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1.
Introduction
Canadian Grids (CANGRD – Environment Canada 2019a) of temperature and precipitation anomalies and the Climate Trends and Variations Bulletin (CTVB – Environment Canada 2019b) are two integrated climate monitoring tools. CANGRD fields, which are available from 1900 for southern Canada and from 1948 for the entire country, were first created in 2000 for the primary purpose of producing national and regional trends for seasonal and annual mean temperature and total precipitation. The CTVB’s report, created in the mid-1990s, was developed to monitor the current conditions of temperature and precipitation in Canada based on station data, and has been modified to integrate the CANGRD fields.
CANGRD may be used for long-term climate studies. For example, Zhang et al. (2000) and Vincent et al. (2015) used the CANGRD dataset to present a spatial analysis of the temperature and precipitation trends in Canada for 1950-1998 and 1948-2012, respectively. Some other studies use CANGRD for establishing water balance climatology of the Mackenzie River basin (Louie et al. 2002; MacKay et al. 2003; Szeto et al. 2008), reconstructing past Snow Water Equivalent (SWE) and snow cover duration over Quebec (Brown 2010). Academic and engineering communities also use CANGRD data for environmental research and various other applications. The CTVB is mainly used for monitoring climate conditions and assessing the impact of the current climate on agriculture, forestry and recreation. The information provided by the CTVB is of interest to the general public, government institutions and private enterprises affected by the climate, especially for seasons with record-breaking temperature and precipitation.
2. Station data

CANGRD is computed from historical temperature and precipitation data taken from the Adjusted Historical Canadian Climate Data (AHCCD – Environment Canada 2019c) which is updated once a year, usually during the spring. Between updates, the CTVB uses the data available at a subset of the AHCCD stations which have data in near real-time for the current year analyses and the current data are retrieved directly from the national climate archives. The data of the current year are gridded separately for the preparation of the CTVB using the same procedure as for CANGRD: these data are replaced every year by the data gridded through CANGRD. In AHCCD, observations from the climate stations are adjusted to account for non-climatic discontinuities caused by site relocation, changes in instrumentation and observing procedures: the data of the current year are also adjusted to be aligned with the data of the AHCCD.

2.1
Historical temperature 
Initially, a First Generation Homogenized Temperature dataset was developed to provide long-term and homogenized time series at 210 stations (Vincent 1998; Vincent and Gullett 1999). In order to improve temporal and spatial coverage and benefit from newly developed techniques for temperature homogenization (Wang et al. 2014; Wang et al. 2007; Vincent et al. 2002), a Second Generation Homogenized Temperature was prepared at the end of the 2000s, to include homogenized daily temperature at 338 stations (Vincent et al. 2012). In this version, daily minimum temperatures were adjusted to account for the 1961 change in the definition of the climatological day at principal (mainly airports) stations (Vincent et al. 2009). More recently, many of the long-term stations in the second generation were closed due to station automation and the changing priorities of partner agencies who collect climate observations. Therefore, there was a need to add new sites to the AHCCD, especially those with the prospect of protected status in the future like the Reference Climate Stations (RCS). In some cases, parallel data was collected in accordance with the WMO (2007) recommendation in order to derive more accurate adjustments with enhanced certainty in the homogenized series using recently developed methodologies (Milewska and Vincent 2016; Vincent et al. 2017). The addition of stations to extend past climate observations into recent times is the main issue addressed in the Third Generation Homogenized Temperature (Vincent et al. 2020). 
2.2
Historical precipitation 
Daily rain and snow observations recorded at 495 manual stations were initially adjusted to account for differing wind undercatch, wetting loss, evaporation, trace precipitation and snow density characteristics (Mekis and Hogg 1999). Later, the adjustments were further refined for snow water equivalent (SWE) of snow ruler measurements (Mekis and Hopkinson 2004; Mekis and Brown 2010), trace measurement (Mekis 2005), and rain measurement accuracy (Devine and Mekis 2008). The resulting adjusted precipitation time series had better reflected the “true” precipitation amount. The number of stations reporting precipitation decreased in the 2000s. There were several causes for this, including the closure of stations for which data transmission could not be digitized, a change in priorities in climate data collection, and the increasing use of automation. In the Second Generation Adjusted Precipitation data, additional stations in close proximity to preceding sites were joined with the long-term stations in order to extend the length of the record to offset the decline of stations with data in recent years (Vincent and Mekis 2009). This new dataset, which was released in 2010, had about 460 stations in the dataset, although not all of them were available each year (Mekis and Vincent 2011).
The number of stations available for precipitation in AHCCD has further reduced, and stood at 90 in the year 2017. An effort to integrate more manual precipitation stations (Wang et al. 2017) and new automated stations (Milewska et al. 2019) into gridded precipitation products is currently underway. The procedures used to prepare adjusted precipitation in Wang et al. (2017) are based on the procedures used in the Second Generation Adjusted Precipitation (Mekis and Vincent 2011) and they are applied to a larger number of stations. The latter (Milewska et al. 2018) required adjusting precipitation measurements from the Geonor and Pluvio automated weighing gauges for wind undercatch, especially in the case of solid precipitation, using Wolff et al. (2015) methodology as well as recovering  small precipitation amounts that were filtered out by the national climate archives data ingest filter. Extensive data integration is required to link the current precipitation observations to the long-term historical manual observations. As of 2018, the update and reporting of historical adjusted precipitation trends and variations is currently on temporary hiatus pending the data reconciliation and will resume thereafter.
2.3
Temperature and precipitation of the current year

For analyses of the current year, the CTVB uses synoptic weather observations from a subset of AHCCD stations that have data available in near real-time (as of 2017, about 90 precipitation and 240 temperature stations). Observations of both temperature and precipitation, typically taken at airports, undergo some quality control but are still subject to modification as final datasets are received, processed, and retained in the national climate archives. Therefore, current-year analyses, as presented in the CTVB, should be treated as preliminary. For compatibility with AHCCD, the near real-time minimum temperatures are adjusted for the bias created by the redefinition of the climatological day in 1961, while total precipitation amounts are modified using factors developed from long-term adjusted versus unadjusted records. As mentioned earlier, the update and reporting of historical adjusted precipitation trends and variations is currently on temporary pause pending extensive data reconciliation and will resume thereafter.
2.4
Monthly, seasonal and annual values

The AHCCD daily data are updated once a year, usually in the spring and only monthly values are used in CANGRD. Monthly average maximum (minimum) temperature is calculated by averaging the homogenized station daily maximum (minimum) temperature (in degrees Celsius) over the month. Adjusted daily rain and the liquid equivalent of adjusted snowfall amounts (in millimetres) are added together for each day to obtain daily total precipitation amounts; daily values are summed for each month to obtain monthly total precipitation amounts. A monthly value is set to missing if more than five random or three consecutive daily values are missing, for temperature and precipitation elements. Seasonal and annual values for mean temperature and total precipitation are obtained if all corresponding monthly values are non-missing. The seasons are defined as winter (December of the previous year, January, February), spring (March, April, May), summer (June, July, August) and autumn (September, October, November).  
3. Data processing in CANGRD

CANGRD and the CTVB use anomalies (departures from a reference average) rather than actual values because anomalies are more spatially compatible for comparing temperature and precipitation amounts over a region and therefore for interpolation. Here the reference average (also called “normal”) is the 1961-90 average. For some studies, grids of temperature and precipitation anomalies are combined with grids of temperature and precipitation normals in order to produce grids of actual values. When grids of temperature and precipitation normals are produced, the procedure takes into account most of the physiographic and topographic effects responsible for the spatial climatological differences in temperature and precipitation amounts.
3.1 Departures from the 1961-90 reference average

CANGRD and the CTVB use the 1961–90 reference average because this period was recognized by WMO as a standard reference period for long-term climate change assessments. Moreover, this period consists of mostly manual and rigorously quality controlled observations before the onset of automation of observations in the 1990s and other network changes like the decline in the number of stations. If a different reference period is chosen, as 1971-2000 for example, the departures from normal would be shifted with the reference period although this in itself would not change the trends or rankings.
The following procedure is used to calculate the departures from normal. First, the 1961–90 monthly normals are calculated for each station: these are the average values of the monthly maximum (minimum) temperature at the station for 1961–90, by month. Second, the monthly maximum (minimum) temperature departures from normal are calculated by subtracting the normal from the monthly values for each station. Monthly precipitation percentage departures from normal are calculated by taking the total monthly precipitation, subtracting the total monthly normal precipitation (1961–90 average), then dividing by the normal and, in CTVB only, multiplying by 100 (to give a percentage).
Seasonal departures are computed from monthly values at individual stations. For temperature, monthly temperatures and normals are averaged over the respective three months for each season and then the average normal is subtracted from the seasonal value. For precipitation, monthly totals and normals are summed for the respective three months: the total seasonal normal is subtracted from the seasonal total for each year, the result is divided by the normal and, in the CTVB only, multiplied by 100. If a monthly value is missing then the seasonal value is missing.
Annual departures from normal are also computed from monthly values at individual stations. For temperature, monthly temperatures and normals are averaged over twelve months (January to December) and then the average normal is subtracted from the annual value for each year. For precipitation, the monthly totals and normals are summed for twelve months (January to December); the total annual normal is subtracted from the annual total for each year, the result is divided by the normal and, in CTVB only, multiplied by 100. Similarly to seasonal values, if a monthly value is missing then the annual value is missing.

It should be noted that generally there is much less precipitation in northern Canada than in southern Canada. As such, a percent departure in the north represents much less precipitation than the same percentage in the south. The use of percentage represents the impact felt by communities who are affected by the precipitation, such as agricultural regions.
Contrary to monthly, seasonal, and annual maximum and minimum temperature departures, which are interpolated to grid points, mean temperature departures are not interpolated from station data, but rather derived from already interpolated maximum and minimum temperature values at the grid point locations. Because they are not the product of original interpolation, the mean temperatures are provided separately in the supplementary CANGRD package.

3.2
Procedure for interpolation

 Since climate observing stations are irregularly distributed across the country with more stations located in the south and fewer in the north, the anomalies are interpolated to a regularly spaced georeferenced grid to acquire estimates of climatological conditions where direct in situ measurements are not available. Temperature and precipitation anomalies are interpolated to the evenly spaced (50 km) grid points using Gandin’s Optimal Interpolation (OI - Gandin 1965). This method is supported by a spatial correlation model and performs better than many empirical methods in sparsely and unevenly distributed national climate observing networks (Creutin and Obled 1982; Bussières and Hogg 1989). The value estimated at each grid point location is the linear combination of the number of observations from surrounding stations with the optimally assigned weights. The weight given to each observation is determined by minimizing the overall differences between the interpolated estimates and the true values of the climatological field. For convenience of computations, weak stationarity is usually assumed, which requires homogeneous variance and a homogeneous and isotropic spatial correlation function for the interpolated values over the area (Milewska and Hogg 2001). This assumption is satisfied when the departures from normal, or percentage departures in the case of precipitation, are considered rather than actual values.
In order to produce the 50 km-spaced grid points in CANGRD, the statistical OI procedure is run using a search radius of 20 grid points for temperature and 15 grid points for precipitation.  Temperature is more spatially continuous with a higher spatial correlation, so the search radius for precipitation is shorter (Milewska and Hogg, 2001).

3.3
Grids of temperature and precipitation anomalies

The CANGRD grid is in polar stereographic projection with a 50 km spatial resolution. The grid is a 125 (columns) by 95 (rows) matrix, where the SW corner (0,0) is at 40.05°N latitude and 129.85°W longitude. The projection is true at 60.0°N and centered on 110.0°W: this was initially selected to match the Canadian Regional Finite Element model from the Canadian Meteorological Centre (MacKay et al. 2003). The ability to integrate conventional measurements, model outputs and remotely sensed data was considered important because of the data-sparse nature of the vast northern regions of Canada (Hogg et al. 1997). It is important to mention that only grid points located on land, within Canadian boundaries should be used.
Every spring the AHCCD is updated with the data of the most recent year and new updated CANGRD grids are generated using the new AHCCD updated data. At that time, the new updated CANGRD grids replace the grids of the near-real time data for the most recent year.

3.4
Grids of temperature and precipitation “actual” values
In order to generate grids of actual monthly temperature and precipitation, the gridded anomalies need to be combined with the gridded fields of normals. For example, the CANGRD anomalies can be combined with the 1961–90 maximum and minimum temperature and total precipitation normals from the Australian National University spline interpolation (ANUSPLIN) method (McKenney et al. 2005) to produce grids of temperature and precipitation actual values.  However, these gridded normals and gridded actual values are not provided online but are available upon request. The ANUSPLIN grids of normals, produced using thin plate smoothing splines, replaced the gridded normals from Square-Grid multiple regression models (Seglenieks and Soulis 2000) in 2007. Based on Milewska et al. (2005), ANUSPLIN provides more consistent and accurate results overall than the Square-Grid method; this is especially evident for precipitation in high mountain regions.
3.5
Background information on the development of the software

The software employed to produce CANGRD was originally implemented in FORTRAN around 1974 at the Marine Environmental Data Service (MEDS), Department of the Environment. In 1978, the statistical OI module was added to the software. It was based on the computational algorithm developed by Bretherton et al. (1976) based on Gandin’s (1965) theory of objective analysis. One year later, in 1979, auto-fitting of the covariance function using a formula similar to that of Alaka and Elvander (1972) was added. Later, after conversions to new computer platforms and standardization of the programming language in the 1980s at the Northwest Atlantic Fisheries Centre, the program was adapted for use in the atmospheric sciences (Compusult Limited 1987; Thiebaux and Pedder 1986).

Since the 1990s, the program has been integrated into a system suitable for climate research. First, it was converted to the C programming language and adapted so it could be run on personal computers (N. Bussières, Environment Canada). In the mid-1990s, a new module to transform station latitude and longitude to Cartesian coordinates and thus properly measure distances was adapted (E. Milewska, Environment Canada), based on the algorithm from the environmental data assimilation scheme (Jurkevics et al. 1990). In 1998, A. Niitsoo (Environment Canada) moved the system to a UNIX platform and developed customized data input, pre-processing, and output. The system persisted in this general form since then, with just minor adjustments and updates, and has been used to produce CANGRD sets of interpolated fields.

4. CTVB  

The Climate Trends and Variations Bulletin (CTVB) summarizes recent climate conditions and presents them in a historical context. It first examines the national average temperature for the recent past season or year, and then it highlights interesting regional temperature information. Precipitation is usually examined in the same manner, but was suspended in 2018 pending extensive data reconciliation.
4.1
Methodologies

Grid point values of temperature or precipitation departures are averaged together to produce a time series, at the annual or seasonal resolution, representing the whole country or a climate region, for the period starting in 1948 to the current year. Large bodies of water (e.g. Hudson Bay) with insufficient data available over the water are blanked out for map displays and time series computations. A Kendall linear trend, as described by Sen (1968), is fitted to the time series of the temperature departures, while a weighted running mean with a nine-point binomial filter is used for the precipitation percentage departures. It is possible to have missing values for certain grid points in any given year, even more so recently, if there is insufficient data for interpolation.
4.2
Description of the bulletin
A map of temperature departures from the 1961-90 normal for the recent past season (or year) is first presented and described spatially. This approach provides visualization of the extent to which the temperature varies above and below the 1961-90 average condition. A graph of the national temperature time series is then presented with the linear trend to assess climate change over the period of record, starting in 1948 when nation-wide records became available. The data are then analysed in the same manner for 11 climate regions (Gullett et al. 1992). A table listing the regional and national temperature departures and rankings from 1948 to the current year, and a table that summarizes regional and national trends and extremes are available on request to ec.btvc-ctvb.ec@canada.ca. 
As of autumn 2017, the update and reporting of historical adjusted precipitation trends and variations is on temporary pause. Over the past decade, precipitation-monitoring technology has evolved and Environment and Climate Change Canada and its partners have implemented a transition from manual observations to using automatic precipitation gauges. Extensive data integration is required to link the current precipitation observations to long-term historical manual observations. The precipitation section of the bulletin is therefore put on hold until the data integration is completed and will resume thereafter.
5. Concluding remarks
CANGRD and the CTVB have proven to be useful products for ongoing climate monitoring, due to the rigorous methods of calculating the historic and gridded data. Usually, the dataset is updated annually in spring to include the previous year’s observations. At that time, the historical years are revised as warranted by new research and changes in the observing network. The data incorporate a number of statistical adjustments and modifications to the original station data and should be used for research purposes only. These data are not the official Meteorological Service of Canada in situ station record and, therefore, should not be used for legal purposes. 
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