

Four sections within the study area were created to determine if differences between the 

model and observations varied with topography (‘Rockies’: 49o-56oN, 240o -247oE) or 

areas with a low density of CANGRID stations (‘North’: 56o-60oN, 240o -265oE). The 

rest of the study area is split in half (‘West’: 49o-56oN, 247o-256oE; ‘East’: 49o-56oN, 

256o-265oE).  

 
Figure 2.1: The study area consists of 275 1ox1o grid points, from 49o to 60oN and 240o to 265oE.  The total 
study area is also split into four sections for further analyses and include the ‘Rockies’ (49o-56oN, 240o -
247oE), the ‘North’ (56o-60oN, 240o -265oE), the ‘West’ (49o-56oN, 247o-256oE) and the ‘East’ (49o-56oN, 
256o-265oE). Blue grid points indicate where the seven smaller-scale study regions are located. From left to 
right: Grande Prairie, Alberta; Edmonton, Alberta; Medicine Hat, Alberta; Prince Albert, Saskatchewan; 
Estevan, Saskatchewan; The Pas, Manitoba; and Brandon, Manitoba. 

 11



2.1.1 Canadian Regional Climate Model (CRCM) 

The CRCM was developed at the University of Quebec at Montreal (UQAM) by 

the Canadian Regional Climate Modeling and Diagnostics Network (CRCMD). It was 

accessed through the Data Access Integration (DAI) gateway, made possible through 

collaborations among the Global Environmental and Climate Change Centre (GEC3), 

Ouranos Consortium on regional climate change and impacts, the Adaptation and Impacts 

Research Division (AIRD) of Environment Canada, and the Drought Research Initiative 

(DRI). It is a high resolution model, with the distance between each horizontal grid point 

smaller than 45km and a time step of 15 minutes. The CRCM consists of three main 

components: the dynamical core, its physical parameterization package, and a series of 

driving and diagnostics scripts called the diagnostic system (Laprise et al., 1998).  

The dynamical core originates from the Cooperative Centre for Research in 

Mesometeorology’s Mesoscale Compressible Community (CCRM-MC2) non-hydrostatic 

model (Laprise et al., 1997). It is based on the perfectly elastic, non-hydrostatic Euler 

equations solved with semi-implicit and semi-Lagrangian numerical algorithms (Laprise 

et al., 1997). This numerical formulation gives the CRCM a few advantages over other 

models. Firstly, making use of the Euler equations allows the CRCM to be operated on 

all spatial scales (Caya et al., 1995). Secondly, the high efficiency of the algorithms 

permits the use of time steps nearly ten times longer than traditional (Eulerian explicit) 

schemes (Caya et al., 1995). Finally, the numerical formulation of the CRCM allows it to 

be more efficient than other RCMs by a factor of five (Laprise et al. 1998, Caya and 

Laprise, 1999). Details of the numerical formulation of the CRCM can be found in Caya 

et al. (1995) and in Caya and Laprise (1999).  

The dynamical core is coupled to the complete subgrid-scale physical processes 

parameterization package of the Canadian Centre for Climate modeling and analysis 

(CCCma) second generation Global Climate Model (GCMII) (McFarlane et al., 1992). 

Thus, the physical parameterizations of the CRCM are the same as that of the GCMII 

(Laprise et al., 1998) and include the following processes: vertical turbulent fluxes of 

momentum, mountain-wave drag, radiation absorption and emission (solar and terrestrial) 

by the atmosphere and by the surface, release (absorption) or latent heat when 

condensation (evaporation) occurs, precipitation, convection, variation of the surface 
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albedo, cloud cover, surface energy budget, soil moisture regime, vegetation, and soil 

characteristics (Caya et al., 1995). 

When using the CRCM, it is necessary to specify the geographical coordinates of 

the grid and the model makes the subsequent adjustments. Boundary conditions and 

initial conditions are taken from GCMII archived data and are then used to drive the 

CRCM located over the isolated area, which can be any area of the globe (Caya et al., 

1995). The GCMII drives such variables as the wind components, temperature, pressure, 

and water vapour fields (Caya et al., 1995). Over a distance of ten grid points from the 

lateral boundaries, the variables of the regional model are gradually blended with the 

information received from the driving model (Caya et al., 1995). Throughout the rest of 

the grid, the CRCM can simulate its ‘own’ climate. Since the nesting procedure is one-

way, the GCMII will influence the CRCM, but the CRCM will not influence the GCMII 

(Caya et al., 1995).  

This study uses the CRCM output of version 4.1.1, experiment designated ‘ade’, 

which is driven by NCEP global atmospheric reanalysis data and Atmospheric Model 

Intercomparison Project (AMIP) sea surface temperatures used at a 2.5 o x 2.5 o global 

latitude/longitude resolution every six hours. It has a North American domain (AMNO), 

with a resolution of 45 km true at 60oN and 29 vertical levels. While the model is capable 

of producing a spatial resolution as low as 0.4o x 0.4o, a resolution of 1o x 1o is used in 

this study in order to match the spatial resolution of the satellite data that is also used. 

This study analyzes a number of different variables including precipitation 

(Chapter 3), amount of total cloud cover (Chapter 4), amount of cloud cover by vertical 

layer (Chapter 4), and top-of-atmosphere (TOA) albedo (Chapter 5). The precipitation 

data was taken from the earliest possible date of January 1961 to December 2004. They 

were used to formulate the SPI, which will be discussed in section 2.2. The other 

variables are taken from January 1984 to December 2004 in order to correspond with the 

satellite data. The CRCM time series data have been generated and supplied by Ouranos’ 

Climate Simulations Team. 

It should be noted that after obtaining the CRCM output, a potential problem with 

the data was discovered. The AMIP data that were used to drive this experiment are in 

error from August 2002 and beyond and no problems are found prior to that month. It is 
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difficult to evaluate the impact of this problem to the results of the simulations, but it is 

important that all the users be aware of this potential problem.  

2.1.2 CANGRID 

CANGRID is a gridded, monthly climate dataset of precipitation and temperature 

that was developed by the Meteorological Service of Canada (Seglenieks and Soulis, 

2000). This study utilizes the precipitation dataset, which is based on the data from 496 

surface stations across Canada (Figure 2.2).  Precipitation measurements have been 

adjusted by Mekis and Hogg (1999) for such measurement errors as differing wind catch, 

wetting loss, evaporation, and snow density characteristics. Datasets were originally 

produced on polar stereographic grids with a horizontal resolutions of 50km true at 60oN 

(Seglenieks and Soulis, 2000) and had to be regridded for this study so as to have a 1o x 

1o resolution in order to match the spatial resolution of the satellite data used in this 

study.  

As noted from Figure 2.2 above, station data becomes sparse with increasing 

latitude. Thus, the quality of the data in these higher latitude regions may be relatively 

reduced since CANGRID interpolates data from the nearest stations. This is the reasoning 

behind segregating the study region north of 56oN in the smaller scale analyses (Figure 

2.1). However, CANGRID remains the best known gridded dataset for precipitation in 

Canada.  

CANGRID datasets currently begin in January 1950 and end December 2004, but 

this study utilizes a range from January 1961 to December 2004 in order to correspond 

with the period of the CRCM output. The CANGRID precipitation dataset is used in this 

study to formulate the SPI, which is discussed in section 2.2.  

 14



 
Figure 2.2: Temperature and precipitation station locations used in the CANGRID dataset. Stations 
reporting precipitation data are indicated by an ‘O’ and stations reporting temperature data are indicated 
with an ‘X’ (Mekis and Vincent, 2000). 

2.1.3 Surface Radiation Budget Project (SRB) 

The Surface Radiation Budget Project (SRB) at the National Aeronautics and 

Space Administration (NASA) is a component of the Global Energy and Water Cycle 

Experiment (GEWEX), a program initiated by the World Climate Research Programme 

(WCRP) (NASA, 2008). SRB was created in order to produce and archive a record of 

global gridded datasets for surface and top of atmosphere radiative (shortwave and 

longwave) fluxes and components (NASA, 2008).  

There are three primary inputs to the SRB project parameterized radiation models: 

Cloud and radiative properties derived from the International Satellite Cloud Climatology 

Project (ISCCP) products; meteorological data inferred from the NASA Global Modeling 

and Assimilation Office (GMAO) reanalysis products; and ozone measurements 

constituted from Total Ozone Mapping Spectrometer (TOMS) and Television Infrared 
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Observation Satellite (TIROS) Operational Vertical Sounder (TOVS) archives, and 

Stratospheric Monitoring-group's Ozone Blended Analysis (SMOBA), an assimilation 

product from the National Oceanic and Atmospheric Administration’s (NOAA) Climate 

Prediction Center (NASA, 2009). 

The SRB project consists of three datasets: one for cloud properties, one for 

shortwave radiation characteristics and another for longwave radiation characteristics. 

Each dataset contains global 3-hourly, daily, monthly/3-hourly, and monthly averages of 

each parameter on a 1°x1° horizontal resolution (NASA, 2009). They span the period 

from July 1983 through June 2007, as dictated by the availability of ISCCP data (NASA, 

2008). This study will utilize data from January 1984 to December 2004 since the 

CANGRID data were available to 2004, although a minimum of 30 years would be ideal 

for a climatological record. These data were obtained from the NASA Langley Research 

Center Atmospheric Sciences Data Center NASA/GEWEX SRB Project.  

The specific SRB datasets used in this study include the GEWEX Longwave 

Cloud Properties release 2.5 and the GEWEX Shortwave Monthly Radiation release 3.0. 

Of the 47 parameters available on the release 2.5 dataset, this study examined the 3-

hourly data on mean cloud amount (chapter 4); as well as the low, middle, and high cloud 

amounts (chapter 4). The top of atmosphere radiative fluxes (chapter 5) were examined 

from the release 3.0 dataset, which has a total of 11 parameters.  

2.1.4 Surface Stations 

The surface station data were retrieved from the General Meteorology PAcKage 

(GEMPAK) developed by the National Centers for Environmental Prediction (NCEP). It 

is an analysis, display, and product generation package for meteorological data.  

This study utilizes cloud cover data for seven stations across the study region, 

avoiding the Rockies to avoid any issues that may arise due to topography. These stations 

are marked on Figure 2.1 and include: Grande Prairie, Alberta; Edmonton, Alberta; 

Medicine Hat, Alberta; Prince Albert, Saskatchewan; Estevan, Saskatchewan; The Pas, 

Manitoba; and Brandon, Manitoba. Each station was examined for all twelve months for 

one year between the years of 1984 and 1996 in order to correspond with the overlapping 

dates between the satellite data (1984 to 2004) and a cloud climatology (1971 to 1996) by 

Hahn and Warren (2003) (in case further comparisons or data verification would be 
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sought). Each station is analyzed for a different year. Table 2.1 is displayed below, listing 

the stations used and the corresponding years of analysis. 

Table 2.1: Surface station locations and their corresponding year of study. 
Station Location Coordinates Year Analyzed 

Grande Prairie, Alberta 55.2oN, 241.1oE 1985 
Edmonton, Alberta 53.3oN, 246.4oE 1987 
Medicine Hat, Alberta 50.0oN, 249.3oE 1989 
Prince Albert, Saskatchewan 53.2oN, 254.3oE 1990 
Estevan, Saskatchewan 49.1oN, 257.0oE 1993 
The Pas, Manitoba 54.0oN, 258.9oE 1988 
Brandon, Manitoba 49.9oN, 260.1oE 1994 

2.2 Standardized Precipitation Index (SPI) 

 This study compares the drought frequency as well as the number of consecutive 

drought months during the recent drought of 1999 to 2004, as determined using 

CANGRID precipitation data by Greene (2008) with the output of the CRCM. These 

features are determined by employing a derived drought index called the Standardized 

Precipitation Index (SPI), which is described here. 

Since the study of Greene (2008) was concerned with linking drought and clouds, 

a gridded drought index was necessary in order to determine where, when and to what 

severity an area was dry. The SPI was chosen as a suitable indicator of the monthly 

moisture conditions for its simplicity and practicality: it only depends on precipitation, 

which is directly related to clouds. Additional positive traits of the SPI are listed as 

follows: 

o Precipitation is widely measured across the globe, allowing for the SPI to be 

widely used.   

o The user can compute the SPI for any desired time scale (e.g., three months 

for the life cycle of a crop, or several years for water shortages). 

o It can be used to monitor wet as well as dry periods. 

o The SPI is applicable to all climates. 

o Its probabilistic nature allows for its use in risk and decision analyses. 

The SPI was developed by McKee et al. (1993) in order to give a better 

representation of abnormal wetness and dryness than the Palmer indices, which was one 
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of the more widely used drought indices at the time. The success of the SPI has been 

noted in many comparison studies such as Guttman (1998), Szalai and Szinell (2000), 

Lloyd-Hughes and Saunders (2002), Lana et al. (2001), and Keyantash and Dracup 

(2002). In addition, the National Drought Mitigation Center (NDMC) is aware of 

approximately 60 countries using the SPI for drought monitoring and research (NDMC, 

2004) and advocates its use over the traditional PDSI (Redmond, 2000). Refer to Alley 

(1984), Heddinghaus and Sabol (1991), Karl (1983; 1986), Guttman (1991), and Guttman 

et al. (1992) for discussions of the characteristics, advantages, and disadvantages of the 

Palmer indices. 

The first step in calculating the SPI is to obtain precipitation data for the desired 

location and period. Guttman (1999) recommends at least 50 years of data for drought 

periods of one year or less and more for multiyear droughts for greater confidence in the 

stability of the underlying statistics. Using only precipitation for the drought index is 

justifiable since precipitation deficits over varying periods of time impact groundwater, 

reservoir storage, soil moisture, snowpack, and other drought indicators (Wu et al., 2005). 

The second step is to fit the long term precipitation record to the appropriate probability 

distribution. The effect on SPI values computed using different probability functions has 

been discussed in Guttman (1999). In the case of Greene (2008), the function of choice 

was a gamma distribution since it is skewed to the right with a lower bound of zero, 

resembling that of the precipitation distribution in the Canadian Prairies (Edwards and 

McKee, 1997). The third and final step is to compute the cumulative probability of a 

given precipitation event, which in this case becomes an incomplete gamma function so 

that the mean SPI for the location and desired period is zero (Edwards and McKee, 

1997). This calculation is described in detail in Edwards and McKee (1997) and Greene 

(2008). 

These steps result in positive SPI values that indicate greater than median 

precipitation and negative values that indicate less than median precipitation. These 

values are used to define drought intensities and are categorized accordingly. Typical SPI 

categories are expressed in Table 2.2 below. Theoretically, the SPI is unbounded, 

however, SPI values higher (lower) than 2.00 (-2.00) can be considered to represent 

extreme wet (dry) events (Guttman, 1999). For simplicity, Greene (2008) partitioned the 
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SPI values into five moisture categories (Table 2.3), which will be reproduced here for 

simple comparisons. 

Table 2.2: The SPI classification system (McKee et al., 1993). 
Drought Category SPI Values 

Extreme wet 2.0 and above 
Severe wet 1.5 to 1.99 
Moderate wet 1.0 to 1.49 
Near normal 0.99 to -0.99 
Moderate drought -1.00 to -1.49 
Severe drought -1.50 to -1.99 
Extreme drought -2.0 and less 

Table 2.3: The SPI classification system used in this study and the study of Greene (2008). 
Drought Category SPI Values 

Severe wet ≥ 1.5 
Mild wet 0.5 to < 1.5 
Normal > -0.5 to 0.5 
Mild dry > -1.5 to -0.5 
Severe dry ≤ -1.5 
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CHAPTER 3 – PRECIPITATION AND DROUGHT 
CHARACTERISTICS 

3.1 Precipitation 

One of the key steps in evaluating the usefulness of the Canadian Regional 

Climate Model (CRCM) in drought studies is to investigate its absolute fields. Since the 

focus of this study is concerned with meteorological drought, an obvious variable to 

examine is precipitation. In atmospheric models, precipitation is one of the most critical 

climate variables and end product for climate studies (Jiao and Caya, 2006). So how well 

does the modeled precipitation correspond with the observed precipitation? More 

specifically, does the model reproduce a lower amount of precipitation during observed 

drought periods?  

3.1.1 Methods 

In the precipitation analysis, the monthly average precipitation data from 

CANGRID is used to compare with the CRCM precipitation output. The original model 

output has been modified from its original form as total precipitation rate in millimeters 

per second, averaged over six hours, to the average accumulation per month in 

millimeters. Precipitation includes both liquid and solid (in water equivalent) forms.  

The total study area is split into four sections to investigate the differences 

between the CRCM and the observations as a function of location. The sections include 

an area for the Rockies (49-56oN, 240-247oE), an area north of 55oN that covers the 

entire longitudinal span of the total study area (56-60oN, 240-265oE), and the rest of the 

study area is split into two (49-56oN, 247-256oE and 49-56oN, 256-265oE). The Rockies 

are separated as one section for two reasons. One: models generally have a more difficult 

time over areas of terrain such as the Rockies, and two: the area of the Rockies has sparse 

station data coverage in comparison to the southern half of the Prairie Provinces. This has 

the potential to lead to inaccurate values of precipitation as CANGRID interpolates data 

from the nearest stations. The northern section of the total study area was also separated 

due to the lack of station data coverage.  

One method to evaluate the modeled precipitation over the Prairie Provinces is to 

compare the average monthly precipitation per year with CANGRID data. The monthly 
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average precipitation data from CRCM and CANGRID were both averaged over each 

year from 1961 to 2004, as the CRCM restricted the early dates and CANGRID restricted 

the more recent dates. Averaging was done over the entire study area (49o-59oN, 245o-

265oE) for the 12-month period and repeated for just the warm season of May to October 

as well as for only the cool season of November to April in order to examine if any 

seasonal biases in output exist. This is important later when clouds and radiation are 

examined using the Surface Radiation Budget project (SRB) satellite data, as May to 

September are the primary months of investigation due to the unreliable satellite results 

during months with snow cover. The outputs of these analyses are presented as line 

graphs, where one line represents CANGRID and the other represents the CRCM output.  

To address if the model reproduces a lower amount of precipitation during 

drought periods, the differences between the average monthly accumulation of 

precipitation for the 1961 to 2004 climatology and the September 1999 to 2004 drought 

period, as well as the climatology and 2001/2002 drought period, are compared and 

recorded in a table. This is also accomplished using the CANGRID data in order to 

provide a reference. The analysis includes comparisons over the 12-month period, warm 

season, and cool season, as well as over the whole study area and over the four separate 

smaller-scale regions (West, East, North, and Rockies) to investigate the differences by 

location. 

Another method used to evaluate the precipitation output of the CRCM is to 

examine the annual cycle of precipitation with the CANGRID data. The total 

precipitation for all 44 years from 1961 to 2004 was added up and divided by 44 in order 

to obtain an average monthly value of precipitation. The entire study area as well as the 

four separate regions are analyzed for the 12-month period, the warm months, and the 

cool months. The monthly averages were then plotted to obtain line graphs, showing the 

values for both CANGRID and the CRCM.  

3.1.2 Results and discussion 

Figure 3.1 displays the monthly average accumulated precipitation per year from 

1961 to 2004 over the Prairie Provinces utilizing the observational data of CANGRID 

and model output. For example, in 1961, the average accumulation of precipitation per 

month was 36 mm and 38 mm according to CANGRID and the CRCM, respectively. 

 21



Thus, in 1961, the CRCM over predicted the accumulation of precipitation by 

approximately 24 mm.  

When comparing the precipitation output between the two datasets, it is evident 

that both generally follow similar patterns and the magnitude of the average accumulated 

precipitation per year is often quite close. In fact, the monthly average precipitation 

between CANGRID and the CRCM, averaged over the Prairie Provinces for all 44 years 

(1961 to 2004) is 40.5 mm and 39.9 mm, respectively (Table 3.1). This is a difference of 

only 1.5%, implying that at smaller spatial and temporal scales, greater differences that 

are in close balance between under- and over-estimating may exist. The years of 1969, 

1970, and 1981 have the largest differences between the CRCM and CANGRID, with 

differences on the order of 4-6 mm, while the years of 1997, 1992, and 2002 are 

remarkably close, with differences less than 0.1 mm.  

These data were fitted using a least squares technique. Using the coefficient of 

determination (r2) and simple linear regression, the monthly average accumulated 

precipitation per year between the model and observations are found to be only weakly 

correlated, with an r2 value of 0.27. With the use of a two-sample t-test at a significance 

level of 5%, it was determined that the differences between the means from CANGRID 

and the CRCM are not significantly different from zero. It should be noted that the t-tests 

performed in this study may not be valid in all cases because the data is not exactly 

normal and the variances are not equal.  

 22



 
Figure 3.1: Monthly average accumulated precipitation per year (mm) from 1961 to 2004, averaged over 
the entire study area, using CANGRID data (blue) and the CRCM (red) data.  

Figure 3.2 indicates the monthly average accumulated precipitation per year from 

1961 to 2004 from CANGRID data and the CRCM output over the Prairie Provinces, 

using the months of May to October. These months do not experience significant periods 

with snow-covered surfaces, which is important later in the analysis of mean cloud 

amounts because satellite retrievals of cloud amounts can be erroneous when highly 

reflective snow is involved. In the summer months, the differences between the CRCM 

and CANGRID on a yearly basis have increased from the 12-month period differences. 

The years of 1975, 1969, 1988, 1990, 1970, and 1981 all have differences on the 

magnitude of 7 mm to 8.5 mm between datasets, which are the largest of the differences. 

In the monthly average precipitation over the Prairie Provinces for the 44 year period 

from 1961 to 2004, the CRCM produces an underestimate of precipitation by 1.0 mm, 

with a value of 52.4 mm versus 53.4 mm as reported by CANGRID (Table 3.1). This is 

another slight underestimate of the observations, by just 2%. Again, larger differences 

may exist on smaller spatial scales and for individual months.  

In this case, the regression of monthly average accumulated precipitation per year, 

using only the months of May to October, between the model and observations is 

stronger than that when using all twelve months per year. The relationship is still found to 

be only weakly correlated, though, with an r2 value of 0.40. With the use of a two-sample 
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t-test at a significance level of 5%, it was determined that the differences between the 

means from CANGRID and the CRCM are not significantly different from zero.  

 
Figure 3.2: Monthly average accumulated precipitation per year (mm) from 1961 to 2004, using only the 
warm months of May to October and averaged over the entire study area, using CANGRID data (blue) and 
the CRCM (red) data. 

Figure 3.3 displays the monthly average winter precipitation per year over the 44 

year period in the Prairie Provinces for the combined months of November to April using 

CANGRID and the CRCM. The years of 1981, 2003, 1963, and 1980 have the largest of 

the differences between datasets, which are on the order of 4-6 mm. Of the 44 years, the 

model only computes nine years where the monthly average winter precipitation is 

different from the observations by a magnitude of more than 3 mm, which is exactly half 

as often as the summer precipitation estimates. The rest of the years are modeled within 3 

mm of the observations. Overall, the CRCM now overestimates the monthly average 

precipitation by 2.5%, with a value of 28.2 mm versus CANGRID’s 27.5 mm (Table 3.1). 

The combination of the CRCM overestimating the mean winter precipitation (0.7 mm) 

and underestimating the mean precipitation in the summer months (1.0 mm) explains the 

remarkably close difference over the 12-month period (0.5 mm).  

Again, these data were fitted using a least squares technique, and using the 

coefficient of determination and simple linear regression, it was found that the monthly 

average accumulated precipitation per year, using only the months of November to April, 

between the model and observations is stronger than that when using all twelve months 
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per year and only the warm months. The relationship is still found to be only weakly 

correlated, though, with an r2 value of 0.46. With the use of a two-sample t-test at a 

significance level of 5%, it was determined that the differences between the means from 

CANGRID and the CRCM are not significantly different from zero. 

 
Figure 3.3: Monthly average accumulated precipitation per year (mm) from 1961 to 2004, using only the 
cool months of November to April and averaged over the entire study area, using CANGRID data (blue) 
and the CRCM (red) data. 

In order to investigate if the differences between the CRCM and the observations 

vary as a function of location, the monthly average precipitation between CANGRID and 

the CRCM, averaged over the 44-year climatology (1961 to 2004) for the 12-month 

period (Table 3.1a), the summer months (Table 3.1b), and the winter months of (Table 

3.1c) are reported for the Prairie Provinces as a whole, as well as for the four smaller-

scale sections of the West (49o-56oN, 247o-256oE), the East (49o-56oN, 256o-265oE), the 

North (56o-60oN, 240-265oE), and the Rockies (49o-56oN, 240o-247oE).  

The differences between the average monthly accumulated precipitation amounts 

in CANGRID and the CRCM for the smaller-scale study regions are generally under 

10%, with a few exceptions. In the summer months, the precipitation in the North is 

overestimated by 13%, while all other areas have underestimates less than 10%. In the 

winter months, there is a severe overestimation in the Rockies by 28% and a strong 

underestimation in the East by 18%. During the 12-month period and the winter months, 

the CRCM overestimates the average monthly accumulated precipitation in the North and 

Rockies while underestimating the West and East regions. This finding is significant 
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because while the precipitation in the Rockies and North offset the West and East, the 

data in these areas is much less reliable due to the lack of surface station coverage. This 

implies that the model generally underestimates precipitation by approximately 10% 

instead of the differences that are less than 3% as indicated by the means taken over the 

whole area.  

Two-sample t-tests, at a significance level of 5% were performed to test if the 

differences between the monthly precipitation means from CANGRID and the CRCM for 

each of the smaller-scale sections were significantly different from zero. Over the 12-

month period and the summer months, it was found that for each of the four regions, the 

differences between the means from CANGRID and the CRCM are significantly 

different from zero. During the winter months, the East revealed insignificant differences 

between the means, while the West, North, and Rockies have differences that are 

significantly different from zero. Given that the differences between the means from 

CANGRID and the CRCM, averaged over the entire study area as a whole, are not 

significantly different from zero, this suggests that the model is better suited for 

predictions on a large spatial scale. 

Do both CANGRID and the CRCM observe a meteorological drought during the 

drought period of September 1999 to December 2004? As an initial analysis, the 

difference between the average monthly precipitation during the recent drought period 

and the 44-year period for each small-scale region is determined (Table 3.1). As 

expected, CANGRID reveals that during the recent drought, the monthly average 

accumulation of precipitation was less than normal for each region examined. While true, 

the differences are quite small; usually less than 5%. Over the 12-month period, the 

smallest difference (1%) occurs in the East, while the largest difference occurs in the 

Rockies, with 5% less precipitation. In the summer months, the entire study area received 

2% less precipitation, as did the West and North. Again, the largest difference occurred in 

the Rockies, with 4% less precipitation. In the winter months, the entire study area 

received an average of 8% less precipitation, with the smaller-scale areas generally 

receiving between 7% and 11% less. The East consistently indicates the smallest 

departure from normal, at only 0.1% and 3.7% less precipitation in the summer and 

winter, respectively. Two-sample t-tests, at a significance level of 5%, were performed to 
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test if the differences between the climatology means and the recent drought means from 

CANGRID for the whole area as well as each of the smaller-scale sections were 

significantly different from zero. Over the 12-month period and the summer months, it 

was found that for each region examined, the differences between the means are not 

significantly different from zero. During the winter months, on the other hand, the 

differences between the means for each region are significantly different from zero, 

indicating a significant decrease of precipitation only in the winter months from 1999 to 

2004. 

The CRCM on the other hand, is more variable. For the entire study area as a 

whole, an increase in average monthly precipitation is modeled during the 12-month 

period (0.6%) as well as during the summer months (2.2%). Only the winter months 

show a general decrease in precipitation over the recent drought period (8.9%), with the 

East being the only region maintaining above normal monthly precipitation (by 4.4%). A 

higher (lower) than average monthly accumulation of precipitation in the East and North 

(West and Rockies) is experienced for the 12-month period and during the summer 

months. Again, two-sample t-tests, at a significance level of 5% were performed to test if 

the differences between the climatology means and the recent drought means from 

CRCM for the whole area as well as each of the smaller-scale sections were significantly 

different from zero. It was revealed that for each of the regions examined over the 12-

month period, the summer months, and the winter months, the differences between the 

means are not significantly different from zero, indicating no significant decrease in 

precipitation from the mean in 1999 to 2004 and that the model failed to simulate an 

observed decrease in precipitation during the winter months. 

For both datasets, the largest decrease below the normal monthly average 

precipitation is found in the winter months. Also, the East always has the smallest 

decrease, which is in some cases an increase, in the average monthly accumulation of 

precipitation compared to the other regions. The departure from normal in the Rockies 

and West are usually similar between CANGRID and the CRCM. The North, on the other 

hand, has the most disagreement between datasets. In CANGRID, usually the North is 

one of the regions that has the largest decrease from normal while in the model, the North 

is generally one of the regions with the smallest decrease (or largest increase) from 
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normal. Due to the scarcity of surface stations in the CANGRID network over the North 

and Rockies, the results in these areas are less reliable than those of the West and East.  

Considering the severe impacts that effected the environment, society, and 

economy from the recent drought of 1999 to 2004, the fact that the departures from 

normal precipitation during the recent drought period indicate that there is actually an 

increase or a small decrease in many areas is somewhat surprising. On the other hand, it 

is expected that different regions may have experienced severe drought at some point 

within this period, but not necessarily for the duration of the entire period, while other 

regions may not have experienced drought at all. Thus, the full impact of the drought may 

be lost in the large regional average over 5 years. To examine this case further, the years 

of 2001 and 2002 are examined. As discussed in Chapter 1, these years were particularly 

severe for a many parts of the Prairie Provinces. In fact, the west-central Prairie region 

experienced abnormally dry conditions that persisted for eight consecutive seasons, from 

autumn 2000 to summer 2002 (Wheaton et al., 2005).  

Table 3.2 displays the difference (%) between the 44-year monthly precipitation 

climatology and the recent drought as well as the difference (%) between the climatology 

and the years of 2001/2002. Once again, the CANGRID and CRCM datasets are 

averaged over the Prairie Provinces and the four smaller-scale regions for the 12-month 

period (Table 3.2a), the summer months (Table 3.2b), and the winter months (Table 

3.2c). From this table, it appears as though 2001 and 2002 represent severe drought in 

both the observations and the model. In both datasets, decreases from normal during the 

recent drought are generally less than 5% and reach up to almost 11%, whereas in 

2001/2002, the departures hover around 10% and reach values of 28% below normal 

precipitation. In both datasets, every region, except for the North during the 12-month 

period and the summer months, exhibits departures that indicate drier conditions in 2001 

and 2002 than that of the recent drought.  

Two-sample t-tests, at a significance level of 5%, were performed to test if the 

differences between the climatology means and the 2001/2002 drought means from 

CANGRID and the CRCM for the whole area as well as each of the smaller-scale 

sections were significantly different from zero. Identical to the t-test results from the 

climatology means and the recent drought means, it was revealed that the differences 
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between the means are significantly different from zero for each of the regions examined 

over the winter months, using CANGRID data. Again, during the summer months, the 

differences between the means are not significantly different from zero. Changes 

occurred over the 12-month period, though; the whole area, West, and Rockies now have 

differences between the means are significantly different from zero. The t-test results did 

not change much for the CRCM, either. It was revealed that for each of the regions 

examined over the 12-month period, the summer months, and the winter months, the 

differences between the means are not significantly different from zero.  

While this analysis indicates that a significant decrease in precipitation was only 

observed during the winter months over the Canadian Prairie Provinces, a true and more 

reliable indicator of meteorological drought is the Standardized Precipitation Index (SPI), 

which will be examined in Section 3.2.  

Table 3.1: Monthly average precipitation (mm) between CANGRID and the CRCM, averaged over the 
Prairie Provinces, the West (49o-56oN, 247o-256oE), the East (49o-56oN, 256o-265oE), the North (56o-60oN, 
240-265oE), and the Rockies (49o-56oN, 240o-247oE) for all 44 years (1961 to 2004) and for the recent 
drought of September 1999 to December 2004 for the (a) 12-month period, (b) summer months , and (c) 
winter months. The difference (%) between the CRCM and CANGRID is located in the ‘DIFF’ column. 
The difference (%) between the recent drought and the climatology is provided in the last column, labeled 
‘DEPARTURE’.  

 
a) 12 MONTHS       

 44 YEARS DIFF RECENT DROUGHT DIFF DEPARTURE (%) 
CANGRID CRCM (%) CANGRID CRCM (%) CANGRID CRCM 

Whole 40.5 39.9 -1.3 38.9 40.2 3.4 -4.0 0.6 
West 37.4 33.8 -9.5 35.8 32.4 -9.4 -4.2 -4.1 
East 44.0 39.7 -9.7 43.4 41.5 -4.5 -1.2 4.5 
North 34.4 37.4 8.9 32.8 38.1 16.2 -4.7 1.7 
Rockies 51.2 54.9 7.1 48.4 51.3 5.8 -5.4 -6.6 

         
b) May to October       

 44 YEARS DIFF RECENT DROUGHT DIFF DEPARTURE (%) 
CANGRID CRCM (%) CANGRID CRCM (%) CANGRID CRCM 

Whole 53.4 52.4 -1.9 52.4 53.5 2.3 -1.9 2.2 
West 52.0 46.9 -9.9 51.1 46.1 -9.8 -1.7 -1.7 
East 59.4 56.1 -5.6 59.3 58.6 -1.2 -0.1 4.6 
North 46.7 52.9 13.2 45.9 55.6 21.2 -1.8 5.1 
Rockies 60.5 55.9 -7.6 57.9 54.5 -5.9 -4.3 -2.5 
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c) November to April       

  44 YEARS DIFF RECENT DROUGHT DIFF DEPARTURE (%) 
CANGRID CRCM (%) CANGRID CRCM (%) CANGRID CRCM 

Whole 27.5 28.2 2.6 25.3 25.7 1.5 -7.9 -8.9 
West 22.7 20.7 -8.8 20.4 18.7 -8.3 -10.0 -9.6 
East 28.6 23.3 -18.3 27.5 24.3 -11.5 -3.7 4.4 
North 22.0 22.0 -0.2 19.7 20.6 4.6 -10.7 -6.5 
Rockies 42.0 53.8 28.2 39.0 48.0 23.1 -7.1 -10.8 

Table 3.2: The departure (%) from the 44-year mean monthly precipitation during the recent drought and 
the years of 2001 and 2002 using data from CANGRID and the CRCM. Data is averaged over the Prairie 
Provinces (Whole: 49o-60oN, 240o-265oE), the West (49o-56oN, 247o-256oE), the East (49o-56oN, 256o-
265oE), the North (56o-60oN, 240-265oE), and the Rockies (49o-56oN, 240o-247oE) for the (a) 12-month 
period, (b) summer months, and (c) winter months. 
a) 12 MONTHS   

  
DEPARTURE (%) 
Recent drought 

DEPARTURE (%) 
2001-2002 

CANGRID CRCM CANGRID CRCM 
Whole -4.0 0.6 -9.2 -3.7 
West -4.2 -4.1 -14.6 -12.5 
East -1.2 4.5 -6.9 -4.5 
North -4.7 1.7 -3.8 3.8 
Rockies -5.4 -6.6 -13.7 -11.2 
     
b) May to October   

  
DEPARTURE (%) 
Recent drought 

DEPARTURE (%) 
2001-2002 

CANGRID CRCM CANGRID CRCM 
Whole -1.9 2.2 -6.2 1.6 
West -1.7 -1.7 -8.8 -6.3 
East -0.1 4.6 -7.3 -1.8 
North -1.8 5.1 0.4 8.4 
Rockies -4.3 -2.5 -12.7 -8.1 
     
c) November to April   

  
DEPARTURE (%) 
Recent drought 

DEPARTURE (%) 
2001-2002 

CANGRID CRCM CANGRID CRCM 
Whole -7.9 -8.9 -15.1 -16.0 
West -10.0 -9.6 -27.9 -26.7 
East -3.7 4.4 -8.1 -10.9 
North -10.7 -6.5 -12.8 -9.0 
Rockies -7.1 -10.8 -15.1 -14.6 

To get a deeper understanding of how the model compares to observations in 

terms of accumulated precipitation, a 44-year average for each month is calculated in 

order to obtain the annual cycle of precipitation over the Prairie Provinces and displayed 

in Figure 3.4. The annual cycle of precipitation is remarkably close between CANGRID 
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and the CRCM. A notable difference is that the CRCM tends to reach the month of 

maximum precipitation one month in advance of CANGRID. For the CRCM, June is the 

peak month of precipitation, whereas the month of July experiences the yearly maximum 

of precipitation in CANGRID. In August and September, the CRCM underestimates the 

accumulated precipitation, resulting in a steeper drop from July than CANGRID 

experiences. It is also interesting to note that the cool months appear to be slightly better 

predicted than the warm months.  

With the use of a two-sample t-test at a significance level of 5%, it was 

determined that the differences in the means are not significantly different from zero. 

Also, the coefficient of determination for the annual cycle of precipitation, averaged over 

the entire study area between the model and observations is strong, with an r2 value of 

0.94. Using only the warm months, the r2 equals 0.87. Using the cool months, the r2 

equals 0.97. Since convection events occur most frequently in the summer months and 

least often in the winter months, and given that the strongest correlations between the 

model and observations occur in the winter and the weakest correlations occur in the 

summer, this could be an indication that convection could be poorly predicted in the 

model. 

 
Figure 3.4: Annual cycle of precipitation (mm), averaged over the entire study area and for the period from 
1961 to 2004, using CANGRID data (blue) and the CRCM (red) data. 
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Figure 3.5 contains a line graph of the annual cycle of precipitation for each of the 

four smaller-scale study areas to further examine the variation by location. Figure 3.5a 

illustrates the annual cycle of precipitation in the West. The CRCM obtains average 

monthly values of precipitation close to CANGRID for the majority of the months, with 

eight months reporting differences of less than 5 mm between the two datasets. The 

model underestimates precipitation for the nine months from July to March. In July, the 

model decreases precipitation too quickly, leading to underestimates of precipitation on 

the order of 9 mm to 15 mm until September. In the East (Figure 3.5b), the CRCM 

underestimates precipitation for every month of the year with the exception of May and 

June. Similar to the West, August and September were the most poorly modeled months, 

with underestimates of approximately 14 mm. In general, the CRCM appears to reach the 

month of maximum precipitation too early and there is a tendency to under predict 

autumn and winter precipitation. In the North (Figure 3.5c), the CRCM tends to over 

predict summer precipitation compared to the CANGRID data. It is possible that this is a 

consequence of the sparse observing network in this area missing summer storms. Figure 

3.5d illustrates the annual cycle of precipitation in the Rockies, which looks quite 

different from the other three figures. There is also little confidence in the comparisons 

over the Rockies due to the small density of observations.  

The coefficient of determination for each of the four smaller scale regions was 

calculated. The West, East, and North reveal strong relationships between the model and 

observations, with r2 values of 0.91, 0.88, and 0.97 respectively. The Rockies are found 

to only have a weak correlation, with and r2 value of 0.49. The weak relationship in the 

Rockies is expected due to the difficulties modeling over areas of complex terrain, as 

well as the sparse distribution of observing networks. It is surprising that the annual cycle 

of precipitation in the North is so strongly correlated between the observations and 

model. On the other hand, convection events occur most frequently in the southern 

regions of the Prairies, and especially in the vicinity of the Rocky Mountains, with 

decreasing events with increasing latitude. Given that the strongest correlation occurs in 

the North and the weakest occurs in the Rockies, this suggests that convection could be 

poorly predicted in the model. With the use of two-sample t-tests at a significance level 
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of 5%, it was determined that the differences in the means for each of the areas are not 

significantly different from zero. 

It is evident that the annual cycle of precipitation is much better predicted by the 

model than the year-to-year monthly average accumulations. This is the case because the 

model is driven by large scale forcings, such as fronts and cyclones, so it is able to 

correctly predict the month-to-month variability. On the other hand, the year-to-year 

variability is more difficult to predict due to climatic variables such as the North Atlantic 

Oscillation (NAO) and the Pacific/North America pattern (PNA). An analysis of 

temperature would likely yield the same results; close predictions on a day-to-day and 

month-to-month scale, due the relative positions of the earth to the sun, and diminished 

accuracy on a year-to-year scale.  

 
Figure 3.5: Annual cycle of precipitation (mm), averaged over (a) the West (49-56oN, 247-256oE), (b) the 
East (49-56oN256-265oE), (c) the North (56-60oN, 240-265oE), and (d) the Rockies (49o-56oN, 240-247oE) 
for the period from 1961 to 2004, using CANGRID data (blue) and the CRCM (red) data. 
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3.2 Drought Frequency 

3.2.1 Methods 

Another valuable analysis to determine if the CRCM reproduced meteorological 

drought during the recent drought of September 1999 to December 2004 over the 

Canadian Prairie Provinces is by investigating the frequency of drought months in this 

period. Making use of the Standardized Precipitation Index (SPI) and focusing 

specifically on the recent drought, the number of months that experienced below normal 

precipitation (SPI ≤ -0.5) can be established for each 1o x 1o grid point. From this, the 

structure of the recent drought as well as the locations that experienced a particularly high 

occurrence of drought months as determined by CANGRID and the CRCM can be 

identified and compared. The same procedure is accomplished for mild to moderate 

drought months (-1.5 < SPI < -0.5) and severely dry months (SPI ≤ -1.5). The number of 

months that experienced drought over the Prairie Provinces from September 1999 to 

December 2004 for all four seasons (winter: December to February; spring: March to 

May; summer: June to August; autumn: September to November) using both datasets is 

also established. 

The maximum number of consecutive drought months during the period of the 

recent drought is also found for each grid point using the SPI. In Greene (2008), this was 

done so as to investigate any potential feedbacks that may transpire with enduring 

drought. This is an important analysis for this study since the CRCM could be very useful 

in better understanding drought feedbacks, and strong similarities between the results of 

the two datasets would provide confidence in the ability to utilize CRCM output for this 

purpose. The maximum number of consecutive drought months was calculated using the 

SPI for all months of the year, but warm season drought is of primary interest as it is 

expected to be more susceptible to feedbacks.  

3.2.2 Results and discussion 

As stated by Greene (2008), the cumulative probability of drought (SPI ≤ -0.5) 

and severe drought (SPI ≤ -1.5) is approximately 0.3085 and 0.0668, respectively (Table 

3.3). This means that for the 64-month period from September 1999 to December 2004, if 

the precipitation during this period was consistent with the long-term precipitation 
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amounts, there are expected to be an average of approximately 20 months of drought and 

4 months of severe drought for each grid point. While the recent drought period was 

considered to be one of extended drought, the mean number of dry months over the 

Prairie Provinces during this time was close to what is expected, with 21 and 4 months 

experiencing drought and severe drought, respectively. The CRCM matched these 

observed average values. Specific areas, on the other hand, experienced far more drought 

months than average, while others had less. The following figures will identify these 

areas. 
Table 3.3: SPI values with their corresponding cumulative probability values (Edwards, 1997) 

SPI Cumulative 
Probability 

-3.0 0.0014 
-2.5 0.0062 
-2.0 0.0228 
-1.5 0.0668 
-1.0 0.1587 
-0.5 0.3085 
0.0 0.5000 
0.5 0.6915 
1.0 0.8413 
1.5 0.9332 
2.0 0.9772 
2.5 0.9938 
3.0 0.9986 

Figure 3.6 is a contour plot of the Prairie Provinces displaying the number of 

months during the recent drought period that experienced less than normal monthly 

precipitation values (SPI ≤ -0.5). It is evident from this figure that CANGRID and the 

CRCM have similar spatial patterns. Observations reveal that the areas near Fort 

McMurray, Alberta (55o-58oN, 247o-250oE) experienced some degree of dryness for 

approximately half of the recent drought period (31/64 months), which is more often than 

any other location in the Prairie Provinces. The CRCM determined the area with the most 

frequent drought months to be shifted south and west of the observed maximum, around 

Slave Lake, Alberta (55oN, 246oE). The maximum number of drought months in the 

Prairie region is 31 for both datasets. The probability of finding one grid point with 31 

months of drought out of the 275 (from an 11o x 25o grid) considered is about 36%. This 

is determined using the binomial probability distribution from Devore (1995). An 
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example of this calculation is provided by Greene (2008). Given that both datasets 

revealed large areas with an unusually high number of drought months in relatively close 

proximity to each other makes it doubtful that this phenomenon is due to chance. Instead, 

this is likely an indication of a physically based drought that affected the region, which 

the model was able to reproduce.  

The most obvious difference is that there is a larger area of high frequency 

drought months occupying the study region when using CANGRID data versus the 

model, yet the average number of drought months over the Prairie Provinces using both 

datasets is 21. This indicates that CANGRID has more areas with a much lower 

frequency of dry months than the CRCM. The minimum number of drought months is 11 

using CANGRID data and 12 using the CRCM. These results are not surprising, as earlier 

it was found that overall the model had fewer instances of reduced precipitation during 

the recent drought period as compared to CANGRID (Table 3.1). In general, the CRCM 

predicts the spatial distribution of the frequency of precipitation anomalies well, but the 

magnitudes of the frequencies do not change as much spatially as in the observations.  

While the CRCM produces a number of drought months that is less severe in 

magnitude than what is observed, it still appears as though it is reproducing slight 

characteristics of drought. Both datasets are slightly drier than expected, with an average 

of 21 drought months over the study area, while the expected average number of drought 

months is 20. Also, the eastern-central region of Alberta is simulated to experience 

exceptional drought, which is quite close to where the observed drought occurred.  

Even though the recent drought was considered to be severe, it is reasonable that 

both datasets detected only slightly drier conditions than normal since different regions 

may have experienced severe drought at some point within this period, but not 

necessarily for the duration of the entire period (5 years), while other regions within the 

study area may not have experienced drought at all. 

These data were fitted using a least squares technique. Using the coefficient of 

determination (r2) and simple linear regression, the number of months that experienced 

drought over the Prairie Provinces from September 1999 to December 2004 between 

CANGRID data and CRCM data was found to be uncorrelated, as the r2 value is 0.02. 
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This is not surprising since the individual grid cells are being compared and the trends 

appear to be more similar on a larger scale. 

 

 
Figure 3.6: Number of months that experienced drought (SPI ≤ -0.5) over the Prairie Provinces (49o to 60oN 
and 240o to 265oE) from September 1999 to December 2004 using (a) CANGRID data and (b) CRCM data. 

The spatial distribution of the frequency of mild to moderate drought (-1.5 < SPI 

< -0.5) months over the Prairie Provinces from September 1999 to December 2004 is 

displayed in Figure 3.7. It has similar characteristics as the spatial distribution of the 

frequency of drought months: CANGRID and the CRCM still have similar spatial 

patterns, with the general area of the Alberta-Saskatchewan border maintaining the 

 37



highest number of dry months, and the Rockies remain highly different between the two. 

Again, it is evident that more areas with a low frequency of mild drought months are 

among many vast regions with a high frequency mild drought months in CANGRID, 

whereas the CRCM spreads the frequencies of mild drought more evenly throughout the 

study region, with fewer regions of relatively high or low drought frequencies in close 

proximity to each other.  

The maximum number of mild drought months is 26 and 25 and the minimum 

number of mild drought months in the study region is 8 and 6 using CANGRID data and 

the CRCM, respectively. While this does not illustrate unusually dry conditions, the 

average number of drought months over the Prairie Provinces using both datasets is 17. 

Since the expected average number of drought months is 15 using cumulative 

probabilities, this indicates that both datasets reveal slightly drier conditions than 

expected. 

Here, the coefficient of determination revealed that the number of months that 

experienced mild to moderate drought over the Prairie Provinces from September 1999 to 

December 2004 between CANGRID data and CRCM data was completely uncorrelated. 

Figure 3.8 displays the frequency that an area experienced severe drought (SPI ≤ -

1.5) over the Prairie Provinces from September 1999 to December 2004. The eastern half 

of Alberta, in the vicinity of Red Deer (52oN, 247o-248oE), was the area observed to be 

the most affected by severe drought, where a maximum of ten severely dry months 

occurred during the drought period. The region in the vicinity of Fort McMurray (57o-

58oN, 249oE) also experienced a high number of severe drought months; nine, according 

to CANGRID. According to the model, central Alberta was the area observed to be the 

most affected by severe drought, where a maximum of eight severely dry months 

occurred during the drought period. The southwestern region of Saskatchewan 

experienced the secondary maxima of number of severe drought months (seven).  

The average number of severe drought months over the Prairie Provinces using 

CANGRID data and the CRCM is 5 and 4, respectively. The expected average number of 

drought months is 4, indicating that the observations confirm a slightly greater number of 

severely dry months than expected statistically, but the CRCM does not show any 

indication of drier-than-expected conditions at all. 
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The coefficient of determination revealed that the number of months that 

experienced severe drought over the Prairie Provinces from September 1999 to December 

2004 between CANGRID data and CRCM data has a slightly stronger (but still very 

weak) correlation than in the case of drought and mild drought, with an r2 value of 0.08. 

With the use of a two-sample t-test at a significance level of 5%, it was determined that 

the differences in the means are significantly different from zero. 

 

 
Figure 3.7: Number of months that experienced mild to moderate drought (-1.5 < SPI < -0.5) over the Prairie 
Provinces (49o to 60oN and 240o to 265oE) from September 1999 to December 2004 using (a) CANGRID 
data and (b) CRCM data. 
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Figure 3.8: Number of months that experienced severe drought (SPI ≤ -1.5) over the Prairie Provinces (49o 
to 60oN and 240o to 265oE)from September 1999 to December 2004 using (a) CANGRID data and (b) 
CRCM data. 

Figure 3.9 exhibits the number of months that experienced drought (SPI ≤ -0.5) 

on a seasonal basis over the Prairie Provinces from September 1999 to December 2004. 

While most areas experienced drought during all seasons, the maximum number of 

drought months for any particular season, however, occurred during the autumn and 

winter months. The model was able to reproduce this correctly as well as where the 

highest occurrence of drought generally occurred. In both datasets, the area flanking the 
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Alberta-Saskatchewan border stands out in the majority of seasons as having the highest 

occurrence of drought. One area of contrast is in summer, where CANGRID observed 

that no particular region featured a large number of drought months and the northern 

parts of all three Prairie Provinces as well as the southern half of Alberta experienced 

more summer drought months than other regions. On the other hand, the CRCM 

indicated an area in the Rockies as a region with distinctly more drought months than the 

rest of the Prairie Provinces and the northern parts of all three Prairie Provinces as well as 

the southern half of Manitoba experienced less summer drought months than other 

regions. In the spring and autumn, CANGRID observes well-defined regions along the 

Alberta-Saskatchewan border to have a high number of drought months, whereas the 

CRCM does not have a focussed region with a large number of drought months.  

Overall, the observations reveal that while the structure of the recent drought 

varied considerably across the Prairie Provinces, drought was especially frequent in 

autumn and winter and mainly effected parts of Alberta and western Saskatchewan. In 

particular, areas struck by drought include those in the vicinity of Fort McMurray, 

Edmonton, and Medicine Hat, Alberta. The model also reveals that drought was 

especially frequent in autumn and winter and mainly effected parts of Alberta and 

Saskatchewan, but the effected areas seem to be less defined. 

The number of months that experienced drought over the Prairie Provinces from 

September 1999 to December 2004 for all four seasons between CANGRID data and 

CRCM data were fitted using a least squares technique. The coefficient of determination 

in the winter season revealed the strongest (but still weak) relationship among the four 

seasons between the two datasets, with an r2 value of 0.11. This is consistent with the 

results from Figure 3.3, where the monthly average accumulated precipitation per year, 

using only the months of November to April, between the model and observations was 

found to be stronger than that when using all twelve months per year and only the warm 

months. Spring, summer, and autumn reveal that the relationship between the model and 

observations is extremely weak, with r2 values of 0.0, 0.02, and 0.04, respectively. Using 

two-sample t-tests at a significance level of 5%, it was determined that the differences in 

the means between CANGRID and the CRCM for each season are significantly different 
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from zero, indicating that while the CRCM appeared to simulate some characteristics 

well, overall, many improvements need to be made.  

 

 
Figure 3.9: Number of months that experienced drought (SPI ≤ -0.5) over the Prairie Provinces (49o to 60oN 
and 240o to 265oE) from September 1999 to December 2004 for all four seasons (winter: DJF, spring: 
MAM, summer: JJA, autumn: SON) using (a) CANGRID data and (b) CRCM data. 
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 Figure 3.10 displays the maximum number of consecutive drought months that 

each 1ox1o grid point over the Prairie Provinces experienced over the period from 

September 1999 to December 2004. According to CANGRID data, there were 12 grid 

points that experienced 7 to 9 consecutive months of drought at some time over this 64-

month period. The region east of Fort McMurray experienced 9 consecutive months of 

drought, the longest drought that occurred during the warm season over the prairies. 

Other areas with the highest amount of consecutive drought months are located along the 

Alberta-Saskatchewan border (53o-54oN, 244o-250oE; 57o-58oN, 248o-251oE; and 55o-

57oN, 250o-252oE).  

Conversely, the CRCM modeled only six grid points with 7, 8, or 9 consecutive 

months of drought over the recent drought period. The CRCM located these areas to be 

along the Saskatchewan-Manitoba border (54o-55oN, 255o-258oE). This is rather 

unexpected, since the figures displaying the number of months that experienced drought 

(Figure 3.6b), mild drought (Figure 3.7b), and severe drought (Figure 3.8b) over the same 

study area and time period illustrated the most frequent droughts to be along the 

Alberta/Saskatchewan border.  

While there are half as many grid points with 7 to 9 consecutive drought months 

in the CRCM dataset, the average number of consecutive drought months is 3.8 using 

CANGRID data and 3.7 using the CRCM. This indicates that the CRCM has more grid 

points with 4 or 5 consecutive drought months while CANGRID observes more grid 

points with 3 consecutive drought months. 

Again, the coefficient of determination revealed that the maximum number of 

consecutive drought months experienced by each grid point over the Prairie Provinces 

from September 1999 to December 2004 between CANGRID data and CRCM data have 

no apparent correlation. 
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Figure 3.3: Maximum number of consecutive drought (SPI ≤ -0.5) months experienced by each 1o x 1o grid 
point over the Prairie Provinces (49o to 60oN and 240o to 265oE) from September 1999 to December 2004 
using (a) CANGRID data and (b) CRCM data. 
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CHAPTER 4 – CLOUD PROPERTIES 

4.1 Mean Cloud Amount 

One of the most important benefits of doing a model evaluation for a drought 

period is to enhance the understanding regarding feedback scenarios. Cloud feedbacks are 

especially critical since they are one of the less well-understood feedbacks and are 

therefore one of the key uncertainties in projections of future climates. In Greene (2008), 

an investigation over the Prairie Provinces was carried out to obtain a general trend of 

cloud cover during various moisture conditions. While averaging the mean cloud amount 

over the entirety of the Prairie Provinces can be problematic due to the vastness of the 

region, it provides an overview of how clouds vary from season to season and what value 

of cloud amount is typical during various moisture conditions. The mean cloud amount 

output from the Canadian Regional Climate Model (CRCM) will be compared and 

evaluated against the results of Greene (2008) in order to determine if it can simulate 

similar relationships as those observed. This will provide an indication of whether the 

model works well enough to test and determine the significance of cloud feedbacks. 

4.1.1 Methods 

In the analysis of mean cloud amount, the CRCM output was compared with 

satellite data from the Surface Radiation Budget Project (SRB), in conjunction with the 

observed Standardized Precipitation Index (SPI) as calculated from CANGRID. The 

model determines cloud amount based on relative humidity and assumes maximum 

random overlap when cloudy layers are separated by clear layers and total overlap in 

clouds that are present in adjacent layers (Caya and Laprise, 1999). The mean cloud 

amount parameter obtained from the CRCM is in the form of instantaneous values taken 

every 6 hours (00Z, 06Z, 12Z, 18Z) and represents the fractional area covered by clouds, 

expressed here as a percentage. The 6-hourly values were averaged in this study to obtain 

monthly averages of mean cloud amount. This was accomplished by adding the four 

values per day, for every day in the month, and dividing by the total number of values.   

The mean cloud amount from SRB is obtained from satellite measurements, 

whereby each pixel (4-7 km in size) is classified as cloudy or clear based on values of 

radiance (ISCCP, 2008). This way of determining cloud amount assumes that each 
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cloudy pixel is covered completely by clouds (ISCCP, 2008). The cloud amount is then 

determined by counting the number of cloudy pixels and dividing by the total number of 

pixels in that grid square (Rossow and Schiffer, 1999). The SRB dataset averages these 

values over a 1°x1° horizontal area (Stackhouse et al., 2000) and expresses data as a 

fraction from 0 (clear) to 1 (cloudy). Data availability ranges from January 1984 to 

December 2004 and were obtained as monthly values from SRB’s monthly shortwave 

dataset.  

Mean cloud amount was investigated in a number of ways for a variety of 

circumstances. In many cases, averaging is done over the entirety of the Prairie Provinces 

as well as four smaller-scale locations (North: 56-60oN, 240-265oE; Rockies: 49-56oN, 

240-247oE; West: 49-56oN, 247-256oE; and East: 49-56oN, 256-265oE) to investigate any 

biases due to location (as discussed in Chapter 3). In addition to studying mean cloud 

amount over the satellite record (1984 to 2004), this study also compares cloud properties 

before and during the recent drought (January 1984 to August 1999 and September 1999 

to December 2004, respectively). Also, due to the difficulty in identifying clouds over 

snow backgrounds from satellite observations, emphasis is placed upon the warm portion 

of the year (May to September).  

To evaluate how well the CRCM is able to reproduce the natural spatial 

variability of cloud cover for various times of the year, the mean cloud amount data from 

both datasets was averaged for each 1ox1o grid point within the entire study area over the 

satellite record for four seasons (winter: December to February, spring: March to May, 

summer: June to August, autumn: September to November). Results from each dataset 

were then plotted over separate maps of the Prairie Provinces.  

Much like the precipitation analysis, another method used to evaluate the mean 

cloud amount output of the CRCM is to compare its annual cycle with observations. 

Monthly averages were computed for the entire study area as well as the four separate 

regions over the satellite record. The monthly averages were then plotted to obtain line 

graphs, showing the values for both the SRB and the CRCM.  

The annual cycle of mean cloud amount was then averaged for the five moisture 

categories (severe drought, mild drought, normal, mild wet, severe wet) to reflect how 

cloud cover varies with varying degrees of moisture. Averages were computed for the 
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entire study area over the satellite record. Results from each dataset were plotted in 

separate line graphs. 

Mean cloud amount anomaly is another useful variable for assessing how clouds 

during drought differ from normal or wet conditions. In this study, examining the 

anomaly is important because it filters regional and monthly variations in cloud cover. 

Mean cloud amount anomalies were calculated for the observations and the model by 

first averaging the mean cloud amount for each grid point within the entire study area, for 

each month of the year, over the satellite record. This monthly mean value was then 

subtracted from the overall monthly cloud amount to get the anomaly. To investigate the 

mean cloud amount anomalies of the model versus those observed, line graphs much like 

the annual cycle of mean cloud amount for the five moisture categories plots were created 

for each dataset.  

Next, a scatter plot for the mean cloud amount anomaly versus the SPI, averaged 

over the Prairie Provinces, from May to September was produced for each dataset. 

Simple linear regression analysis was used to find the correlation coefficient, r, between 

mean cloud amount anomalies and the SPI for both datasets. The coefficient of 

determination, r2, was also calculated and represents the percentage of variation in mean 

cloud amount anomaly that can be explained by the variation in SPI. Comparing these 

values is a simple method of evaluating how well the model reproduces these 

relationships with respect to the observed relationships. Relationships are described as 

weak if the magnitude of r is less than or equal to 0.5, moderate if the magnitude of r is 

between 0.5 and 0.8, and strong if the magnitude of r is greater than or equal to 0.8 

(Devore, 1995).  

 The monthly coefficient of determination values were also calculated for the years 

prior to the recent drought (January 1984 to August 1999) and the years during the recent 

drought (September 1999 to December 2004), using only the warm months of May to 

September. Calculations were repeated to obtain separate values for each month from 

May to September to further examine if the model would reproduce monthly variations 

between mean cloud amount anomaly and SPI. These values were recorded in a table. 

 The average mean cloud amount anomaly for each of the five moisture categories 

was calculated for each grid point over the warm months for the satellite record using the 
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observations and model. Both severely dry and severely wet mean cloud amount 

anomalies were plotted on maps of the Prairie Provinces to identify and compare the 

spatial variations over the region. Mean cloud amount anomalies for drought conditions 

during the recent drought were also plotted over maps of the Prairie Provinces using each 

dataset to compare spatial variations during the recent drought. 

4.1.2 Results and discussion 

To get a deeper understanding of how the model compares to observations in 

terms of cloud cover, a 21-year average for each month was calculated in order to obtain 

the annual cycle of mean cloud amount over the Prairie Provinces for both the SRB data 

and the CRCM output. The results for the SRB data and CRCM output are plotted on a 

line graph (Figure 4.1). The average monthly mean cloud amount from 1984 to 2004 over 

the Prairie Provinces is 69.1% as observed by SRB, and 58.9% as simulated from the 

CRCM. The winter and spring seasons are the most poorly estimated, with 

underestimates around 12% to 17%, while the snow-free period under-predicts by up to 

8%. The months of July to October reveal the closest model approximations to the 

observed data. Additionally, in the observations, the cold season is generally observed to 

experience more cloud cover, on average, than the warm season (72% versus 67%, 

respectively) but in the model, it is the summer and autumn months that are simulated to 

experience more cloud cover, on average, than the other seasons (64% versus 56%, 

respectively). As explained in Chapter 2, the mean cloud amount in winter may be 

unreliable due to the inability of satellites to distinguish between clouds and snow cover.  

Some similarities do exist between the datasets. For example, the mean cloud 

amount of both datasets follows a downward trend from January to April and June to July 

and displays an upward trend from April to May and July to September. Although, the 

model decrease in June and July is not substantial enough to create the same pattern of 

variability in cloud cover as witnessed in the observations; instead, it allows the autumn 

months to experience much higher mean cloud amounts.  
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Figure 4.1: Annual cycle of mean cloud amount (%), averaged over the entire study area and for the period 
from 1984 to 2004, using SRB data (blue) and the CRCM (red) data. 

Figure 4.2 contains a line graph of the annual cycle of mean cloud amount for 

each of the four smaller-scale study areas to further examine the variation by location. In 

the West (Figure 4.2a), the CRCM obtains similar trends in the cycle of mean cloud 

amount, but the magnitude of the values is off considerably. In the summer months, the 

model underestimates by 9% on average, ranging from 6% to 13%. In the winter months, 

the differences are the most severe (up to 23%). A similar situation exists in the East 

(Figure 4.2b); the CRCM continues to estimate similar trends, but the magnitude of the 

mean cloud amounts remains too low. In the summer months, the model underestimates 

by 7% on average, ranging from 3% to 11%. For both figures, the agreement as a whole 

would be much better if the observed mean cloud amounts were smaller in the cold 

months. This suggests that the SRB is overestimating clouds over bright cold 

backgrounds. In the North (Figure 4.2c), the CRCM displays a much higher range of 

cloud amounts throughout the year than those observed. In the summer months, the 

model is off by -12% to 5%, allowing the average of the differences to come quite close 

to zero. Finally, the agreement in the Rockies (Figure 4.2d) in the warm season is 

surprisingly good, which is likely due to the higher cloud amounts predicted by the model 

for this region. The results for both of these regions are not fully reliable due to the sparse 

network of observing stations. 
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Figure 4.2: Annual cycle of mean cloud amount (%), averaged over (a) the West (49-56oN, 247-256oE), 
and (b) the East (49-56oN, 256-265oE), and (c) the North (56-60oN, 240-265oE), (d) the Rockies (49-56oN, 
240-247oE) for the period from 1984 to 2004, using SRB data (blue) and the CRCM (red) data. 

The spatial distribution of how cloud amounts vary across the Prairie Provinces 

from 1984 to 2004 over the four seasons using SRB data and CRCM data are depicted in 

Figure 4.3a and Figure 4.3b, respectively. As anticipated from the annual cycle of mean 

cloud amount in the West and East, the observations reveal that cloud amounts are 

highest in the winter (December, January, February), with an overall mean cloud amount 

of 72%, and lowest in summer (June, July, August), with an overall mean cloud amount 

of 66%. This is somewhat counterintuitive, as the precipitation analysis over the Prairie 

Provinces for the 44-year period, from 1961 to 2004, revealed that monthly precipitation 

generally peaks in the summer months and is lowest during the winter months. As 

suggested by Greene (2008), this may be the case because precipitation mechanisms, 

such as synoptic scale low pressure systems, result in large cloud amounts because of the 

high occurrence of stratiform clouds. These occur more frequently in the winter, yet 

precipitation is low because cold air is incapable of holding large amounts of moisture. 

Convective mesoscale systems, on the other hand, are more common in the summer, are 

typically smaller in size, and may produce large amounts of precipitation in a relatively 

short period of time.   
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The model reveals that peak mean cloud amounts are predicted one season in 

advance of actual cloud amounts (in the autumn: September, October, November), with 

an overall mean cloud amount of 66%, and the minimum cloud amounts are also 

predicted one season in advance (in the spring: March, April, May), with an overall mean 

cloud amount of 54%. In the model, cloud amount is a diagnostic quantity, based on a 

threshold of relative humidity that is modulated depending on the local static stability to 

account for convective versus stratiform cloud characteristics. When deep convection is 

present, the simulated clouds are given a prescribed vertical profile of cloud cover, which 

mimics a typical profile of a deep convective cloud with an anvil top. It could be an 

increased amount of convective activity that accounts for the increased amount of clouds 

in conjunction with an overestimation on the size of the anvil tops.  

In the spring, the observations reveal that the southern prairie region, particularly 

in Alberta, generally experienced more cloud cover (72% average) than in northern 

regions of the Prairie Provinces (north of 55o, 68% average). Higher cloud cover amounts 

in this region are likely due to this area’s high frequency of convective events during the 

warm season (Greene, 2008). The model calculates the areas of greatest cloud amount to 

again be in the Rockies (65% average), leaving the rest of the Prairie region with a 

generally constant value of cloud amount around 50%. The northern-most region of 

Alberta is modeled to have the lowest cloud amount in the study area, around 45%. 

Virtually the entire region of the Prairie Provinces, as indicated by the SRB data, 

experienced an average of 60% to 75% cloud cover, while according to the CRCM data, 

the entire region experienced an average of 45% to 50% cloud cover. 

In the summer, the observations show that the largest cloud cover occurred near 

Edson, Alberta (53oN, 244oE), with a mean cloud amount of about 74% on average, and 

the model simulates the largest cloud amounts to occur around the Rockies, with cloud 

cover ranging from 60% to 75%. Minimum values are observed and simulated to occur in 

the southern prairie region of all three provinces, with values ranging from 59% to 65% 

and 45% to 58%, respectively. The model and observations also exhibit increasing cloud 

amount with latitude. The northern regions of the Prairie Provinces, particularly in 

Saskatchewan and Alberta, experience cloud amounts up to 70% in the CRCM. 
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In the autumn, cloud amounts generally varied from 67% to 75% for the 

observations and from 45% to 80% for the model. Maximum amounts are observed to 

occur in southern Manitoba, with an average mean cloud amount of 73%. For the model, 

the spatial distribution of the autumn is similar to that of the summer. Maximum amounts 

are simulated in the Rockies, reaching cloud amounts up to 85%, as well as in the 

northern regions of the Prairie Provinces, particularly in Saskatchewan and Alberta, 

experiencing average cloud amounts up to 75%. Once again, like the winter and summer 

seasons, cloud amounts increased with increasing latitude. 

The monthly mean cloud amount averaged from 1984 to 2004 over the Prairie 

Provinces for four seasons between the observations and model was fitted using a least 

squares technique. Spring and summer r2 values reveal that the relationship between the 

model and observations is quite weak, with r2 values of 0.14 and 0.23, respectively. The 

correlation in autumn is extremely weak, with r2 equal to 0.03. The coefficient of 

determination in the winter season revealed the strongest (but still weak) relationship 

among the four seasons between the two datasets, with an r2 value of 0.32. Recall that the 

r2 value in the number of drought months during the winter (Figure 3.9) was also the 

highest of all seasons. Since convection events occur most frequently in the summer 

months and least often in the winter months, and given that the strongest correlations 

between the model and observations occur in the winter and weaker correlations occur in 

the summer, this could be another indication that convection could be poorly predicted in 

the model. Using two-sample t-tests at a significance level of 5%, it was determined that 

the differences in the means between SRB and the CRCM for each season are 

significantly different from zero. 
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Figure 4.3: Monthly mean cloud amount (%) from (a) SRB data and (b) CRCM data, averaged from 1984 
to 2004 over the Prairie Provinces (49o to 60oN and 240o to 265oE) for each grid point for four seasons: 
winter - December, January, February (DJF); spring - March, April, May (MAM); summer - June, July, 
August (JJA); and autumn - September, October, November (SON).  
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Figure 4.4 illustrates the differences between the modeled and the observed 

monthly mean cloud amount for each grid point for four seasons (winter; spring; summer; 

autumn) from 1984 to 2004 over the Prairie Provinces. Compared to the other three 

seasons, the winter (Figure 4.4a) has the greatest differences between the model and 

observations. Perhaps clouds over the boreal forest regions (54o-56oN, 246o-265oE) are 

easier to identify in the winter compared to agricultural regions (49o-53oN, 246o-257oE 

and 49o-51oN, 258o-265oE), so the agreement in the north might be better than other 

regions because of this. Better agreements also occur in the Rockies. Since the data in 

this season is unreliable, further discussions will be focussed on the other seasons.  

In the spring (Figure 4.4b), the northern regions of the study area are in better 

agreement than the southern regions and the best agreement occurs in the Rockies. It 

would be interesting to investigate in further studies if, as the snowline moves northward 

in the spring, the regions of good agreement moves further north, too. Overall, the spring 

and summer (Figure 4.4c) illustrate the best agreement between the two datasets, which 

emphasizes the importance of reliable data and strong data coverage. In the summer, the 

areas of better agreement occur in northern Saskatchewan and Manitoba, as well as the 

Rockies. The differences in the autumn (Figure 4.4d) appear to be spatially distributed 

much like that of the summer, but the magnitude of differences is larger. Agreement is 

best along the 55o-57oN latitude lines in Saskatchewan and Alberta.  
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Figure 4.4: The differences (%) between the modeled and the observed monthly mean cloud amount for 
each grid point for four seasons: (a) December, January, February (winter); (b) March, April, May (spring); 
(c) June, July, August (summer); and (d) September, October, November (autumn) from 1984 to 2004 over 
the Prairie Provinces (49o to 60oN and 240o to 265oE).  

Figure 4.5 depicts the average monthly mean cloud amount over the Prairie 

Provinces from 1984 to 2004 for the five moisture conditions using SRB data and CRCM 

data to investigate how mean cloud amounts change with varying degrees of moisture. As 

expected, this figure makes it evident that mean cloud amount increases with increasing 

values of SPI, or in other words, wetter conditions. One of the main purposes of this plot 

is to look at the SPI dependence. How does it compare in the model and observations? In 

the summer, does the model show greater sensitivity of cloud amount to SPI?  

Greene (2008) noted that in the observations, a sharp decline in cloud amounts 

occurs from June to July, with a slightly stronger decrease in cloud amounts during 

drought than during normal or wet conditions. Instead, the CRCM shows cloud amounts 

increasing from June to July during wet conditions and steeply decreasing as conditions 

become severely dry. Observations also show a sharp rise in cloud amounts from August 

to September, particularly during non-drought conditions, but the model shows a sharp 

rise particularly during drought conditions. Where the observations show an overall 

increasing trend from September until the end of the year, the model has a decreasing 
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trend. This trend in the observations may not be accurate, though, so the model may 

actually be predicting correctly. In July to October, both datasets show increasing trends. 

In May to July, the cloud amounts decrease in the observations but switch from a 

decreasing trend for the dry conditions to an increasing trend for the wet conditions in the 

model. In general, it appears as though there is a greater sensitivity of cloud amount to 

SPI in the model during the summer months, whereas the observations indicate a more 

even sensitivity throughout the year. 

The coefficient of determination between the observations and model for each of 

the moisture conditions was calculated. Severe drought, mild drought, normal, mild wet, 

and severe wet conditions have very weak correlations between the observations and 

model, with r2 values of 0.09, 0.00, 0.01, 0.02, and 0.02, respectively.  

 

 
Figure 4.5: Average monthly mean cloud amount (%) over the Prairie Provinces from 1984-2004 for (a) 
SRB data and (b) CRCM data for severe dry, mild dry, normal, mild wet, and severe wet conditions. 
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Figure 4.6 displays the average monthly mean cloud amount anomaly over the 

Prairie Provinces from 1984 to 2004 for the five moisture conditions using SRB data and 

CRCM data. In the observations and even more pronounced in the model, mean cloud 

amount anomaly decreases as drought severity increases. Using SRB data, an exception 

occurs during January, February, and March, when mean cloud amount during severely 

wet conditions actually falls below that of drought and normal conditions. As mentioned, 

it is possible that this inconsistency is due to unreliable retrievals of cloud amounts over 

snow. Using the CRCM, an exception occurs in November, when mean cloud amount 

during mild drought went slightly below that of severe drought conditions.  

The maximum difference between severely wet and severely dry conditions is 

observed in September at 14%, versus the model, which simulates the maximum 

difference in July at 25%. The SRB’s minimum difference of 6%, excluding February, 

occurs in June. For the model, the minimum difference of 12% occurs in October and 

December. In general, the mean cloud amount in the CRCM appears to be too sensitive to 

varying moisture conditions, particularly in the summer. This could mean that when there 

are small departures from moisture trends in a particular month, it would be quite 

meaningful according to the model and not the observations. Also, the year-to-year 

variability is such that there is a significant uncertainty in the average cloud amount over 

the time period for a particular range of SPI. The error bars indicate that the significance 

of the month to month fluctuations is minimal for normal conditions and increases with 

increasing severity of conditions.  

The coefficient of determination between the observations and model for each of 

the moisture conditions was calculated. Severe drought, mild drought, normal, mild wet, 

and severe wet conditions have very weak correlations between the observations and 

model, with r2 values of 0.06, 0.13, 0.01, 0.18, and 0.14, respectively. Two-sample t-tests, 

at a significance level of 5%, were also performed to test if the monthly means for each 

of the five moisture categories between the observations and model are significantly 

different from each other. It was found that the differences are significant in all cases 

except between the normal conditions of the observations and the model. In the 

observations, the differences are not significant between severely wet and mildly wet 

conditions in March; between severely wet and mildly dry conditions in February; and 
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between normal and mildly dry conditions in June. For the model, the differences are not 

significant between severely dry and mildly dry conditions in November.  

 

 
Figure 4.6: Averaged monthly mean cloud amount anomaly (%) over the Prairie Provinces from 1984 to 
2004 as (a) observed by the SRB and (b) simulated by the CRCM for severely dry, mildly dry, normal, 
mildly wet, and severely wet conditions. 
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To investigate the variation associated with the general trend of decreasing cloud 

cover with increasing drought severity between the observations and model, the mean 

cloud amount anomalies for each grid point from May to September, from 1984 to 2004, 

was plotted against SPI (Figure 4.7). The data were fitted using a least squares technique, 

where the red line represents the line of best fit. Evidently, monthly mean cloud amount 

anomaly and SPI in the Prairie Provinces are only weakly correlated for both the 

observations and the model. This is determined using the coefficient of determination (r2) 

and simple linear regression. According to the observations, the coefficient of 

determination is 0.16, which indicates that 16% of the variation in mean cloud amount 

can be explained by the SPI. The correlation is much stronger in the model than it is for 

the observations, with an r2 value of 0.28. To investigate if there are months when the 

correlation is much higher or lower, the r2 value for the individual months from May to 

September are reported in Table 4.2 and will be discussed later.  

For both datasets, the coefficient of determination between the mean cloud 

amount anomaly and SPI from May to September was calculated and recorded in Table 

4.1 for three time scales: the satellite record (January 1984 to December 2004), over the 

period prior to the recent drought (January 1984 to August 1999), and the recent drought 

period (September 1999 to December 2004). The highest correlation occurred during the 

period before the recent drought, with an r2 value equal to 0.19 for the observations and 

an r2 value of 0.32 for the model. The lowest occurred during the recent drought period 

with an r2 value of 0.11 and 0.25 for the observations and model, respectively. The 

overall time period has an r2 value equal to 0.16 for the observations and 0.28 for the 

model. It is interesting that the differences in r2 values between the observations and the 

model for similar categories stayed quite constant, around 0.13.  
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Figure 4.7: Monthly mean cloud amount anomaly (%) versus the Standardized Precipitation Index (SPI) 
from May to September over the Prairie Provinces from 1984 to 2004 as (a) observed by the SRB and (b) 
simulated by the CRCM. ‘r2’ is the coefficient of determination. The red line represents the line of best fit.  

Table 4.1: Coefficient of determination, r2, for the mean cloud amount anomaly and the SPI from May to 
September over the satellite record, the period prior to the recent drought, and the recent drought period.  

Time Period r2 
Observations CRCM 

Satellite record:  
01/1984-12/2004 0.16 0.28 

Prior to recent drought:  
01/1984-08/1999 0.19 0.32 

Recent drought:  
09/1999-12/2004 0.11 0.25 

 

For both datasets, the coefficient of determination was calculated and recorded in 

Table 4.2 for the mean cloud amount anomaly and SPI for each month from May to 
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September over the satellite record (January 1984 to December 2004), the period prior to 

the recent drought (January 1984 to August 1999), and the recent drought period 

(September 1999 to December 2004). Evidently, there are significant monthly variations 

between the r2 values witnessed in both the model and observations. For example, within 

the observational data, September is the only month that the mean cloud amount 

exhibited moderate correlation with the SPI and all other months exhibited weak 

correlation with r2 values less than 0.25. In general, the correlation between mean cloud 

amount and SPI gets stronger from May to September, except during the satellite record 

and pre-recent drought periods when June has the weakest relationship, and during the 

recent drought period when August has the strongest relationship. This trend is not as 

clear in the model. Here, the correlation between mean cloud amount and SPI is strongest 

in July and September, except during the recent drought period when August has a 

stronger relationship than September. Within the model data, May and June are the only 

months that mean cloud amount exhibited weak correlation with the SPI and all other 

months exhibited moderate correlation. The differences between the correlation 

coefficients between the observations and model are consistent in August and September, 

but inconsistent in May and June. Also, the r2 values between the model and observations 

are often close in September, while very different in July.  

Speculations as to why there may be these monthly changes in the correlations are 

likely different for the model and observations, considering that the trends have as many 

similarities (low correlations in May and June) as there are differences (strong 

correlations observed in September and modeled in July). For the model, one speculation 

as to why there may be these monthly changes in the correlations could be due to the 

types of clouds present during each month. In the summer, convection becomes a larger 

contributor to precipitation than it is during the other seasons. In fact, during the month of 

June, 74% of the extreme precipitation events examined by Raddatz and Hanesiak (2007) 

were solely or partially convective, in July 85%, and in August 79%. So perhaps in the 

model, the cloud amounts associated with convection are better correlated with the 

amount of precipitation produced than when there are overcast skies and so on. Why the 

observations would indicate stronger correlations in August and September are a little 

more thought-provoking.  
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Table 4.2: Coefficient of determination, r2, for the mean cloud amount anomaly and SPI for each month 
from May to September over the satellite record (01/1984-12/2004), the period prior to the recent drought 
(01/1984-08/1999), and the recent drought period (09/1999-12/2004).  

Month 

r2 
Satellite record: 
01/1984-12/2004 

Prior to recent drought:
01/1984-08/1999 

Recent drought: 
09/1999-12/2004 

Observations CRCM Observations CRCM Observations CRCM
May 0.10 0.23 0.15 0.23 0.0 0.29 
June 0.05 0.22 0.07 0.28 0.05 0.07 
July 0.16 0.40 0.18 0.43 0.13 0.49 
August 0.21 0.33 0.22 0.33 0.28 0.35 
September 0.31 0.35 0.32 0.36 0.25 0.30 
 

Table 4.3 contains the averaged values of the mean cloud amount anomalies and 

its associated standard deviations over the Prairie Provinces from May to September for 

five different moisture conditions over the satellite record (January 1984 to December 

2004), the period prior to the recent drought (January 1984 to August 1999), and the 

recent drought period (September 1999 to December 2004). The standard deviations are 

quite large, especially in the CRCM. In the observations, the standard deviations range 

from 4.9% to 6.6%, while in the model, they range from 6.7% to 10.1%. Nonetheless, 

there is a clear trend of decreasing mean cloud amount as moisture decreases. Since the 

CRCM has standard deviations that are an average of 2% greater than those of the 

observations, this suggests that the significance of the changes in the month to month 

mean cloud amount anomaly is greater in the observations. It is interesting to note that 

during the recent drought period, the observations report mean cloud amounts within 

each moisture category to be greater than the satellite record means, while the model 

simulates mean cloud amounts within each moisture category, except for severe drought, 

to be below the satellite record means. 

For each moisture category within each dataset, two-sample t-tests were 

performed between the mean cloud amount anomalies for the three time periods. For 

example, the mean cloud amount anomaly during severe drought during the satellite 

record was tested to see if it was statistically different from severe drought from January 

1984 to August 1999 and from September 1999 to December 2004, as well, severe 

drought from September 1999 to 2004 was tested to see if it was statistically different 

from severe drought from January 1984 to August 1999. In the observations, it was found 

that all moisture categories (except extreme wet conditions) for each of the time periods 
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compared are statistically different at a 5% significance level. In the model, it was found 

that all moisture categories (except extreme dry conditions) for each of the time periods 

compared are also statistically different at a 5% significance level.  

Table 4.3: Averaged mean cloud amount (MCA) anomaly (%) and associated standard deviations (STD) 
(%) using SRB data and CRCM data over the Prairie Provinces from May to September for five moisture 
categories and for three periods: the satellite record (01/1984-12/2004); the period prior to the recent 
drought (01/1984-08/1999); and the recent drought period (09/1999-12/2004). 

Dataset Moisture 
category 

1984-2004 01/1984-08/1999 09/1999-12/2004 
MCA 

anomaly (%)
STD 
(%) 

MCA 
anomaly (%)

STD 
(%) 

MCA 
anomaly (%) 

STD 
(%) 

SRB 

Severe 
drought -5.7 6.6 -6.5 6.4 -3.0 6.6 
Mild drought -2.3 5.9 -3.0 5.9 -0.1 5.6 
Normal 0.0 5.6 -0.5 5.7 1.5 5.2 
Mild wet 2.3 5.5 1.9 5.6 3.7 4.9 
Severe wet 4.3 5.5 4.3 5.6 4.4 5.0 

CRCM 

Severe 
drought -12.2 9.1 -12.3 8.8 -11.4 10.1 
Mild drought -4.8 7.9 -4.4 7.8 -5.8 8.0 
Normal 0.2 7.2 0.6 7.2 -0.7 7.2 
Mild wet 4.6 7.3 5.1 7.3 3.5 7.1 
Severe wet 7.5 7.8 8.1 8.0 5.1 6.7 

To illustrate the amount of spatial variability in mean cloud amount anomaly 

throughout the Prairie Provinces between the observations and the model, the monthly 

mean cloud amount anomaly was averaged for severely dry conditions (Figure 4.8) and 

for severely wet conditions (Figure 4.9) for each grid point during the warm season (May 

to September) from 1984 to 2004.  

During severe drought (Figure 4.8), both datasets reveal somewhat of a 

northwest-southeast pattern of negative cloud amount anomalies as well as smaller 

negative anomalies in the northeast. The southern British Columbia/Alberta border 

experienced the highest negative anomalies, between 11% and 20% and within 16% and 

25% below the long-term mean using satellite data and the model, respectively. Much of 

the rest of Saskatchewan and Alberta had cloud anomalies ranging from 5% to 11% and 

10% to 16% below average for the observations and the model, respectively. As 

observed, Manitoba generally had mean cloud amounts around 1% to 5% below normal. 

 In the CRCM, Manitoba has a much larger range of anomalies, varying between 

1% and 20%, with the lower anomalies in the northern areas. The biggest differences 

(Figure 4.8c) are found scattered from west to east along the central regions of Alberta, 
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Saskatchewan, and Manitoba. The average difference is -6%, with values ranging from    

-18% to 4%. 

These data were fitted using a least squares technique. Using the coefficient of 

determination (r2) and simple linear regression, the average monthly mean cloud amount 

anomaly for severely dry conditions over the Prairie Provinces from 1984 to 2004 (using 

the months of May to September) between SRB data and CRCM data was found to be 

weakly correlated, as the r2 value is 0.22. With the use of a two-sample t-test at a 

significance level of 5%, it was determined that the differences in the means are 

significantly different from zero. 

 
Figure 4.8: Average monthly mean cloud amount anomaly (%) for the period of May to September from 
1984 to 2004 over the Prairie Provinces (49o to 60oN and 240o to 265oE) for severely dry conditions as (a) 
observed by the SRB and (b) simulated by the CRCM. The difference between the simulated and observed 
mean cloud amounts is illustrated in (c).   

In Figure 4.9 (a) and (b), the positive anomalies appear to be greater in the south 

and weaker or negative in the north. The highest values of mean cloud amount anomalies 

during the observed severely wet conditions are again in southern Alberta (49o-51oN, 

245o-248oE), ranging from 7% to 12% above normal. The model had the highest 

anomalies in Manitoba (51-53oN, 260o-264oE), ranging from 8% to 14% above normal. 

Northern parts of all three provinces (57o-59oN, 240o-265oE) for both datasets showed 
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very little departure from the long-term mean and in some cases, cloud amounts are 

approximately 4% below normal. The spatial distribution of mean cloud amount 

anomalies in severe conditions between the observations and model are quite close, but 

generally the magnitude of the anomalies in the model is much greater. The largest 

differences (Figure 4.9c) are found scattered across the entire study area, with no obvious 

trends. The average difference is less than that for severely dry conditions (at 2%), with 

values ranging from -5% to 10%. 

The coefficient of determination revealed that average monthly mean cloud 

amount anomaly for severely wet conditions over the Prairie Provinces from 1984 to 

2004 (using the months of May to September) between SRB data and CRCM data was 

more strongly correlated than that of severely dry conditions, with an r2 value of 0.42. 

With the use of a two-sample t-test at a significance level of 5%, it was determined that 

the differences in the means are significantly different from zero. 

 
Figure 4.9: Average monthly mean cloud amount anomaly (%) for the period of May to September from 
1984 to 2004 over the Prairie Provinces (49o to 60oN and 240o to 265oE) for severely wet conditions as (a) 
observed by the SRB and (b) simulated by the CRCM. The difference between the simulated and observed 
mean cloud amounts is illustrated in (c). 

Figure 4.10 displays the spatial distribution of mean cloud amount anomalies for 

drought conditions during the recent drought period using (a) the observational data from 
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SRB and (b) the CRCM output. Most regions are observed to have experienced cloud 

amount anomalies around 1% to 4% below the long-term mean, while the model 

simulated cloud amount anomalies around 4% to 11% below the long-term mean. A 

region in western and northern Alberta (52o–54oN, 236o-239oE and 56o–58oN, 235o-

239oE) actually experienced cloud amounts 1% to 6% above the long-term mean. In 

central Saskatchewan (54oN, 251o-256oE), on the other hand, mean cloud amount 

anomalies are observed as 4% to 8% below normal. Using model output, the only area of 

increased cloud amounts exists in northern Saskatchewan (56o-59oN, 254o-259oE), with 

values that are only 2% above the normal. Southern Alberta and Saskatchewan (49o-

53oN, 241o-255oE) have the most severe cloud amount anomalies with values simulated 

from 8% to 13% below normal.  

From first glance at the figures, it would appear as though the agreement during 

the recent drought is much poorer than for the full record, both in absolute values and in 

the spatial distribution. This may lead the examiner to conclude that the use of a period as 

short as the recent drought may be too short to be meaningful. Although, examination of 

the difference plots reveals otherwise. The range of differences noted between the 

simulated and observed values during drought during the recent drought period are on the 

order of 16% (from -13% to -5%). On the other hand, the ranges of differences noted 

between the simulated and observed values during severely dry (Figure 4.8c) and wet 

conditions (Figure 4.9c) are on the order of 22% and 15%, respectively. The difference 

between the simulated and observed values during drought during the recent drought 

period appear to improve from southwest of the study region to northeast.  

The coefficient of determination revealed that the mean cloud amount anomaly 

during drought conditions over the Prairie Provinces from September 1999 to December 

2004 between SRB data and CRCM data has a weak correlation, with an r2 value of 0.16. 

With the use of a two-sample t-test at a significance level of 5%, it was determined that 

the differences in the means are significantly different from zero. 
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Figure 4.10: Mean cloud amount anomaly (%) during drought during the recent drought period (09/1999 to 
12/2004) over the Prairie Provinces (49o to 60oN and 240o to 265oE) for the months from May to September 
as (a) observed by the SRB and (b) simulated by the CRCM. The difference between the simulated and 
observed mean cloud amounts are illustrated in (c). 

4.2 Small Scale Analysis 

4.2.1 Methods 

There is a large difference in average monthly mean cloud amounts between the 

observations and model, so to further investigate, surface station data from the General 

Meteorology PAcKage (GEMPAK) developed by the National Centers for 

Environmental Prediction (NCEP) is incorporated and smaller scale analyses were 

performed in order to make more comparisons.   

Cloud cover data from the surface stations are given as fractions out of eight, zero 

being clear-sky and eight indicating overcast conditions. Observations are obtained as 

hourly values and were averaged to obtain monthly means for the purposes of this study. 

Cloud cover data was retrieved for seven surface stations, which include: Grande Prairie, 

Alberta (55.2oN, 241.1oE); Edmonton, Alberta (53.3oN, 246.4oE); Medicine Hat, Alberta 

(50.0oN, 249.3oE); Prince Albert, Saskatchewan (53.2oN, 254.3oE); Estevan, 

Saskatchewan (49.1oN, 257.0oE); The Pas, Manitoba (54.0oN, 258.9oE); and Brandon, 

Manitoba (49.9oN, 260.1oE). The surface stations, which are point locations, are matched 
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with the corresponding 1o x 1o grid cells used in the SRB and CRCM that contain them. It 

is assumed that the 1o x 1o area does not significantly differ from the station data within 

the grid.   

Each station was examined for the warm months (May to September) for one year 

between the years of 1984 and 1996 in order to correspond with the overlapping dates 

between the satellite data (1984 to 2004) and a cloud climatology (1971 to 1996) by 

Hahn and Warren (2003). Table 2.1 lists the stations used and the corresponding year of 

analysis. The monthly mean cloud amounts for each dataset and each location were 

averaged over the summer months for the corresponding year and recorded in a table.  

The coefficient of determination (r2) between the surface stations and SRB, 

between the surface stations and the CRCM, and between SRB and the CRCM for the 

mean cloud amounts were recorded in another table to examine the relationship between 

each of the datasets.  

In addition, the monthly mean cloud amounts for two of the seven stations were 

plotted to obtain line graphs, showing the values for the surface station data, SRB, and 

the CRCM. The locations used for line graphs were selected to illustrate the best and 

worst relationships between the SRB and surface station data.  

4.2.2 Results and discussion 

Table 4.4 lists the seven stations used within the Prairie Provinces (Grande 

Prairie, Alberta; Edmonton, Alberta; Medicine Hat, Alberta; Prince Albert, 

Saskatchewan; Estevan, Saskatchewan; The Pas, Manitoba; and Brandon, Manitoba), the 

corresponding year of analysis, and contains the mean cloud amount between the surface 

stations (SS), SRB, and the CRCM, averaged for the snow-free months of May to 

September for the one year of analysis for each of the locations. It is clear that the CRCM 

consistently simulates mean cloud amounts below the surface stations and the SRB. 

Values range from 42% to 62%. The surface stations usually have the second most cloud 

coverage, with values ranging from 61% to 69%. Except for the locations of The Pas, MB 

and Estevan, SK, the SRB has the most mean cloud amounts, with values ranging from 

66% to 72%.  

For each separate location, two-sample t-tests were performed between the mean 

cloud amounts for the three datasets. For example, the mean cloud amount in Grande 
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Prairie, AB according to surface station data was tested to see if it was statistically 

different from the mean cloud amount according to SRB data and the CRCM data. As 

well, the mean cloud amount anomaly in Grande Prairie according to the SRB data was 

tested to see if it was statistically different from that of the CRCM data. Between the 

surface station data and SRB data, it was found that all locations (except Edmonton, AB) 

had means that are not statistically different at a 5% significance level. Between the 

surface station data and CRCM data, and between the SRB data and CRCM data, it was 

found that all locations had means that are statistically different at a 5% significance 

level. Thus, according to the means, the SRB agrees better with the surface station data 

than the CRCM data. 

Table 4.4: The mean cloud amount (%) between the surface stations (SS), SRB, and the CRCM, averaged 
for the months of May to September of one year for seven locations within the Prairie Provinces.  

Location Year SS SRB CRCM 
Grande Prairie, AB 1985 67.1 69.1 55.4 
Edmonton, AB 1987 65.8 71.5 61.5 
The Pas, MB 1988 67.8 67.8 41.7 
Medicine Hat, AB 1989 65.6 66.6 53 
Prince Albert, SK 1990 61.2 70.6 56.2 
Estevan, SK 1993 69.1 68.4 55.2 
Brandon, MB 1994 62.9 66.1 54.8 

These data were fitted using a least squares technique and the coefficient of 

determination (r2) was determined for the average monthly mean cloud amount for each 

of the seven locations and their corresponding year (using only the months of May to 

September) between surface station data, SRB data, and CRCM data. Between the 

surface station data and SRB data, it was found that the r2 values indicate weak to 

moderate relationships, ranging from 0.18 to 0.69, with the exception of Estevan, SK, 

Prince Albert, SK, and Brandon, MB, all of which displayed no correlations. The surface 

station data and CRCM data correlate better; r2 values range from 0.08 to 0.68. Between 

the SRB and CRCM data, the coefficient of determination values range from 0.05 to 0.64. 

From this analysis, it appears as though the correlations between each of the datasets are 

similar, with no pair much better than another.  
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Table 4.5: The coefficient of determination (r2) between the surface stations (SS) and SRB, between the 
surface stations and the CRCM, and between SRB and the CRCM for the mean cloud amount for the 
months of May to September of one year within 1984 to 1996 for seven locations within the Prairie 
Provinces.  

Location SS/SRB SS/CRCM SRB/CRCM
Edmonton, AB 0.39 0.34 0.64 
Medicine Hat, AB 0.18 0.57 0.36 
Grande Prairie, AB 0.69 0.68 0.18 
Estevan, SK 0.00 0.08 0.32 
Prince Albert, SK 0.02 0.10 0.40 
The Pas, MB 0.63 0.23 0.05 
Brandon, MB 0.01 0.48 0.25 

Figure 4.11 illustrates the annual cycle of mean cloud amount over The Pas, 

Manitoba for the year of 1988 using the three datasets. This is the location where the best 

agreement between the surface station data and satellite data occurred during the summer 

months, with an average difference over the summer months of approximately 0%. Also, 

the greatest differences between the model and observations occur at this location versus 

the other six stations, with cloud amounts averaging 26% below the satellite and surface 

observations during the summer months. The winter months add an additional 2% in the 

difference of mean cloud amounts over the 12-month period between the satellite and 

surface observations. On the other hand, the winter months improve the 12-month 

averages for the model and observations to create smaller differences by approximately 

2%.  
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Figure 4.11: Annual cycle of mean cloud amount (%) for The Pas, Manitoba for the year of 1988, using 
surface station (SS) data (green), the SRB data (blue) and the CRCM (red). 1-12 represents January to 
December. 

Figure 4.12 displays the 1987 cycle of mean cloud amount for Edmonton, 

Alberta, using the three datasets. This is the location where the agreement during the 

summer months between the surface station data and satellite data is at its worst, with an 

average difference over the summer months of approximately 6%. Also, the smallest 

differences during the summer months between the model and observations occur at this 

location versus the other six stations, with cloud amounts averaging 4% and 10% below 

the surface and satellite observations, respectively. The addition of the winter months to 

the averages makes the differences between each dataset worse. The CRCM strongly 

underestimates the mean cloud amount for most of the months in the year, with the 

exception of July and August, where it actually estimates more cloud cover than the other 

datasets.  

 71



25

35

45

55

65

75

85

95

1 2 3 4 5 6 7 8 9 10 11 1

M
ea

n 
cl

ou
d 

am
ou

nt
 (%

)

2

SS SRB CRCM

 
Figure 4.12: Annual cycle of mean cloud amount (%) for Edmonton, Alberta for the year of 1987, using 
surface station (SS) data (green), the SRB data (blue) and the CRCM (red). 1-12 represents January to 
December. 

4.3 Mean Low, Middle, and High Cloud Amount 

4.3.1 Methods 

High, middle, and low cloud amounts were also examined in detail over the 

entirety of the Prairie Provinces to determine if the under-prediction of mean cloud 

amount can be attributed to a particular cloud layer, or if it is a contribution from all 

layers. Where do the greatest differences exist between the two datasets in both time and 

space, and how does their coverage differ from drought to non-drought conditions? The 

expected monthly cloud amounts were calculated by averaging all the grid points over the 

satellite record for the SRB data and the model output for each month for each level in 

the atmosphere independently.  

The CRCM diagnostically evaluates cloud coverage for each model layer from 

the relative humidity field (Caya and Laprise, 1999). The vertically integrated cloud 

amount is dependent on the vertical distributions of clouds in the model layers (Caya and 

Laprise, 1999). Adjacent cloudy layers are assumed to have maximum overlap while 
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cloudy layers separated by a cloud-free layer are assumed to have random overlap (Caya 

and Laprise, 1999). The amount of cloud cover by vertical layer was instantaneous, taken 

every six hours, and given by a fraction from zero to one. The values were then averaged 

to obtain monthly means and converted to a percent for this study. The model output is 

initially given for 16 separate vertical layers, which are identified by pressure level in 

units of hPa, and include 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 

50, 30, and 20 hPa. 1000 hPa was neglected in this study due to its unusual nature (Figure 

4.16). The now 15 separate levels were then categorized into three levels – high, middle, 

and low – in order to correspond with the SRB data. This was done by grouping together 

the levels of 20 to 400 hPa, 500 to 700 hPa, and 850 to 925 hPa and then applying a 

random overlap algorithm within and between the three groups. 

The SRB relies on satellite measurements in the visible and infrared spectrum. 

The visible measurements give some information on total cloud thickness, while the 

infrared measurements give cloud top information. The combination of this data does not 

allow for the overlapping of cloud layers. Thus, this is optimal for viewing high level 

clouds and middle clouds and low level clouds may be under-detected. Despite these 

limitations, cloud amounts at all levels – high, middle and low – were examined in this 

study to compare with the model how the cloud coverage differs from drought to non-

drought conditions. Passive satellites are unable to observe the vertical structure of 

clouds; instead they can only observe the uppermost cloud layer (ISCCP, 2008). 

Likewise, surface observations of clouds can only see the lowermost cloud layer (ISCCP, 

2008). However, weather balloons are released on a regular basis to determine vertical 

profiles of temperature and humidity (ISCCP, 2008). The humidity profiles can be used 

to deduce the cloud layer distributions by looking for levels where the relative humidity 

is very high (ISCCP, 2008). Using this climatology, clouds can be assigned to low, 

middle, and high layers in the atmosphere from the cloud top pressure and optical 

thickness given by the satellite data. Low clouds are those with a cloud top pressure 

greater than 680 hPa, middle clouds are those between 440 and 680 hPa, and high clouds 

are those with cloud top pressures less than 440 hPa (ISCCP, 2008). It should be kept in 

mind that interpreting the results is complicated because of the method used to assign 
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clouds to different levels in the SRB data and the way cloud amounts were combined in 

the model output.  

The annual cycle of mean cloud amounts for each level are plotted on a line graph 

showing the values for high, middle, and low clouds. This is accomplished using both the 

SRB and the CRCM data for the entire study area over the satellite record.  

Monthly mean cloud amount anomalies over the Prairie Provinces were then 

plotted on line graphs for the five moisture categories for the three cloud levels using 

both datasets. Once again, averages were taken over the satellite record and the 

differences between severely dry and severely wet conditions were noted. In addition, the 

coefficient of determination was calculated between mean cloud amount anomalies and 

SPI for each of the three levels in the atmosphere.  

Furthermore, mean cloud amount anomalies during the warm season were 

calculated for the five moisture categories for high, middle, and low clouds for the years 

prior to the recent drought period, as well as during the recent drought over the Prairie 

Provinces. Results are presented for the SRB and CRCM data on separate tables for each 

layer. 

4.3.2 Results and discussion 

Before the 16 layers of clouds from the CRCM were combined to obtain 3 

categories of clouds (high, middle, and low), a 21-year average for each of the 16 layers 

for each month was calculated to obtain the annual cycle of mean cloud amount by layer 

over the Prairie Provinces. This was accomplished in order to observe if there were any 

anomalous layers that should be neglected. The results are plotted on a line graph (Figure 

4.13), with very high clouds (20, 30, 50 hPa) in Figure 4.13a, high clouds (70, 100, 150, 

200, 250, 300 hPa) in Figure 4.13b, middle clouds (400, 500, 600 hPa) in Figure 4.13c, 

and low clouds (700, 850, 925, 1000 hPa) in Figure 4.13d. From Figure 4.13d, it is clear 

that the 1000 hPa layer clouds are anomalously abundant compared to the other low level 

clouds, reaching almost 20% coverage of the sky in the warm months while the others in 

that category only reach up to about 8%. Thus, the 1000 hPa layer is neglected from the 

low cloud group.  
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Figure 4.13: Annual cycle of mean cloud amount (%) for (a) very high clouds (20, 30, 50 hPa), (b) high 
clouds (70, 100, 150, 200, 250, 300 hPa), (c) middle clouds (400, 500, 600 hPa), and (d) low clouds (700, 
850, 925, 1000 hPa), averaged over the entire study area and for the period from 1984 to 2004, using the 
CRCM data. 

Upon adjustment of the included layers in each of the three cloud level categories 

(high, middle, low), the monthly cloud amounts for each category were averaged over the 

satellite record using observational data and the model output to obtain monthly averages 

of typical cloud cover amounts over the Prairie Provinces (Figure 4.14).  

According to the observations, high-level clouds remain at relatively consistent 

values throughout the year. The averaged high cloud amounts vary from 16% in February 

and March, to 25% in June. In the model, however, high-level clouds vary quite a bit 

throughout the year, ranging from 24% in February and March to 47% in September. 

High clouds peak in abundance in May, June, and July in the observations and in August, 

September, and October in the model. Overall, the model overestimates mean high cloud 

amount by almost 15%, on average. This could be attributed to how high clouds are 

simulated in the model. When deep convection is present, a vertical profile of cloud cover 

that mimics a typical profile of a deep convection cloud with an anvil top is prescribed. 

One-hundred percent cloud cover is assigned in the anvil top, while 25% cloud cover is 

assigned to the levels below, down to cloud bottom. Although, when convection occurs, 
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anvil tops are not always present or could be present at lower levels. The way the model 

handles convection, then, could lead to an overestimation of clouds in the upper levels 

and underestimations at lower levels. This actually turns out to be the case, as viewed in 

Figure 4.14, below. It is also possible that the model simply overestimates the extent of 

convective clouds, and since it has already been determined that precipitation is closely 

predicted, this implies that there is not necessarily proportionately more precipitation 

coming out of these clouds.  

Middle clouds are observed to have the highest cloud cover amounts throughout 

the year, while the model only agrees with this in February to April. For the rest of the 

year, the CRCM simulates high clouds to be the most abundant. The observations 

illustrate that middle clouds are at a minimum during the summer months (June, July, 

August), with the lowest values in July and August at 24%. The maximum mid-level 

cloud amount occurs in the winter months (December, January, February), with values 

around 49%. The model estimates lesser amounts of middle clouds, with the minimum in 

August of 12% and the maximum in March of 33%. The months of minimums and 

maximums are shifted from the observations as well, occurring in July, August, and 

September, and February, March, and April, respectively. It is interesting to note that 

while the overall mean middle cloud amounts in the model are almost 13% lower than 

observed, the trends appear to be quite similar overall. It is suspected that the 

underestimation of middle clouds in the model contributes the most to the overall 

underestimation in total mean cloud amount.  

Low-level clouds have the lowest cloud cover amounts in both datasets. In the 

observations, they are the most abundant during the warm months (April to September) 

and decrease during the cool season. In January and August, an average of 4% and 17% 

of the sky consists of low-level clouds, respectively. Throughout the year, low clouds in 

the model range from 6% to 9%. The underestimation of low clouds in the model must 

also contribute to the overall underestimation in total mean cloud amount. Also, it is 

likely that a portion of the low cloud amount observed is dependent upon what fraction of 

the sky is covered by middle and high clouds. In summer, for example, less middle and 

high clouds are present, so it is possible for satellites to observe more low clouds. Due to 
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the random overlap assumption used in combining 15 separate levels of clouds into three, 

it is possible that low level clouds are not adequately represented in the CRCM, as well.  

These data were fitted using a least squares technique. Using the coefficient of 

determination (r2) and simple linear regression, the annual cycle of monthly mean cloud 

amount between the model and observations for high and low clouds are found to be 

weakly correlated, with r2 values of 0.18 and 0.25, respectively. The coefficient of 

determination for middle clouds is moderate with r2 equal to 0.65.  

 
Figure 4.14: Mean monthly low (red), middle (green), and high (blue) cloud amounts (%) over the Prairie 
Provinces from 1984 to 2004 using (a) observational data and (b) model output.  

Figure 4.15 (a) and (b) displays the average monthly mean cloud amount anomaly 

for high clouds over the Prairie Provinces from 1984 to 2004 for the five moisture 

conditions using the observations and model output, respectively. In common with 

overall mean cloud amount, both datasets reveal that the mean cloud amount anomalies 

decrease with decreasing precipitation. In the SRB data, there is an exception with 

severely wet conditions during the winter months of January and February, while the 

exception in the CRCM occurred in September, where mean cloud amount anomalies 

actually increased with decreasing precipitation. The exception in the SRB data may be 

due to the difficulty satellites have with differentiating snow cover from clouds. It is 

unknown as to why September would have an opposing relationship compared to the 

other 11 months in the model, but it is likely due to the fact that there are very few 

severely wet grid points in September’s dataset. High cloud amount anomalies are a 

maximum during severely wet and a minimum during severely dry conditions, as 
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expected, but even for these two extremes, the absolute anomalies are generally less than 

6% and 8% in the observations and model, respectively. While there is a general trend of 

decreasing cloud cover during drier conditions in both datasets, the correlation of high 

cloud amounts and SPI is weak in the observations, with an r2 value of 0.13 and even 

weaker in the model, with an r2 value of 0.04. 

The coefficient of determination between the observations and model for each of 

the moisture conditions was calculated. Severe drought, mild drought, normal, mild wet, 

and severe wet conditions have very weak correlations between the observations and 

model, with r2 values of less than 0.08 for mild and severe drought and wet conditions. 

Normal conditions between the observations and model are also weakly correlated, with 

an r2 value of 0.29, but it is much stronger than that of the other relationships. Two-

sample t-tests, at a significance level of 5%, were also performed to test if the monthly 

means for each of the five moisture categories between the observations and model. It 

was found that the differences are significantly different from each other in mild 

conditions (both wet and dry), and not significantly different in severe and normal 

conditions. In the observations, the differences are not significant between severe drought 

and mild drought conditions in November, December, and January; between severe 

drought and normal conditions in November; mild drought and normal conditions in 

November; severe wet and normal conditions in February; and severely wet and normal 

conditions in June. For the model, the differences are not significant between severely 

dry and mildly dry conditions in November and December; severely dry and normal in 

November; mildly dry and normal in November; normal and severely wet in February; 

and severely and mildly dry conditions in June.  
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Figure 4.15: The (a) observed and (b) modeled mean monthly cloud amount anomalies (%) for high 
clouds. Monthly means from 1984 to 2004 were averaged over the Prairie Provinces for severely dry, 
mildly dry, normal, mildly wet, and severely wet conditions. 

For both datasets, middle cloud anomalies are stratified in the same manner as 

high cloud amounts – in decreasing order from severely wet to severely dry (Figure 4.16). 

Averaged anomalies for mean middle cloud amounts over the Prairie Provinces from 

1984 to 2004 are, again, more spread between severe wet and severe drought conditions 

in the model than the observations. The absolute anomalies are generally less than 6% 

and 10% in the observations and model, respectively. In the SRB data, there is an 

exception with severely wet conditions during the winter months of December and 

February, while this time; there are no exceptions in the CRCM. The exception in the 

SRB data enforces that there may be an issue with satellites differentiating snow cover 

from clouds. The correlation between SPI and mean middle cloud amount anomaly is 

even lower than that of high clouds in the observations, with an r2 value of 0.07. 

Conversely, the correlation between SPI and mean middle cloud amount anomaly is 

higher than that of high clouds in the model, with an r2 value of 0.17. 

The coefficient of determination between the observations and model for each of 

the moisture conditions was calculated. Severe drought, mild drought, normal, mild wet, 

and severe wet conditions have very weak correlations between the observations and 
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model, with r2 values of 0.02, 0.63, 0.08, 0.07, and 0.07, respectively. It is interesting to 

note that this time, it is not the normal conditions that are the correlated the strongest; it is 

now the mild drought conditions that are much more correlated than the other categories. 

Two-sample t-tests, at a significance level of 5%, were also performed to test if the 

monthly means for each of the five moisture categories between the observations and 

model are significantly different from each other. It was found that the differences are 

significant in all cases except between the normal conditions of the observations and the 

model. Two-sample t-tests, at a significance level of 5%, were then performed to test if 

the monthly means for each of the five moisture categories within the observations and 

within model are significantly different from each other. Again, it was found that the 

differences are significant in most cases, but with a few exceptions. In the observations, 

the differences are not significant between mild drought and normal conditions during the 

months of January and June; normal and mildly wet conditions in February; mild drought 

with severely wet conditions in December; and between severely wet and mildly wet 

conditions in July and September. For the model, the differences are not significant 

between severely wet and mildly wet conditions in March, April, August, October, and 

November.  

 
Figure 4.16: The (a) observed and (b) modeled mean monthly cloud amount anomalies (%) for middle 
clouds. Monthly means from 1984 to 2004 were averaged over the Prairie Provinces for severely dry, 
mildly dry, normal, mildly wet, and severely wet conditions. 
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Cloud amount anomalies for low clouds in both datasets are much smaller than 

those in all other levels and the differences in cloud cover between severely dry and 

severely wet conditions are also reduced (Figure 4.17). In both the observations and 

model, anomalies generally varied between ± 2% and there is more overlap of the five 

moisture categories than in high or middle cloud amount anomalies. In the model, the 

overlap is confined to the cold season, which is not true in the observations. The main 

difference in the observed and modeled mean monthly cloud amount anomalies for low 

clouds is that there is actually more clouds observed during drought conditions than in 

wet, while the stratification remains the same as high and middle cloud amounts in the 

model. In the case of the observations, there is no correlation between SPI and mean low 

cloud amount anomalies, with an r2 value of 0.02. However, as mentioned previously, 

low cloud is under-detected, and these values should not be taken as absolute. In the 

CRCM, the r2 value is 0.10, which is stronger than the relationship between high cloud 

amount anomaly and SPI, yet lower than the correlation between middle cloud amount 

anomaly and SPI.  

The coefficient of determination between the observations and model for each of 

the moisture conditions was calculated. Severe drought, mild drought, normal, mild wet, 

and severe wet conditions have very weak correlations between the observations and 

model, with r2 values of 0.21, 0.10, 0.03, 0.07, and 0.00, respectively. It is interesting to 

note that this time, it is not the normal or mildly dry conditions that are the correlated the 

strongest; it is now the severe drought conditions that are much more correlated than the 

other categories. Two-sample t-tests, at a significance level of 5%, were also performed 

to test if the monthly means for each of the five moisture categories between the 

observations and model are significantly different from each other. It was found that the 

differences are significant in all cases except between the normal conditions of the 

observations and the model. Two-sample t-tests, at a significance level of 5%, were then 

performed to test if the monthly means for each of the five moisture categories within the 

observations and within model are significantly different from each other. Again, it was 

found that the differences are significant in most cases, but with a few exceptions. In the 

observations, the differences are not significant between severely and mildly dry 

conditions during the months of February, April, May, October, and November; severely 
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wet and normal conditions in January and November; severely dry and mildly wet in 

January; severely dry and severely wet conditions in October; severe dry and severe wet 

in October; mildly dry and normal in May, August, and November; mildly dry and mildly 

dry in December; normal and mildly wet in April; and severely wet and mildly wet 

conditions in February, March, April, September, and October. For the model, the 

differences are not significant between any of the conditions in December (except 

between normal and mildly wet conditions). Also, February, March, October, and 

November are the only months where there are insignificant differences between the 

conditions.  

 
Figure 4.17: The (a) observed and (b) modeled mean monthly cloud amount anomalies (%) for low clouds. 
Monthly means from 1984 to 2004 were averaged over the Prairie Provinces for severely dry, mildly dry, 
normal, mildly wet, and severely wet conditions. 

Recall from Table 4.2 that the overall mean cloud amount was observed to be 

higher for all moisture categories during the recent drought period than of those of 

previous years and the model simulated less cloud coverage during the recent drought 

period. To further investigate how clouds vary from drought to non-drought conditions 

between the SRB and the CRCM, mean cloud amount anomalies during the warm season 

were calculated for the five moisture categories for high, middle, and low clouds for the 

years prior to the recent drought period, as well as during the recent drought over the 

Prairie Provinces (High - Table 4.6; Middle - Table 4.7; Low - Table 4.8).  

According to satellite data, mean high and middle cloud amounts increased during 

the most recent drought for all moisture categories, particularly middle level clouds. High 
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level clouds increased from 1% to 2% for all moisture categories, while middle clouds 

increased by 3% to 4% for mild and severe drought conditions and from 1% to 2% for 

normal, severely wet and wet conditions. In the CRCM, only mean middle cloud amounts 

increased during the recent drought period, by 1% or 2% for all moisture categories.  

In the SRB data, mean low cloud amounts decreased during the most recent 

drought for all moisture categories. In the CRCM, mean high and low cloud amounts 

decreased during the recent drought period. Low cloud amounts in the SRB decreased 

around 1% to 2%, while in the CRCM; the decreases are all less than 1%. High clouds in 

the CRCM decreased from 1% to 2% for all moisture categories.  

In high level clouds, the standard deviations associated with the SRB data are 

approximately 4% and those of the CRCM range from 7% to 11%. For middle clouds, the 

standard deviations are approximately 4% to 5% for the SRB and range from 4% to 7% 

in the CRCM. In low clouds, standard deviations are approximately 3% to 4% for the 

SRB and range from 2% to 3% in the CRCM. 

For each moisture category within each dataset for all three cloud layers, two-

sample t-tests were performed between the mean cloud amount anomalies for the three 

time periods. For example, the mean high cloud amount anomaly during severe drought 

during the satellite record was tested to see if it was statistically different from severe 

drought from January 1984 to August 1999 and from September 1999 to December 2004, 

as well, severe drought from September 1999 to 2004 was tested to see if it was 

statistically different from severe drought from January 1984 to August 1999. In the 

observations, it was found that for all cloud layers and all moisture categories for each of 

the time periods compared are statistically different at a 5% significance level. Two 

exceptions did occur in the observations, though: For the pre-recent drought 

period/satellite record comparison, the differences between the mean cloud amounts in 

high and middle layers during severe wet conditions were not significantly different. In 

the model, there were many more exceptions. For the pre-recent drought period/satellite 

record comparisons, exceptions were found between the mean cloud amounts in high 

layers during severely dry and mildly and severely wet conditions; between the mean 

cloud amounts in middle layers during severely wet conditions; and between the mean 

cloud amounts in low layers during all conditions except for mildly dry. For the recent 
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drought period/satellite record comparisons, exceptions were found between the mean 

cloud amounts in low layers during normal and severely wet conditions. Finally, for the 

pre-recent drought/recent drought period comparisons, exceptions were found between 

the mean cloud amounts in low layers during normal and severely wet conditions. 

Table 4.6: Averaged mean high cloud amount (MCA) anomaly (%) and associated standard deviations 
(STD) (%) using SRB data and CRCM data over the Prairie Provinces from May to September for five 
moisture categories and for three periods: the satellite record (01/1984-12/2004); the period prior to the 
recent drought (01/1984-08/1999); and the recent drought period (09/1999-12/2004). 

Dataset Moisture 
category 

1984-2004 01/1984-08/1999 09/1999-12/2004 
MCA anom 

(%) 
STD 
(%) 

MCA anom 
(%) 

STD 
(%) 

MCA anom 
(%) 

STD 
(%) 

SRB 

Severe 
drought -3.3 4.4 -3.8 4.1 -1.5 4.9 
Mild drought -1.5 4.0 -1.9 3.7 -0.1 4.4 
Normal 0.0 3.9 -0.5 3.8 1.2 4.0 
Mild wet 1.4 4.1 1.0 3.9 2.7 4.2 
Severe wet 3.1 3.9 2.9 3.7 4.0 4.2 

CRCM 

Severe 
drought -3.3 10.6 -3.0 11.0 -4.9 8.7 
Mild drought -1.9 9.3 -1.2 9.6 -4.0 8.0 
Normal -0.2 8.4 0.4 8.6 -2.1 7.6 
Mild wet 2.0 8.8 2.5 9.1 0.5 7.7 
Severe wet 3.2 9.4 3.5 9.9 1.8 7.1 

Table 4.7: Averaged mean middle cloud amount (MCA) anomaly (%) and associated standard deviations 
(STD) (%) using SRB data and CRCM data over the Prairie Provinces from May to September for five 
moisture categories and for three periods: the satellite record (01/1984-12/2004); the period prior to the 
recent drought (01/1984-08/1999); and the recent drought period (09/1999-12/2004). 

Dataset Moisture 
category 

1984-2004 01/1984-08/1999 09/1999-12/2004 
MCA anom 

(%) 
STD 
(%) 

MCA anom 
(%) 

STD 
(%) 

MCA anom 
(%) 

STD 
(%) 

SRB 

Severe 
drought -3.8 4.7 -4.8 4.0 -0.2 5.2 
Mild drought -1.2 4.9 -2.1 4.4 1.6 5.3 
Normal 0.0 4.8 -0.8 4.5 2.4 4.9 
Mild wet 1.4 4.9 0.7 4.8 3.6 4.6 
Severe wet 2.4 5.0 2.2 5.0 3.2 4.8 

CRCM 

Severe 
drought -4.7 4.5 -5.2 4.3 -2.4 4.3 
Mild drought -2.4 4.7 -2.9 4.8 -0.9 4.1 
Normal -0.1 5.1 -0.6 5.1 1.5 4.6 
Mild wet 2.0 5.5 1.6 5.4 3.2 5.5 
Severe wet 4.9 6.8 4.8 7.0 5.4 6.0 
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Table 4.8: Averaged mean low cloud amount (MCA) anomaly (%) and associated standard deviations 
(STD) (%) using SRB data and CRCM data over the Prairie Provinces from May to September for five 
moisture categories and for three periods: the satellite record (01/1984-12/2004); the period prior to the 
recent drought (01/1984-08/1999); and the recent drought period (09/1999-12/2004). 

Dataset Moisture 
category 

1984-2004 01/1984-08/1999 09/1999-12/2004 
MCA anom 

(%) 
STD 
(%) 

MCA anom 
(%) 

STD 
(%) 

MCA anom 
(%) 

STD 
(%) 

SRB 

Severe 
drought 1.3 4.0 2.0 3.9 -1.0 3.3 
Mild drought 0.5 3.6 1.1 3.5 -1.3 3.5 
Normal 0.1 3.7 0.8 3.5 -2.0 3.3 
Mild wet -0.6 3.5 0.1 3.3 -2.7 3.5 
Severe wet -1.4 3.1 -1.1 3.0 -2.8 3.2 

CRCM 

Severe 
drought -2.6 2.7 -2.6 2.5 -2.8 3.3 
Mild drought -0.9 2.6 -0.9 2.6 -1.0 2.7 
Normal 0.1 2.5 0.2 2.5 0.0 2.4 
Mild wet 0.9 2.6 0.9 2.7 0.7 2.3 
Severe wet 1.4 3.0 1.5 3.2 1.1 2.1 
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CHAPTER 5 – RADIATION CHARACTERISTICS 

5.1 Top-of-Atmosphere (TOA) Albedo 

Top-of-atmosphere (TOA) albedo is an important variable to examine when 

interested in cloud feedbacks because it is directly related to clouds: any changes in 

albedo are likely due to changes in cloud cover and/or cloud optical thickness (Rossow 

and Lacis, 1990). More importantly, the observed albedo data is more reliable than cloud 

amount data because shortwave radiances at the top of the atmosphere are measured 

directly by satellites and can be used to deduce fluxes and hence get the albedo. 

Measuring mean cloud amount, on the other hand, depends on complex detecting 

algorithms.  

5.1.1 Methods 

In the analysis of TOA albedo, the monthly average TOA upward shortwave flux 

(F↑) and TOA downward shortwave flux (F↓) variables from the Surface Radiation 

Budget Project (SRB) dataset and the Canadian Regional Climate Model (CRCM) are 

used to calculate the TOA albedo (α), where α = F↑/F↓. The parameters from the 

observations and model were retrieved in Wm-2 as 3-hourly instantaneous values (00Z, 

03Z, 06Z, 09Z, 12Z, 15Z, 18Z, 21Z) and 6-hourly means (00Z, 06Z, 12Z, 18Z), 

respectively. The 6-hourly means are calculated by averaging the 6 hours prior to the 

time indicated. For example, when interested in the 18Z values, the hours from 12Z to 

18Z are averaged. In the Canadian Prairies, 00Z corresponds with 6 pm local time and 

18Z corresponds with noon local time. 

With the model data, the 18Z and 00Z flux values were used to calculate TOA 

albedo, which cover the hours from 6 am to 6 pm, local time. These values were then 

averaged together to obtain monthly daytime averages of TOA albedo for the warm 

season (May to September) for the satellite record (1984 to 2004). For consistency in 

temporal averaging, the 3 hourly instantaneous values of 12Z to 00Z were used to 

calculate TOA albedo with the SRB data. The trapezoid rule was applied to these values 

in order to obtain the monthly daytime averages of TOA albedo, also for the months of 

May to September from 1984 to 2004. 
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Depending on the location and time of year, TOA albedo values can be obtained 

for the hours beyond 6 am to 6 pm. For example, in northern regions during the summer, 

TOA albedo values are obtained throughout the diurnal cycle. While more data is usually 

considered to be better, this is not the case here. For example, consider that at sunrise or 

sunset, when the sun angle is low, very little radiation is incoming or outgoing. 

Calculating albedo with such small values allows any measurement errors to be 

magnified. On the other hand, around noon, there is a large flux of radiation in and out of 

the atmosphere, so any errors in the flux measurements will be insignificant when 

calculating TOA albedo. Thus, analyses were restricted to only daytime hours for the 

warm months of May to September and for the regions south of 55oN. Using the warm 

months is additionally important because if the surface is too bright (fresh snow cover 

during the winter has a very high albedo), the TOA albedo will be relatively insensitive to 

cloud amount and/or cloud thickness and so to SPI. As well, and most importantly, the 

regions north of 55oN are not included because there is a lack of station data coverage, so 

the SPI data there can also be unreliable.  

The first method used to evaluate how well the model is able to reproduce the 

absolute data field of TOA albedo from the observations is to examine the respective 

average monthly values of TOA albedo for the months of May to September, averaged 

over the area from 49oN to 55oN and 240oE to 265oE. For both datasets separately, the 

TOA albedo for each of the five months in all 21 years from 1984 to 2004 was added up 

and divided by 21 in order to obtain an average monthly value of TOA albedo. The 

monthly averages were then plotted to obtain a line graph, showing the values for both 

the SRB and CRCM data. 

Second, TOA albedo anomalies were calculated for the observations and the 

CRCM by first averaging the TOA albedo for each grid point within the study area from 

May to September, over the satellite record. This monthly mean value was then 

subtracted from the overall monthly TOA albedo to get the anomaly. To investigate the 

TOA albedo anomalies of the model versus those observed, line graphs of the average 

monthly values of TOA albedo anomaly for the five moisture categories (Table 2.3) were 

created for each dataset.  

 87



Third, a scatter plot for the TOA albedo anomaly versus the SPI, averaged over 

the Prairie Provinces (with the exception of the North) from May to September, was 

produced for each dataset. A simple linear regression analysis was used to find the 

correlation coefficient, r, between TOA albedo anomalies and the SPI. The coefficient of 

determination, r2, was also calculated to compare the percentage of variation in TOA 

albedo anomaly that can be explained by the variation in SPI for each dataset.  

 Next, the monthly coefficient of determination values were calculated for the 

years prior to the recent drought (1984 to August 1999) and the years during the recent 

drought (September 1999 to 2004), using the months of May to September. Calculations 

were repeated to obtain separate values for each month from May to September to further 

examine if the model would reproduce monthly variations between TOA albedo anomaly 

and SPI. These values were recorded in a table. 

 Finally, the average TOA albedo anomaly for each of the five moisture categories 

was calculated for each grid point over the warm season (May to September) for the 

satellite record using the observations and model. Both severely dry and severely wet 

TOA albedo anomalies were plotted on maps of the Prairie Provinces to identify and 

compare the spatial variations over the region. TOA albedo anomalies for drought 

conditions during the recent drought period were also plotted over maps of the Prairie 

Provinces using each dataset. 

5.1.2 Results and discussion 

Figure 5.1 displays the monthly average TOA albedo per year from 1984 to 2004 

over the Prairie Provinces from 49oN to 55oN and 240oE to 265oE, utilizing the 

observational data of the SRB and model output. For example, in 2004, the TOA albedo 

per month from May to September between the SRB and the CRCM averaged 35% and 

37%, respectively. Thus, in 2004, the CRCM over-predicted the TOA albedo by 

approximately 2%.  

When comparing the TOA albedo between the two datasets, it is evident that there 

are a few years when the model does not follow similar patterns or magnitudes of the 

average TOA albedo per year, while the years of 2000 to 2004 are quite close (CRCM 

over predicts by less than 2.5%). In 1988, the model estimates a sharp decline in TOA 

albedo, two years in advance of the sharp decrease observed by the SRB. In 1993, the 

 88



model estimates a steep increase in TOA albedo while this is not observed from the SRB 

data. Additionally, the years of 1997 and 1998 are the worst estimated of the 21 year 

record, missing the observation’s sharp decreases in TOA albedo by 11% and 16%, 

respectively.  

These data were fitted using a least squares technique. Using the coefficient of 

determination (r2) and simple linear regression, the monthly average TOA albedo per 

year between the model and observations are found to be only weakly correlated, with an 

r2 value of 0.11. With the use of a two-sample t-test at a significance level of 5%, it was 

determined that the differences between the means from SRB and the CRCM are 

significantly different from zero. Recalling Figure 3.2, it is clear that the abilities of the 

model to simulate TOA albedo are not as strong as the simulations of precipitation.  

 
Figure 5.1: Monthly average top-of-atmosphere (TOA) albedo per year (%) from 1984 to 2004, using only 
the warm months of May to September, averaged over 49oN to 55oN and 240oE to 265oE, using SRB data 
(blue) and the CRCM (red) data. 

Figure 5.2 displays the average monthly values of TOA albedo for the months of 

May to September, averaged over the area from 49oN to 55oN and 240oE to 265oE for 

both the SRB data and the CRCM output. While trends between the average monthly 

values of TOA albedo for the months of May to September between SRB and the CRCM 

are quite close, it is evident that for each month, the CRCM consistently over predicts by 
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approximately 4% on average. The average monthly TOA albedo from 1984 to 2004 over 

the Prairie Provinces is 34.3%, as simulated from the CRCM, and 33.1% as observed by 

SRB. Recall that in Chapter 4, it was revealed that the model tends to underestimate 

mean cloud amounts, overall. Given the same cloud thickness, more cloud cover 

corresponds with a higher TOA albedo. Since the model has been found to simulate less 

cloud cover with a higher TOA albedo than what is observed, this indicates that either the 

observed cloud amounts are not correct or that the modeled cloud thicknesses are too 

large. Given the small scale studies in Chapter 4, it is suspected that the majority of this 

effect must be due to thicker clouds simulated by the model.   

Both datasets appear to follow similar trends, as the highest values of TOA albedo 

are observed and modeled to occur in May and September, while the lowest values in 

both datasets are in July and August. A notable difference is that in July, the TOA albedo 

is estimated to be too high, resulting in a more gentle increase in TOA albedo into August 

than the SRB data experiences. 

The coefficient of determination for the average monthly values of TOA albedo 

between the model and observations is strong, with an r2 value of 0.95, which is better 

than that of the precipitation analysis (r2 = 0.87) and much better than the monthly 

estimation of cloud cover (r2 = 0.02). With the use of a two-sample t-test at a significance 

level of 5%, it was determined that the differences in the means are not significantly 

different from zero. The strong TOA albedo correlation between SRB and CRCM 

suggests that the observational data is more reliable, which is expected since shortwave 

radiation fluxes are measured directly.  
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Figure 5.2: Average monthly values of top-of-atmosphere (TOA) albedo (%) for the months of May to 
September, averaged over 49oN to 55oN and 240oE to 265oE, for the period from 1984 to 2004, using SRB 
data (blue) and the CRCM (red) data. 

Figure 5.3 illustrates the average TOA albedo anomaly over the Prairie Provinces 

(with the exception of the North) from 1984 to 2004, using the months of May to 

September, for the five moisture conditions (severely dry, mildly dry, normal, mildly wet, 

and severely wet) using SRB data and CRCM data. From the analysis of how mean cloud 

amount anomalies change with various degrees of moisture (Figure 4.14), it was expected 

that TOA albedo would also decrease with increasing drought severity (since TOA 

albedo is heavily dependent on cloud variations). This is indeed the case, with the 

relationship slightly more pronounced in the model.  

The maximum difference between severely wet and severely dry conditions is 

observed in September at 10%, versus the model, which simulates the maximum 

difference in July at 12%. The SRB’s minimum difference of 5% occurs in June. For the 

model, the minimum difference of 7% occurs in May. The months where the maximums 

and minimums are found are identical to that in the analysis of mean cloud amount 

anomalies (with the exception of the model’s May minimum difference because in the 
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mean cloud anomalies, this occurred during the winter months). This may indicate the 

direct relationship between cloud cover and TOA albedo.  

The coefficient of determination between the observations and model for each of 

the moisture conditions was calculated. Severe drought and normal conditions have very 

weak correlations between the observations and model, with r2 values of 0.01 and 0.00, 

respectively. On the other hand, mild drought, mild wet, and severe wet conditions have 

weak to moderate correlations between datasets, with r2 values of 0.30, 0.70, and 0.45, 

respectively. Two-sample t-tests, at a significance level of 5%, were performed to test if 

the monthly means for each of the five moisture categories between the observations and 

model are significantly different from each other. It was found that the differences are not 

significant in all cases. Recall that only the mean cloud amounts for normal moisture 

conditions were not significantly different between the datasets. This indicates that the 

TOA albedo anomalies have much better agreement than the mean cloud amount 

anomalies. Also, in both datasets, the differences are significant between each of the 

moisture conditions. For example, in the model, the average TOA albedo between 

severely dry and mildly dry conditions is significantly different from zero, and this is the 

case in the observations, as well. Recall that there were a number of exceptions in the 

mean cloud amount analysis. This indicates that the TOA albedo in both datasets is more 

strongly related to varying moisture conditions than mean cloud amount is. These results 

were expected because albedo has a direct relationship to clouds and is directly measured 

by satellites, allowing for less error than when deducing cloud amounts from direct and 

indirect methods.  
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Figure 5.3: Averaged monthly top-of-atmosphere (TOA) anomaly (%) for the months of May to 
September, averaged over 49oN to 55oN and 240oE to 265oE, from 1984 to 2004 as (a) observed by the 
SRB and (b) simulated by the CRCM for severely dry, mildly dry, normal, mildly wet, and severely wet 
conditions. 

To investigate the variation associated with the general trend of decreasing TOA 

albedo with increasing drought severity between the observations and model, the average 

TOA albedo anomalies for each grid point from May to September, from 1984 to 2004, 

was plotted against SPI (Figure 5.4). The data were fitted using a least squares technique, 

where the red line represents the line of best fit. While there is still a significant amount 

of scatter, the correlation between TOA albedo anomaly and the SPI is larger than that of 

mean cloud amount and SPI in both the observational and model data. Recall that the 

coefficient of determination, r2, from mean cloud amount anomaly and SPI was a mere 

0.16 and 0.31 for the observations and model, respectively. Here, the observed r2 value 

has a higher value of 0.30, exhibiting a moderate correlation between TOA albedo 

anomaly and SPI. The model has a coefficient of determination of 0.44, showing a 

stronger relationship with SPI than the mean cloud amount and SPI relationships as well 

as the TOA albedo and SPI relationship in the observations. This indicates that both 

cloud amount and optical thickness could be contributing factors in the relationship with 

SPI (Greene, 2008). 
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Since TOA fluxes are taken from measurements of reflected solar radiation and 

cloud detection uses both reflected solar radiation and infrared radiation, which can be 

observed at night, the stronger relationship of TOA albedo anomaly and SPI than that of 

mean cloud amount anomaly and SPI could also be a result of the diurnal cycle (Greene, 

2008). For example, during the summer months, much of the precipitation over the 

Prairie Provinces comes from convective events, which is largely a daytime phenomenon. 

Thus, a reduction in convective events and hence clouds during a severe drought would 

strengthen the relationship between TOA albedo anomaly and SPI, while the relationship 

between mean cloud amount anomaly and SPI could be masked by averaging this effect 

with that of nighttime clouds.  

 
Figure 5.4: Top-of-atmosphere (TOA) albedo anomaly (%) versus the Standardized Precipitation Index 
(SPI) from May to September, averaged over 49oN to 55oN and 240oE to 265oE, from 1984 to 2004 as (a) 
observed by the SRB and (b) simulated by the CRCM. ‘r2’ is the coefficient of determination. The red line 
represents the line of best fit. 

 

 

 

 

 94



The correlation between TOA albedo anomaly and SPI was calculated over three 

time intervals in a similar fashion as was done for the mean cloud amount anomaly and 

SPI. The analysis focused on the months of May to September and included an analysis 

for the satellite record (1984 to 2004), the period prior to the recent drought (1984 to 

August 1999), and the recent drought period (September 1999 to 2004) (Table 5.1). All 

cases exhibited a moderate correlation between TOA albedo anomaly and the SPI. The 

highest correlation occurred during the satellite period and the period before the recent 

drought, with an r2 value equal to 0.30 for the observations and an r2 value of 0.44 for the 

model. It is interesting that the r2 values between satellite period and the period before the 

recent drought in both the observations and the model stayed constant. Also, both 

datasets experienced a decrease in the r2 values by 0.02 from the pre-recent drought 

period (and the satellite record) to the recent drought period, with r2 values of 0.28 and 

0.42 for the observations and model, respectively. While these are the weakest of the 

relationships between TOA albedo anomaly and SPI, they are still considerably higher 

than any correlation between the mean cloud amount and the SPI. Also, each modeled r2 

value was greater than the observed counterpart, yet the magnitude of the increases from 

the r2 values in the mean cloud amount analysis are very similar between the observations 

and model in every time period, increasing by at least 0.11. 

Table 5.4: Coefficient of determination, r2, for the top-of-atmosphere albedo anomaly and the SPI from 
May to September, averaged over 49oN to 55oN and 240oE to 265oE,  over the satellite record (1984-2004), 
the time period prior to the recent drought (1984-08/1999), and the recent drought period (09/1999-2004), 
using observational data and the CRCM output.  

Time Period r2 
Observations CRCM 

Satellite record:  
01/1984-12/2004 0.30 0.44 

Prior to recent drought:  
01/1984-08/1999 0.30 0.44 

Recent drought:  
09/1999-12/2004 0.28 0.42 
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While Table 5.1 gives a general depiction of the relationship between TOA 

albedo anomaly and SPI during the warm season, there is a considerable amount of 

monthly variability, much like mean cloud amount anomalies and SPI. For both datasets, 

the coefficient of determination was calculated and recorded in Table 5.2 for the TOA 

albedo anomaly and SPI for each month from May to September over the total study 

period, the time period prior to the recent drought, and the recent drought period.  

While there is no clear trend in the monthly r2 values, a few similarities exist 

between the SRB data and the CRCM output. For example, in the satellite record and pre-

recent drought period, September has the strongest correlation in both datasets and June 

and May have the weakest correlation in the observations and model, respectively.  Also, 

during the recent drought, August in both datasets had the highest correlations (0.54 and 

0.66, respectively), while June in both datasets had the weakest correlations, with r2 

values of 0.08 each. In general, correlation coefficients are slightly higher in the pre-

recent drought period versus the satellite record for both datasets. In August, however, 

both datasets have a lower r2 value in the pre-recent drought period than the satellite 

record by approximately 16% each. Most of the departures from normal in the 

observations were simulated quite closely by the model, differing by no more than 6%, 

with the exception of May (where the modeled r2 value decreased and the observed value 

increased from the record). For the recent drought period, again for both datasets, June 

and September increased from the satellite record values while the values in May, July, 

and August increased. For this time period, the majority of the departures from normal in 

the observations were simulated quite closely by the model, although the decrease in June 

and increase in May was highly exaggerated (by over 30%). Another interesting 

observation to note is that every r2 value in this table increased from that of the mean 

cloud amount anomaly and SPI table (Table 4.2), including those for June of the recent 

drought period. It is difficult to be certain as to why these monthly variations exist. 

Perhaps other factors that affect precipitation are more significant during different 

months. 
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Table 5.2: Coefficient of determination, r2, for the top-of-atmosphere albedo anomaly and SPI for each 
month from May to September, averaged over 49oN to 55oN and 240oE to 265oE, over the satellite record 
(01/1984-12/2004), the period prior to the recent drought (01/1984-08/1999), and the recent drought period 
(09/1999-12/2004).  

 

r2 
Satellite record: 
01/1984-12/2004 

Prior to recent drought:
01/1984-08/1999 

Recent drought: 
09/1999-12/2004 

Observations CRCM Observations CRCM Observations CRCM
May 
June 
July 
August 
September 

0.24 
0.15 
0.34 
0.34 
0.40 

0.32 
0.37 
0.47 
0.44 
0.59 

0.25 
0.19 
0.35 
0.28 
0.42 

0.27 
0.44 
0.50 
0.37 
0.63 

0.27 
0.08 
0.35 
0.54 
0.29 

0.50 
0.08 
0.49 
0.66 
0.49 

Table 5.3 contains the averaged values of the TOA albedo anomalies and its 

associated standard deviations over the Prairie Provinces south of 55oN from May to 

September for five different moisture conditions over the satellite record, the period prior 

to the recent drought, and the recent drought period. The standard deviations are quite 

small for both datasets: in the observations, the standard deviations range from 0.2% to 

2.1%, while in the model, they range from 0.2% to 1.8%. While the changes are slight, 

there is a clear trend of decreasing TOA albedo anomaly as moisture decreases. It is 

interesting to note that during the recent drought period, the observations report TOA 

albedo anomalies within each moisture category, except mild and severe wet, to be 

greater than the satellite record means, which is similar to that in the mean cloud amount 

analysis. On the other hand, the model simulates TOA albedo anomalies within each 

moisture category, except for severe drought, to be below the satellite record means, 

which is also the same case as to that in the mean cloud amount analysis.  

For each moisture category within each dataset, two-sample t-tests were 

performed between the TOA albedo anomalies for the three time periods. For example, 

the TOA albedo anomaly during severe drought during the satellite record was tested to 

see if it was statistically different from severe drought from 1984 to August 1999 and 

from September 1999 to 2004, as well, severe drought from September 1999 to 2004 was 

tested to see if it was statistically different from severe drought from 1984 to August 

1999. For both datasets, it was found that all moisture categories for each time period are 

statistically different at a 5% significance level. This is an improvement from the mean 
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cloud amount analysis, where severe wet and severe dry conditions for the observations 

and model, respectively, did not have significant differences.  

Table 5.3: Averaged top-of-atmosphere (TOA) anomaly (%) and associated standard deviations (STD) (%) 
using SRB data and CRCM data, averaged over 49oN to 55oN and 240oE to 265oE, from May to September 
for five moisture categories and for three periods: the satellite record (01/1984-12/2004); the period prior to 
the recent drought (01/1984-08/1999); and the recent drought period (09/1999-12/2004). 

Dataset Moisture 
category 

1984-2004 01/1984-08/1999 09/1999-12/2004 
TOA albedo 
anomaly (%)

STD 
(%) 

TOA albedo 
anomaly (%)

STD 
(%) 

TOA albedo 
anomaly (%) 

STD 
(%) 

SRB 

Severe 
drought -3.4 1.1 -3.5 1.1 -2.8 2.1 
Mild drought -1.9 0.5 -2.0 0.5 -1.6 0.7 
Normal -0.1 0.2 -0.2 0.3 0.2 0.7 
Mild wet 1.8 0.6 1.9 0.8 1.7 0.6 
Severe wet 3.8 0.7 3.9 1.0 3.1 1.1 

CRCM 

Severe 
drought -5.1 1.2 -5.0 1.4 -4.6 0.9 
Mild drought -2.5 0.5 -2.5 0.6 -2.7 1.2 
Normal 0.0 0.2 0.1 0.2 -0.2 0.5 
Mild wet 2.3 0.6 2.4 0.8 2.0 1.6 
Severe wet 4.6 1.4 4.7 1.8 3.7 1.5 

To illustrate the amount of spatial variability in TOA albedo anomaly throughout 

the Prairie Provinces (south of 55oN) between the observations and the model, the 

monthly mean TOA albedo anomaly was averaged for severely dry conditions (Figure 

5.5) and for severely wet conditions (Figure 5.6) for each grid point during the warm 

season (May to September) from 1984 to 2004.  

During severe drought, very few similarities are found between observations and 

model in terms of both the spatial distribution and the magnitude of the anomalies (Figure 

5.5a,b). In the observations, TOA albedo anomalies range from -7% to 0%, with a 

general trend of decreasingly negative anomalies from west to east. This trend is not 

surprising considering that the greatest negative mean cloud amount anomalies were 

found around the southern British Columbia/Alberta border, which became less negative 

towards the east. In the CRCM, TOA albedo anomalies range from -9% to 2% and 

generally increase from negative to positive with increasing latitude. The average 

observed and simulated TOA albedo anomalies over the study area are -3.5% and -5.4%, 

respectively. 

From Figure 5.5c, it is evident that the largest differences between the simulated 

and observed TOA albedo during severely dry conditions occur in the northern-most 
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latitudes of the study region as well as the northern-half of Manitoba. The average 

difference in the study area is -2%, with differences ranging from -8% to 1%.  

These data were fitted using a least squares technique. Using the coefficient of 

determination and simple linear regression, the average monthly mean TOA albedo 

anomaly for severely dry conditions from 1984 to 2004 (using the months of May to 

September) between SRB data and CRCM data was found to be uncorrelated. Recall that 

the coefficient of determination from mean cloud amount anomaly for severely dry 

conditions was 0.22, indicating the while the model simulates the average monthly values 

of TOA albedo better then monthly mean cloud amount, the spatial distribution of those 

values does not match the observations as well.  

 
Figure 5.5: Average top-of-atmosphere albedo anomaly (%) for the period of May to September from 1984 
to 2004, over 49oN to 55oN and 240oE to 265oE, for severely dry conditions as (a) observed by the SRB and 
(b) simulated by the CRCM. The difference between the simulated and observed TOA albedos is illustrated 
in (c). 

The spatial distribution between the observed (Figure 5.6a) and modeled (Figure 

5.6b) TOA albedo anomaly for severely wet conditions during the warm months of the 

satellite record is quite dissimilar. In the observations, the highest TOA albedo anomalies 

(6%) are found in western and southern Alberta and the lowest anomalies (0%) appear to 

be in northern Manitoba. Throughout the rest of the study area, the values range from 
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about 3% to 5% above normal, with no obvious spatial trends. The average observed 

TOA albedo anomaly over the study area is 3.4%. In the CRCM, the highest TOA albedo 

anomalies (9%) are found along the most western region of the study area (in British 

Columbia), in the central region of Manitoba, and just west of the 

Saskatchewan/Manitoba border. The lowest anomalies (1%) are few and far between, but 

mainly found in northern Alberta and the Rockies. The average simulated TOA albedo 

anomaly over the study area is 4.7%. In general, the spatial distribution of the TOA 

albedo anomalies in severe conditions between the observations and model are not alike 

and the magnitude of the anomalies in the model is much greater.  

From Figure 5.6c, it is evident that the largest differences between the simulated 

and observed TOA albedo for severely wet conditions is scattered across the study 

region, with no obvious trends (much like that of the differences between the observed 

and simulated mean cloud amount anomalies for severely wet conditions). The average 

difference in the study area is 1%, with differences ranging from -4% to 6%.  

The coefficient of determination revealed that average monthly mean TOA albedo 

anomaly for severely wet conditions from 1984 to 2004 (using the months of May to 

September) between SRB data and CRCM data was also uncorrelated. Recall that the 

coefficient of determination from mean cloud amount anomaly for severely wet 

conditions was 0.42. This emphasizes the failure of the model to correctly simulate where 

changes in albedo were observed to occur.  
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Figure 5.6: Average top-of-atmosphere albedo anomaly (%) for the period of May to September from 1984 
to 2004 over 49oN to 55oN and 240oE to 265oE,  for severely wet conditions as (a) observed by the SRB 
and (b) simulated by the CRCM. The difference between the simulated and observed TOA albedos is 
illustrated in (c). 

Figure 5.7 displays the spatial distribution of TOA albedo anomalies for drought 

conditions during the recent drought period using (a) the observational data from SRB 

and (b) the CRCM output. Most regions are observed and simulated to have experienced 

TOA albedo anomalies up to 6% below the long-term mean, with an average TOA albedo 

anomaly over the study area of -2% and -3%, respectively. In the observations, the 

relatively highest anomalies (-1% or more) are found in northern Manitoba, central 

Saskatchewan, and scattered across Alberta. There are few areas with relatively low 

anomalies (-5% or less), but are found in the Rockies and northern Saskatchewan. In the 

CRCM, there are few areas where the anomalies are greater than -2%. They are found in 

Manitoba, with the highest (0%) in northern Manitoba (similar to the SRB data). There 

are more areas with low anomalies, which are found in Alberta, the Rockies, and northern 

Saskatchewan.  

From Figure 5.7c, it is evident that the largest differences between the simulated 

and observed TOA albedo for drought conditions during the recent drought period occurs 

from the northwest to the southeast in Alberta. Overall, the model under-predicts the 
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TOA albedo anomaly in Alberta and Saskatchewan, while overestimating in the Rockies 

and Manitoba. This balance of over- and under- estimating allows the average difference 

in the study area to be only -1%. The range of these differences is -5% to 3%.  

Overall, the agreement between the SRB and CRCM during the recent drought is 

very poor regarding both the absolute values and the spatial distributions of the TOA 

albedo anomalies. The coefficient of determination revealed that the TOA albedo 

anomaly during drought conditions over the recent drought period between SRB data and 

CRCM data are uncorrelated. This is a decrease from the r2 value obtained from the 

analysis of mean cloud amount anomaly during drought conditions.  

 
Figure 5.7: Top-of-atmosphere albedo anomaly (%) during drought during the recent drought period 
(09/1999 to 12/2004), over 49oN to 55oN and 240oE to 265oE, for the months from May to September as (a) 
observed by the SRB and (b) simulated by the CRCM. The difference between the simulated and observed 
TOA albedos is illustrated in (c). 

It is known that droughts were concentrated in the western regions of the Prairie 

Provinces, with Saskatchewan and Alberta being the most severely effected provinces 

overall (Wheaton et al., 2005). Also, the analysis in Chapter 3 regarding the frequency of 

drought months over the Prairie Provinces illustrated that the datasets were in agreement 

with this. It is interesting that despite the good agreement between the model and 

observations in terms of absolute amounts of TOA albedo anomalies, they are unable to 
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agree on where these anomalies occurred and do not reflect any indication of a severe 

drought over the western region of the Canadian Prairies.  

This may be due to other physical parameters, apart from changes in cloud 

properties (Greene, 2008). For example, depending on the surface type, surfaces can 

reflect more radiation during dry conditions than during wet, allowing the albedo to 

change from season to season and year to year. Changes in albedo are particularly 

obvious during the cold season, when highly reflective snow covers the surface, and 

during the spring and autumn when surfaces may quickly fluctuate between being 

completely snow covered and clear. To minimize these errors, only warm season months 

were included in the analysis. Other contributions such as the absorption of radiation by 

water vapour and ozone, or the scattering by aerosols can alter the radiation budget. 

These variations should be minimal and the primary change in TOA albedo are likely due 

to variations in the clouds (Rossow and Lacis, 1990), but may account for some of the 

spatial disagreement discovered in this study.  
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CHAPTER 6 – SUMMARY AND CONCLUDING REMARKS 

6.1 Summary  

From 1999 to 2004, the Canadian Prairies experienced a drought with 

repercussions that were so far-reaching and severe that it caused Canada’s Gross 

Domestic Product to decrease  by $5.8 billion for 2001 and 2002 combined (Wheaton et 

al., 2008). The climatological record (Sauchyn and Skinner, 2001; Quiring and 

Papakyriakou, 2005) and climate change projections due to global warming (Meehl and 

Stocker, 2007) suggest that this region will experience prolonged periods of substantially 

below average precipitation again in the future. Every effort should therefore be taken to 

fill in the many gaps in our knowledge that limit our ability to predict droughts and 

reduce their potentially enormous and widespread impacts.  

In order to better understand drought and ultimately contribute to the better 

prediction of drought, models such as the Canadian Regional Climate Model (CRCM) 

can be used to test relationships and feedbacks. While many studies have utilized this 

model (e.g. Caya and Biner, 2004 and Dimitrijevic and Laprise, 2005), until now, there 

have been no known analyses determining how well the model resolves the relevant 

variables during extreme conditions such as drought in Canada. In this study, 

precipitation, cloud amount, and top of atmosphere (TOA) albedo were evaluated out of 

the 58 available products generated by the CRCM, as these variables are vital in 

resolving properly when studying meteorological drought and the feedbacks that govern 

the formation, evolutions, cessations, and structure of drought.  

6.1.1 Precipitation and drought characteristics 

The annual cycle of precipitation from 1961 to 2004 is remarkably close between 

CANGRID and the CRCM. A notable difference is that the CRCM tends to reach the 

month of maximum precipitation one month in advance of CANGRID (June instead of 

July). Also, the CRCM tends to overestimate the mean winter precipitation and 

underestimate the mean summer precipitation. When broken down into the four smaller-

scale sections of the West, East, North, and Rockies, it was determined that the model 

underestimates precipitation in the more data-rich areas of the West and East by 

approximately 10%. 
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 The number months that experienced drought (SPI ≤ -0.5), mild drought (-1.5 < 

SPI < -0.5), and severe drought (SPI ≤ -1.5) during the recent drought period of 

September 1999 to 2004 was examined for both datasets. While the CRCM produces a 

number of drought and mild drought months that is less severe in magnitude than what is 

observed, it still appears as though it is reproducing characteristics of drought, as both 

datasets revealed slightly drier conditions than statistically expected. Even though the 

recent drought was considered to be severe, it is reasonable that the present analysis 

described detected only slightly drier conditions than normal since different regions may 

have experienced severe drought at some point within this period, but not necessarily for 

the duration of the entire period (5 years), while other regions within the study area may 

not have experienced drought at all. When examining the number months that 

experienced severe drought during the recent drought, the observations confirm a slightly 

greater number of severely dry months than expected statistically, but the CRCM does 

not show any indication of drier-than-expected conditions at all. The spatial distribution 

of the number of drought, mild drought, and severe drought months were not correlated, 

indicating that while the CRCM was able to pick up characteristics of drought and mild 

drought, it was not able to correctly identify where it occurred.  

Overall, the observations reveal that while the structure of the recent drought 

varied considerably across the Prairie Provinces, drought was especially frequent in 

autumn and winter and mainly effected parts of Alberta and western Saskatchewan. The 

model also reveals that drought was especially frequent in autumn and winter and mainly 

effected parts of Alberta and Saskatchewan, but the effected areas seem to be less 

severely effected and more scattered across these Provinces. 

 The precipitation analysis suggests that the model would be preferred for 

predicting large-scale drought since the magnitude of the precipitation and drought was 

captured but not correctly placed spatially. 

6.1.2 Cloud characteristics 

Mean cloud amount 

The annual cycle of mean cloud amount is underestimated by the model by 

approximately 11%, on average. The spring and summer seasons illustrate the best 
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agreement in terms of the magnitude of mean cloud amount between the two datasets, 

which emphasizes the importance of reliable data and strong data coverage.  

In both datasets, it was found that mean cloud amount decreases during drought. 

A considerable amount is still present even during severe drought, though, especially in 

the observations. For example, during the warm season, the average mean cloud amount 

over the Prairie Provinces decreased on average from 73% to 64% from severely wet to 

severely dry conditions. In the model, the average mean cloud amount decreased on 

average from 67% to 50%.  

Mean cloud amount anomalies 

In the observations and even more pronounced in the model, mean cloud amount 

anomaly becomes more negative with increasing drought severity. For example, it was 

observed that the mean cloud amount anomaly is negative during drought (6% below 

normal) and positive during wet conditions (4% above normal), as expected. In the 

model, mean cloud amount anomaly is also negative during drought (9% below normal) 

and positive during wet conditions (7% above normal).  

The relationship between mean cloud amount anomaly and SPI is weak at best in 

the observations, as only 16% of the variation in mean cloud amount can be explained by 

SPI. In the model, the relationship is stronger, with 28% of the variation explained by 

SPI. The coefficient of determination for the mean cloud amount anomaly and the SPI 

from May to September over the satellite record, the period prior to the recent drought, 

and the recent drought period was greater in the model than in the observations, but the 

differences in r2 values between the observations and the model for similar categories 

stayed quite constant. For both datasets, the values were greatest during the pre-recent 

drought period and the lowest during the recent drought period.  

During severe drought, both datasets reveal somewhat of a northwest-southeast 

pattern of negative cloud amount anomalies as well as smaller negative anomalies in the 

northeast (r2 = 0.22). The biggest differences are found scattered from west to east along 

the central regions of Alberta, Saskatchewan, and Manitoba. The spatial distribution of 

mean cloud amount anomalies in severe wet conditions between the observations and 

model are closer (r2 = 0.42), but generally the magnitude of the anomalies in the model is 
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much greater. The largest differences are found scattered across the entire study area, 

with no obvious trends. 

During the recent drought period, the observations report mean cloud amounts 

within each moisture category to be greater than the satellite record means, while the 

model simulates mean cloud amounts within each moisture category, except for severe 

drought, to be below the satellite record means. Also, the agreement during recent 

drought in terms of the spatial distribution is poorer than for the full record (r2 = 0.16). 

The use of a period as short as the recent drought may be too short to be meaningful. 

Small scale analysis 

According to the means, the SRB agrees better with the surface station data than 

the CRCM data. Upon examination of the coefficient of determination values, it appears 

as though the correlations between each of the datasets are similar, with no pair much 

better than another.  

Cloud amount by layer 

Overall, the model overestimates mean high cloud amount by almost 15%, on 

average, with a differing annual cycle from the observations. The overall mean middle 

cloud amounts in the model are almost 13% lower than observed and the trends in the 

annual cycle appear to be quite similar overall. It is suspected that the underestimation of 

middle clouds in the model contributes the most to the overall underestimation in total 

mean cloud amount. Low level clouds have the lowest cloud cover amounts in both 

datasets. The underestimation of low clouds in the model must also contribute to the 

overall underestimation in total mean cloud amount. 

6.1.3 Radiation characteristics 

While the average monthly values of TOA albedo for the months of May to 

September follow the same trends between SRB and the CRCM, the CRCM consistently 

over predicts by approximately 4% on average. The underestimates of mean cloud 

amount combined with the overestimates of TOA albedo suggest that the model may 

simulate thicker clouds than the observations show. 

In both datasets, as expected, TOA albedo also decreases with increasing drought 

severity. The relationship between TOA albedo anomaly and SPI is moderate, with 30% 

of the variation in TOA albedo anomaly explained by the SPI – 14% more than the 
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relationship between mean cloud amount anomaly and SPI, suggesting both cloud 

amount and cloud thickness are contributing factors. In the model, the relationship 

between TOA albedo anomaly and SPI is also moderate, with 44% of the variation in 

TOA albedo anomaly explained by the SPI – 16% more than the relationship between 

mean cloud amount anomaly and SPI.  

While the model simulates the average monthly values of TOA albedo better then 

monthly mean cloud amount, the spatial distribution of those values does not match the 

observations as well. Also, the agreement between the SRB and CRCM during the recent 

drought is very poor regarding both the absolute values and the spatial distributions of the 

TOA albedo anomalies. 

6.2 Limitations 

The analysis conducted in this study utilizes the best known available datasets; 

nevertheless, there are some limitations that need to be addressed:  

1. In Canada, data coverage in many areas, such as the northern regions of the 

Prairie Provinces and the Rocky Mountains, is sparse. Since CANGRID data is an 

interpolated grid from surface observations, it is possible for a particular region to 

be represented by an incorrect value of precipitation (and thus SPI), as the nearest 

observing station can be hundreds of kilometers away. It is for this reason that the 

analysis is sometimes broken up into four distinct regions, separating the areas of 

sparse observing networks from those with abundant data.  

2. The SRB datasets have 1o resolution, in which mean cloud amount, for example, 

is taken from an average of numerous pixels approximately 4km in size and 

regarded as cloudy or clear (Rossow and Garder, 1993). While this is likely 

sufficient for obtaining general trends over a large area such as the Prairie 

Provinces, small scale features, such as some convective clouds, may be 

unresolved.  

3. Satellites have difficulty interpreting clouds over snow covered surfaces. In fact, 

cloud amounts are expected to be under-detected by approximately 15% to 25% 

(Greene, 2008). It is for this reason that the analysis focuses primarily on the 

warm months of May to September. 
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4. The instruments that are used for the SRB (radiometers) are passive: they can 

only directly receive information on the highest levels of cloud. Thus, the vertical 

structure of clouds is not well resolved. It was for this reason that the 15 available 

cloud levels in the model were categorized into three groups (high, middle, or low 

cloud) and assigned a random overlap algorithm within and between the groups. 

5. The length of record available from the satellite data was a period of 21 years, 

from 1984 to 2004. While this is sufficient when examining cloud properties over 

the Prairie Provinces, on a local scale (1o x 1o), there is an insufficient number of 

months to obtain meaningful trends of cloud properties during severe conditions. 

For example, over a 21-year period, 17 months are expected to experience severe 

drought. For a climatological record, a minimum of 30 severely dry months would 

be preferable (Greene, 2008).  

6. Issues may arise due to how convection is simulated in the model. When deep 

convection is present, 100% cloud cover is assigned in the anvil top, while 25% 

cloud cover is assigned to the levels below, down to cloud bottom. Although, 

when convection occurs, anvil tops are not always present or could be present at 

lower levels. The way the model handles convection, then, could account for the 

overestimation of clouds in the upper levels and underestimations at lower levels. 

6.3 Suggestions for Future Work 

Since the evaluation of the model relies on the quality of the observational data, it 

would be useful to evaluate the satellite data further, especially the clouds and radiation 

fluxes. In recent years, improved high resolution data, such as from MODIS (MODerate-

resolution Imaging Spectroradiometer) are available for analysis. At this point, a 

climatological record is unattainable from MODIS data since it was only launched in 

December 1999, so it would be suitable for evaluation purposes. In future studies, new 

satellites that use active techniques, such as CloudSat, will be instrumental in studying 

cloud characteristics. In particular, properties such as low cloud cover can be accurately 

resolved as the satellite will be able to obtain information at all levels in the atmosphere.  

From the underestimate of mean cloud amount and the overestimate of TOA 

albedo, it is suspected that the model simulates thicker clouds than that of the 

observations. If the optical thickness output of the model becomes available from the 
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Data Access Interface (DAI), it would be useful to compare it with that of the 

observations. Is the assumption true? According to Greene (2008), measurements of 

optical thickness of clouds revealed that thin clouds occurred most frequently for all 

moisture conditions, followed by medium thickness clouds and thick clouds occurred 

least frequently. From severely wet to severely dry conditions, the occurrence of thin 

clouds increased and the occurrence of medium thickness clouds and thick clouds 

decreased. Does the model mimic these relationships?  

 In the model, what happens to the relationship between light and heavy 

precipitation? According to Evans (2008), precipitation events with low daily-

accumulations during the recent drought period contributed to a higher proportion of the 

total precipitation amount due to the lack of heavy precipitation events. Is the model able 

to reproduce these features? 

  The different surface albedos, evaporation rates, and anthropogenic forcings such 

as irrigation by farmers could affect the amount and type of cloud observed in areas with 

different types of land use. The differences in the simulated cloud properties between 

those over agricultural and forested land for drought and non-drought conditions could be 

examined. In Greene (2008), it was found that forested regions have slightly higher mean 

clouds amounts for all moisture categories than over agricultural land, but there were 

minimal differences in the mean cloud amount anomalies of the two regions. Does the 

model simulate differences in mean cloud amounts and TOA albedo in regions of 

differing surface types?   

6.4 Final Remarks 

Overall, it was found that the model generally under predicts precipitation and 

cloud cover (particularly middle and low level clouds) while over predicting TOA albedo 

(and high clouds). The mean cloud amount is the most troublesome parameter in terms of 

magnitude, while the others are generally in good agreement. This is likely due to the 

estimation of middle level clouds. It is encouraging that the model reproduces similar 

(although stronger) relationships between clouds and drought and between TOA albedo 

and drought as those found through the observations. It is also encouraging that the 

model simulated drought during the recent drought period of September 1999 to 

December 2004. On the other hand, while similarities can be found when examining the 
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spatial distribution of drought, cloud cover, or radiation features, they are generally not in 

good agreement on a small scale. Spatial biases were not evident. Results taken for the 

warm months of May to September from 49o-56oN, 247o-265oE are the most reliable, and 

a longer climatology would be ideal. Being aware of the successes and shortcomings of 

the model undoubtedly allows the CRCM to be used a tool to understand and perhaps 

predict Prairie drought.  
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