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Executive Summary

Applying climate data in resource management requires matching spatial scales of climate
and resource databases. ClimateWNA is a stand-alone MS Windows-based computer program
that enables users to obtain selected monthly climate variables based on latitude, longitude, and
elevation for any point in western North America. Historic data and future possible climates
simulated by global climate models are available. The data represent weather station climate and
variables include maximum, minimum and average monthly temperature, total precipitation and
asuite of annual derived variables such as degree days, frost free period and fraction of
precipitation as snow. Originally encompassing BC and the Y ukon (ClimateBC), this year’s
project has expanded the range of the program to include the Prairie Provinces (ClimatePP),
Northwest Territories and the western United States including Alaska. Estimates of annual
evaporation and climatic moisture deficit were added to the output.

ClimateWNA'’s base data (PRISM) are monthly temperature and precipitation for the 1961-
90 normals. Polynomial functions for environmental |apse rate were devel oped for each monthly
temperature variable based on latitude, longitude and el evation. Functions were developed for
three geographic regions within the domain of ClimateWNA and were cross checked at areas of
overlap. The software bi-linearly interpolates the 4 km PRISM datato the latitude and longitude
of interest. Elevation adjustment is then applied to the interpolated monthly values. Bi-linear
interpolation provides adequate adjustment for monthly precipitation.

Five temperature-based approaches for calculating reference evaporation were compared to
reference evaporation cal culated with the Penman-Monteith equation. Testing was done at 58
weather stations distributed across western North Americawest of 100°W, chosen because they
have monthly normals of sunshine hours as well as air temperature and precipitation data. The
Hargreaves equation with alatitude correction to its evaporation estimate was chosen to calculate
reference evaporation and the climatic moisture deficit in ClimateWNA.

A comparison was made between monthly normals for 2281 weather stations across western
Canada and the US and values predicted by ClimateWNA. 94 to 99% of the variance was
explained by ClimateWNA values. Standard errors for predicted monthly temperature were
similar across all months except for slightly higher errors for minimum temperatures in winter
months. Error varied from 0.6 to 1.1°C depending on the month and temperature variable.
Monthly precipitation had a standard error of 3 to 10 mm.

A stand-alone software package, ClimateWNA, is available at no charge and can be
downloaded from www.genetics.forestry.ubc.ca/cfcg/climate-model s.ntml. A web-based version
isalso available at this site. The Pacific Climate Impacts Consortium Regional Analysis Tool isa
web-based tool designed to analyze and display climate model data and provide accessto
gridded data (www.pacificlimate.org).

ClimateWNA provides ready access to historical and future climate data at any resolution.
However, that there are important limitations. The data represent weather station climate. Thus,
features such as rain shadows, temperature inversions, and slope and aspect effects are model ed
at ascale of several kilometers, while lapse-rate driven temperature differences are represented at
the scale hundreds of metres. Small-scale climate features such as frost pockets or local slope
and aspect effects are not represented. The shorter the historical timeinterval of interest, the less
reliable the climate surfaces.
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I ntroduction

High-resolution climate data have become essential in natural resource management and
related climate change studies. Applying the climate data requires matching the spatial scales of
the climate and resource databases. ClimateBC is a stand-alone M S Windows-based computer
program that enables users to obtain selected monthly climate variables based on latitude,
longitude, and elevation for any point in BC and the Y ukon (Wang et a. 2006, Spittlehouse
2006). Historic data and future possible climates simulated by global climate models are
available. The data represent weather station climate and variables include maximum, minimum
and average monthly temperature, total precipitation and suite of annual derived variables such
as degree days, frost free period and fraction of precipitation as snow. Multiple locations can be
processed through input of afile comprising the coordinates and identifier of the locations.
Output text files can be imported to geographic information systems (e.g., ArcGIS) or statistical
software (e.g., SAS). ClimateBC has been widely used as an essentia tool for natural resource
management, forest genecology and climate change related studies (Spittlehouse 2006), such as
devel oping popul ation response and transfer functions (O'Nelll et al. 2008, O’ Neill et al. 2007,
Wang et a. 2006b), predicting ecological changes under arange of climate scenarios (Hamann
and Wang 2006, Hamilton and Haeussler 2008, Flower and Murdock 2008), and visualization of
future impacts at high resolution for regional analyses (Pike et a. 2008, Dawson et Al. 2008a,
Dawson et a. 2008b, Werner and Murdock 2008, Rodenhuis et a. 2007).

ClimateBC covers the region between 47 and 62°N in latitude and between 113 and 141°W
in longitude. This includes British Columbia, the Y ukon, and parts of Alberta, an area of about
130 million hectares. However, species of plants and animals found in BC also occur outside the
boundary of ClimateBC. Consequently, it is not possible to define the climate envel opes for
some species using the current format and we need to expand its range. Under a changing
climate, BC may experience conditions analogous to those in the south of its boundaries. There
isan immediate need to capture these climates within the program.

The objectives of this project where:

e expand the range of the program to include the Prairie Provinces, Northwest Territories
and the western United States including Alaska - ClimateWNA;

e provide estimates of annual evaporation and climatic moisture deficit as output;

e evaluate the accuracy of predictions of temperature and precipitation over the whole
domain;

e evauate the accuracy of annual historic projection;

e provide datafor the Pacific Climate Impacts Consortium’s Regional Analysis Tool for
data visualization and access.

Study Area and Data

Base data

ClimateWNA covers the region between 24.5 and 80°N in latitude and between 100 and
180°W in longitude (Figure 1 from Mexico in the south to Alaskain the north. A subsidiary part
of the work has been developing a program to cover al of the Prairie Provinces (ClimatePP -
Mboggaet a 2009). It includes all of Manitoba most of which is excluded from ClimateWNA.
Climate data for the reference period (1961-1990) from PRISM were used for the continental
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Figure 1. Spatial range of ClimateBC , ClimatePP and Climate\WNA.

US, AK, BC, and YT, while ANUSPLIN interpolated data for the same period were seamlessly
added for the northern half AB, SK, MB, and NWT.

The PRISM data sets were developed using an analytical tool that incorporates point data, a
digital elevation model, and expert knowledge of complex climatic conditions such asrain
shadows, coastal effects, and temperature inversions (Daly et a. 2002, 2008). It has been
recognized world-wide as one of the highest-quality spatial climate data sets currently available.
This methodology is particularly well suited for modeling in mountainous terrain (Daly et a
2008). ClimateWNA uses monthly climate data for 1961-1990 normal period from PRISM full
resolution data sets at 2.5 arcminute (about 4 km). Climate variables included in the program
were monthly minimum and maximum temperatures, and monthly precipitation. ANUSPLIN
(Hutchinson 1989) interpol ated data were devel oped based on weather station records for the
same period. In order to have seamless integration with PRISM data, the PRISM data at the
border regions were aso included as training data.



Historical data

The historical climate data used in ClimateWNA for the years 1901-2002 were from Mitchell
and Jones (2005). Theinterpolated historical data are provided at 30 arcminute resolution with
worldwide coverage (CRU TS 2.1). By subtracting the 1961-1990 average from their gridded
surfaces of individual years and months, we recovered their original anomaly surfaces
(deviations from the 1961-1990 normals). Mbogga et al. (2009) devel oped the anomaly surfaces
covering North Americafor recent years (2003-2006) using the same methodol ogy.

Predicted future climate data

Global Circulation Model (GCM) projections for future periods (2020s, 2050s and 2080s)
were obtained from TYN SC 2.0 dataset (Mitchell et a. 2004) and from Pacific Climate Impacts
Consortium (http://www.pacificclimate.org). We use anomaly data from the reference period
1961-1990. GCM predictions were obtained from the IPCC Third Assessment (AR3) (IPCC
2001) and the IPCC Fourth Assessment (IPCC 2007). Four emission scenarios (A1FI, A2, B1, B2)
are available. Because different climate change models use different prediction locations and
different spatial resolutions, we interpolated these coverages to a standardized 1° latitude by 1°
longitude grid using ANUSPLIN (Hutchinson 1989).

Data Processing in ClimateWNA
Downscaling of baseline data

ClimateWNA uses a combination of bilinear interpolation and elevation adjustment to
downscal e the baseline climate data (4 x4 km) in run-time to scale free for locations of interest
for the reference period (1961-1990) (Wang et a. 2006a). The program first extracts the monthly
climate variables and elevations from the four neighboring tiles of the location based on its
coordinates. It then calculates their bilinear-interpolated values for the location. Asthe
interpolation is carried out in run-time, no additional storage space is required for the high-
resolution data. Elevation adjustments are further applied to interpolated monthly temperature
variables.

Following Wang et al. (2006), polynomial functions for environmental lapse rates were
developed for each monthly temperature variable based on latitude, longitude and elevation.
Functions were developed for 3 geographic regions - latitude > 60°, 47° < |atitude < 60°, and
latitude < 47°. In order to avoid steps in predicted climate data at the boundaries, data used for
devel oping the elevation adjustment functions were extended to neighboring sections by 2° in
latitude. Bi-linear interpolation provides adequate adjustment for monthly precipitation.

Calculated and derived climate variables

In total, ClimateWNA can produce 85 climate variables, including 48 monthly, 16 seasonal
and 21 annual variables. The monthly and seasonal variables include minimum, maximum and
average temperatures, and precipitation. Of the 21 annual climate variables, 8 are directly
calculated variables from the monthly data including mean annual temperature (MAT), mean
coldest month temperature (MCMT), mean warmest temperature (MWMT), continentality (TD,
which is the difference between MWMT - MCMT), mean annual precipitaion (MAP), mean May



to September precipitation (MSP), annual heat-moisture index (AHM), and summer heat-
moisture index (SHM). Calculations of other annual variables, such as growing degree-days
(DD>5°C), cooling degree-days (DD<0°C), frost-free period (FFP), usually require daily
weather data. ClimateWNA derives these variables using either linearly interpolated daily data
from monthly data or based on relationships between monthly climate variables and these
variables (Wang et al. 2006a).

The climatic moisture deficit (CMD) is the sum of the monthly difference between a
reference evaporation (E«) and precipitation. If E.« isless than precipitation then the monthly
CMD is zero (in this case the precipitation minus E¢ is a climatic moisture surplus). If the
average monthly air temperature is less than zero then E« =0. Five temperature-based
approaches for calculating reference evaporation were compared with reference evaporation
calculated with the Penman-Monteith equation (Shuttleworth 1993, Allen et al. 1998). Testing
was done for 58 weather stations distributed across western North America west of 100°W,
chosen because they have monthly normals of sunshine hours as well as air temperature and
precipitation data. The Hargreaves equation with alatitude correction to its estimate was chosen
as the method for calculating E in ClimateWNA (Spittlehouse 2009).

Downscaling and integration of historical and GCM data

When climate data were required for a particular year within the period covered by
ClimateWNA (1901 - 2006), the historical anomaly data for that year are downscaled using
bilinear interpolation in run-time and overlaid onto the downscaled baseline climate normal data
as described above. Seasonal climate variables for winter are cal culated based on the monthly
variables for January and February in he year of interest and for December in the previous year,
except for the year 1901, for which the climate data are not available for the previous year. The
same method is aso applied to the annual climate variables, extreme minimum temperature
(EMT) and precipitation as snow (PAS).

For predicted future climate, ClimateWNA further downscales the standardized GCM
anomalies using bilinear interpolation to the locations of interest, then overlay them onto the
high-resolution baseline data. The program provides high-resolution climate data for future
periods because spatial variation in anomaly datais much smaller and easier to be modeled than
the absolute values (Mbogga et a. 2009; Mitchell and Jones 2005). Second, downscaling
improves spatial resolution and may aso improve precision. Finally, improved high-resolution
baseline data for the downscaled anomalies further improve predictions. Mbogga et al. (2009)
suggested that the historical climate data generated by this approach are much better than
Mitchell and Jones’ (2005) low resolution climate normals. Using anomalies in the program can
eliminate some prediction errors that result from the fact that GCM predictions in absolute values
for the reference period can be substantially different from observations. Consequently,
interpolation of variability datais expected to be more reliable than interpolating absolute values
(Mbogga et al. 2009; Mitchell and Jones 2005).

Figure 2 illustrates downscaling of anomaly data from their original resolution to a high-
resolution or to the locations of interest and overlaying them on high-resolution baseline. Thisis
exampleisfor aclimate change but the same approach applies for the historic data.
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Figure 2: Application of downscaling for GCM data by ClimateWWNA shown by the minimum
temperature of January in 2050s predicted by the Canadian model GCM3 A2 runl. A) predicted
anomalies at original resolution (3.75° x 3.7068°); B) downscaled anomalies (0.00833° x
0.00833°) by ClimateWWNA,; C) predicted for 1961-1990; and D) predicted for 2050s.
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Calculations of climate data for additional normals and decades

In addition to provide historical climate data for individual years, ClimateWNA aso
calculates seven 30-year normals and 10 decade averages within the period 1901 - 2006.

Evaluation of ClimateWNA Output
Improvements in spatial resolution

Improvements in spatial resolution of PRISM data by ClimateWNA are considerably better
than commonly used spatial interpolation approaches. Elevation adjustment alone reflects the
topographical pattern to a great extent; however, steps at the boundaries between adjacent
PRISM tiles are visible. Differences in climate data among the neighboring tiles are not entirely
driven by the differences in elevation among these tiles (Daly et al. 2002), el evation adjustment
alone cannot generate seamless surfaces acrosstiles. Bilinear interpolation and elevation
adjustment applied to the variables means that the variable surface seamlessly following the
topography (Figures 2 and 3).

Improvements in statistics

Observed climate normals for the same reference period (1961-1990) from weather stations
were used to evaluate the quality of ClimateWNA output and improvements over the baseline
PRISM data. Climate normal for 1049 stations in US were obtained from National Oceanic and
Atmospheric Administration and for 1122 stations in western Canada from Environment Canada
archives.

Improvement in precision of ClimateWNA was evaluated by comparison in variances
explained and standard errors of climate variables between baseline climate data and
ClimateWNA outputs. Baseline data explained the majority (93 - 99%) of the total variation in
all monthly climate variables (Figure 4). These values are greater than what we found in previous
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Figure 3: Application of the downscaling processes in ClimateWNA shown in a mountain area
of south Washington (centered at Lat. 45°35' N and Long. 121°31' W) at a resolution of 90m. A)
DEM at 90m; B) Mean annual temperature (MAT) generated by PRISM at 4km; C) Interpolated
MAT using bilinear interpolation; D) elevation adjusted MAT using nearest data values from
PRISM data and elevation adjustment function developed in this study; E) Climate\WNA
downscaled MAT using a combination of bilinear interpolation and elevation adjustment; F)
ClimateWWNA downscaled MAT overlaid to a satellite image to show the trend of MAT along
topography in the upper-left part of this area.
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Figure 4. Reductionsin variance unexplained and prediction standard errors for monthly
maximum (Tmax), minimum (Tmin) and average (Tave)ait temperatures, and monthly total
precipitation (Prec).

studies for ClimateBC (Wang et al. 2006a) and ClimatePP (Mbogga et a. 2009) due to greater
variation in climate variables across a much larger areain this study. Therefore, the higher values
in variance explained in this study does not necessarily mean better predictions for particular
locations, for which the amount of (relative) variance unexplained and prediction standard errors
(for absolute values) are more relevant. Based on variance unexplained, baseline data provided
better predictions of temperature for winter months than for other months (Figure 4). In contrast,
the downscaling methodol ogy implemented in ClimateWNA is more effective for the other
months. ClimateWNA eliminated the majority of the variance unexplained in maximum
temperatures for April through October through downscaling. Similarly, around half amount of
the variance unexplained in average temperatures were also removed by ClimateWNA for the
same months.

The amount of prediction standard errors for monthly temperatures was rather similar across
all months except for slightly higher standard errors for minimum temperatures in winter months
(Figure 4). ClimateWNA reduced the prediction standard errors by up to 40% for monthly
maximum temperatures and 30% for monthly average temperatures. For example, the standard
error for May maximum temperature was reduced from 1.07°C to 0.64°C (Figure 4), a decrease
of 40%.

The amount of improvement for monthly minimum temperatures and monthly precipitation
by ClimateWNA was relatively small in terms of both variance unexplained and prediction
standard error (Figure 4). This agrees with what we found in a previous study (Wang et al.
20064). As elevation adjustment was not applied to monthly precipitation, the improvements in
this variable resulted from simple bilinear interpolation. Based on our previous study (Hamann
and Wang 2005; Wang et a. 2006a) and Figure 4, the improvements in temperature variables
through downscaling by ClimateWNA are mainly attributable to elevation adjustments. Clearly,
monthly maximum temperatures have stronger elevational patterns than minimum temperatures.

11
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Figure 5: Annual reference evaporation (mm) for British Columbia for the 1961-90 normals.
(Map produced by A. Walton, BC MoFR).

Evaporation and climatic moisture deficit

The Hargreaves equation had the best agreement with the reference method under current and
alarge climate change scenario (Spittlehouse 2009). There was atrend for increasing
discrepancy with latitude under current climate and climate change scenarios. It also tended to
underestimate evaporation at high elevations by up to 15%. Consequently, reference evaporation
(Ere) in ClimateWNA is cal culated with the Hargreaves equation (Ena) With alatitude correction
applied, i.e., Eret = Epa(1.18 — 0.0067latitude), n=56, R°=0.734, s6,,=0.039E}, and the |atitude is
in degrees. Reference evaporation for BC for the 1961-90 normalsis shown in Figure 5. Climatic
moisture deficits calculated with normals tend to underestimate the average of individual years.

Effects of downscaling on historical and GCM data

Stochasticity in weather patterns means that the shorter the period the lower the accuracy of
estimating climate variables using interpolation. Assessment of annua variables for individual
years at 180 stations across western Canada (Mbogga et a. 2009) showed that precision
remained high, except for the first third of the century (Figure 6). May to September
precipitation shows considerably more variation in statistical precision among individual years.
Monthly temperature variables have quite high R? values compared to their corresponding 30-
year normal. However, they show sharp declines in precision for approximately one out of 10

12
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Figure 6: R? between observed and interpolated mean annual temperature (MAT), mean
warmest month temperature (MWMT), mean coldest month temperature (MCMT) data, mean
annual precipitation (MAP) and mean summer precipitation (MSP) for the 1901-2002 period
and corresponding values for the 1961-1990 normals comparison with observed data. Number
of stations for data comparison for each year is also shown. (From Mbogga et al 2009.)

years (Figure 6). These results show clearly that particular weather patterns that are unique to an
individual month or season cannot aways be accounted for by the climate grids.
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Figure 7: A screenshot of ClimateWNA desktop version interface.

Accessto ClimateWNA Data

A stand-alone software package was devel oped following the approach used in ClimateBC.
The ClimateWNA package is available at no charge and can be downloaded from
http://www.genetics.forestry.ubc.ca/cfcg/climate-models.html . No installation is required. So
far, it workson al versions of MS Windows. Simply uncompress the files to afolder on alocal
hard drive, e.g., "C:\ClimateWNA\". The interface is shown in Figure 7.

ClimateWNA can be used interactively for single location at atime by inputting the
coordinates and elevation of the location. It can also be used to process multiple locations
through an input file that comprising coordinates and el evations for multiple locations. Thereis
no limitation on the number of locations included. Detail instructions for preparing the input file
isavailablein the help file of the program.

A web-based application is under development (Figure 8).

The Pacific Climate Impacts Consortium’s Regional Analysis Tool (RAT) is aweb-based
tool designed to analyse and display climate model results (GCM, RCM) and historical climate
data (Figure 9). It is designed for knowledgeable stakeholders and researchers. The tool alows
for visualization of data on maps and facilitates easy comparison between monthly, seasonal,
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Figure 10: Maps of six major biologically relevant climate variables in Western North America
generated from ClimateWNA data.

and annual results. Features include averaging over pre-defined or custom regions, creating
maps, meta-data summaries, plots, and downloading data. Web accessis at
http://www.pacificclimate.org/tools/regionalanaysis/

The RAT was originally asource of future GCM climate projections until spring 2008 when
historical climate at high resolution from ClimateBC (Wang et a. 2006) was made available. The
high resolution data were later extended using output from ClimatePP (Mbogga et a. 2009) as
well as historical datafrom aglobal 0.5° dataset (CRU-TS) (Mitchell and Jones 2005). The
future time period 2040-2069 (2050s) has been added over the entire BC and Western Canada
domain for five different Globa Climate Models (GCMs) and emissions scenarios.

Examples of Using Spatial Climate Data from ClimateWNA

Spatial distribution in reference evaporation in BC is shown in Figure 5. The high
evaporative demand of the Okanagan valley stands out against the lower demands on the
surrounding Okanagan Plateau. Maps of six climate variables frequently used in modeling plant-
climate relationships are shown in Figure 10. These maps provide an excellent view of the spatial
distribution in climate. Annual precipitation falling as snow and how it might change under a
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Mean Annual Precipitation as Snow - Normals (1961-1990)
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Figure 11: Precipitation as snow (mm) for 1961-90 normals (left panel) and percent change by
2050s under the A2global warming emissions scenario and the Canadian GCM2 (right panel).

(Maps produced by A. Walton, BC MoFR.)

Figure 12: Modelled ecoregion climate envel ops under 1961-90 climate and projected for 2020s
based on Canadian GCM2-B2 scenario in Western Canada. Spatial climate data were generated

from ClimatePP. (Modified from Mbogga etal. 2009).
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Figure 13: Growing degree days (>5 degrees C) as derived by ClimateBC for the 1961-1990 normals
(left pandl) and the CGCM3 SRES A2 run 4 2041-2070 projection (right pand).

global warming scenario are shown in Figure 11. Figure 12 illustrates how spatia climate data
can be used to generate climate envelopes for ecosystems and review where the ecosystem
climate might occur under a global warming scenario.

The Pacific Climate Impacts Consortium is using spatial data such as derived variables such
as growing degree days (Figure 13) and frost free period (Figures 14) to illustrate impacts of
climate change for community climate impacts analyses and several different community
projects to be published 2009/2010. The gridded datafrom ClimateBC have been used to prepare
maps of historical analog years to future periods. The intention is to give stakehol ders examples
that will help them to understand what future climate might be like and response of the resources
they manage and societal response. For example, Figures 15a and 15b indicate that the winter of
1997/1998 was similar to that projected for the mean climate in 2050’s (for one climate change
scenario and GCM). Conseguently, management actions in response to weather in 1997/98 may
become the norm by the middle of the century. A recently submitted manuscript entitled
“Geographic variation in growth response of Douglas-fir (Pseudotsuga menziesii) to climate
variability and projected climate changes” made use of datafrom ClimateWNA.

Extension

A scientific article was published on ClimatePP, the Prairie Provinces program, (Mbogga et
al. 2009) and oneis being prepared on ClimateWNA. Desktop and web-based versions of the
program were produced (Figure 7 and 8) to aid users. The Pacific Climate Impacts Consortium is
developing a system to visualize gridded data and provide access to such data (Figure 12) under
FSP Project F090115. About 20 presentations have been made to scientists, foresters,
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Figure 15a: Wn mean temperature for Figure 15b: CGCM3 SRESA2 run 4 winter
1997/1998. mean temper ature projection for 2050s.
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hydrologists and the general public that used data from the software, or described the project. A
presentation on ClimateWNA was made at PaclimQ9 by Dave Spittlehouse in April 2009 to
publicize the program amongst researchers in western North America

Summary

ClimateWNA provides ready access to historical and future climate data at any resolution. It
is easy to use and provides reliable estimates of awide range of climate variables. Along with
ClimateBC and ClimatePP, ClimateWNA has become a valuable tool in climate change studies
in resource management. However, there are limitations to what Climate WNA can do. The data
represent weather station climate. Consequently, features such as rain shadows, temperature
inversions, and slope and aspect effects are modeled at a scale of severa kilometers while lapse-
rate driven temperature differences are represented at the scale hundreds of metres. Small-scale
climate features such as frost pockets or local slope and aspect effects are not represented.
Finally, the shorter the historical timeinterval of interest, the less reliable the climate surfaces.
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