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Abstract

We consider the problem of projecting future climate from ensembles of regional
climate model (RCM) simulations using results from the North American Regional Cli-
mate Change Assessment Program (NARCCAP). To this end, we develop a hierarchical
Bayesian space-time model that quantifies the discrepancies between different members
of an ensemble of RCMs corresponding to present day conditions, and observational
records. Discrepancies are then propagated into the future to obtain high resolution
blended projections of 21st century climate. In addition to blended projections, the
proposed method provides location-dependent comparisons between the different sim-
ulations by estimating the different modes of spatial variability, and using the climate
model-specific coefficients of the spatial factors for comparisons. The approach has the
flexibility to provide projections at any spatial scale of potential interest to stakehold-
ers while correctly accounting for the uncertainties associated with projections at that
scale. We demonstrate the methodology with simulations from WRF using three dif-
ferent forcings: NCEP, CCSM and CGCM3. We use simulations for two time periods:
current climate conditions, covering 1971 to 2000, and future climate conditions under
the SRES A2 emissions scenario, covering 2041 to 2070. We investigate and project
yearly mean summer and winter temperatures for a domain in the South West of the
United States.
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1 Introduction

The idea of assessing the uncertainty in future climate predictions using multi-model en-
sembles is at the core of the World Climate Research Program (WCRP) Coupled Model
Intercomparison Project Phases 3 and 5 (CMIP3, CMIP5) (Meehl et al., 2007; Taylor et al.,
2012). A fundamental difficulty of such assessments, as argued in Tebaldi et al. (2011)),
is that the internal variability of the climate system can overwhelm the variability that is
due to external forcings. Thus, two models with similar structural responses, may produce
simulations for a given time and location that provide conflicting information. For this rea-
son, we adopt a probabilistic approach to address multi-model ensembles. This is based on
the assumption that a given simulation from a climate model is a sample from a distribu-
tion of climates. Similarly, observational records are viewed as samples and provide noisy
information about the climate.

More specifically, in the approach considered in this paper, simulations from a given
climate model are assumed to correspond to an unobserved underlying state plus a model
dependent discrepancy. Observational records are assumed to provide information about the
same underlying state, and are subject to observational error. Quantifying model discrep-
ancies is key to obtaining unified estimates of the underlying state. It also allows for the
assessment of the different models under consideration. Regional climate models produce
simulations that have high spatial resolution. To produce an estimation of model discrep-
ancies that focuses on relevant spatial features, rather than high resolution details, [Salazar
et al.| (2011]) consider projections onto the main modes of spatial variability. In this paper we
follow the same approach. We use a common set of basis functions for all the spatial fields.
The bases depend on parameters that are estimated using all sources of information, incor-
porating all uncertainties in the data. We obtain spatially-varying discrepancies for each
member of the multi-model ensemble. These are subsequently used to obtain high resolution
unified climate projections. Our method has the flexibility of providing results at any spatial
scale with rigorously derived uncertainties corresponding to that scale. This is an important
feature for stakeholders with interest in, for example, irregular domains such as watershed
managers. Moreover, our Bayesian approach provides a probabilistic quantification of all the
uncertainties relevant to the output.

Following the framework of rigorous statistical methods for climate model analysis, like
the ones in Tebaldi and Sansd| (2008); Smith et al.| (2009); Rougier et al.| (2010), we use
hierarchical models to blend information from historical records and multi-model simula-
tion ensembles. Hierarchical models (see, for example, Cressie and Wikle|, |2011)), split the
variability of an observed system in three clearly defined levels of conditional probabilities.
The first level corresponds to the observational model. The second level to the underlying
process, and the third level informs the learning of the parameters in the previous two levels.
This setting is intrinsically Bayesian. That is, it lends itself naturally to inferential meth-
ods that use probability to quantify uncertainties for all unknown quantities in a model. A
summary of the information in all three levels of the model is provided by the “posterior
distribution.” This corresponds to the distribution of all unobserved quantities, conditional
on the observed ones. The Bayesian framework allows uncertainty to be propagated through



the hierarchical levels to the posterior distribution of model parameters and predictions.

To illustrate our methods we use simulations from the North American Regional Climate
Change Assessment Program (NARCCAP) (Mearns et al., [2009)) (www.narccap.ucar.edu).
This is an international program to produce high resolution climate simulations to assess
climate change on a regional level. The goal of the project is to investigate the uncertainty
of future climate projections at a regional level. NARCCAP covers all of North America and
part of the Caribbean with a resolution of 50km. It involves a number of combinations of
six different RCMs and four different atmosphere-ocean coupled general circulation models
(AOGCMs), in a way that each RCM is run with boundary conditions given by two different
AOGCMs. The AOGCMs have been forced with the SRES A2 emissions scenario for the
21st century, thereby eliminating any differences in assumed emissions among the model
runs. In summary, NARCCAP is a carefully designed experiment to assess the variability of
RCMs. As a byproduct, the project provides a set of multi-model ensembles of simulations
at a regional level for current and future climates. We use a subset of these ensembles to
demonstrate the methodology proposed in this paper.

2 Data

We use simulations from one of the RCMs included in the NARCCAP program, the Weather
Research & Forecasting regional model (WRF) driven by different boundary conditions.
WRF is a next-generation mesoscale numerical weather prediction model maintained by
NCAR. The three boundary conditions to drive the WRF model (within NARCCAP) are
the National Centers for Environmental Modeling (NCEP) reanalysis, the Community Cli-
mate System Model (CCSM) and the Third Generation Coupled Global Climate Model
(CGCM3). The NCEP reanalysis is based on various sources of observed data and an at-
mospheric model. The version “NCEP-2” is used by NARCCAP. CCSM is a coupled GCM
developed by the University Corporation for Atmospheric Research (UCAR) with funding
from the National Science Foundation (NSF), Department of Energy (DOE), and NASA.
CCSM is maintained by the National Center for Atmospheric Research (NCAR). CGCM3
is a coupled GCM developed by the team at the Canadian Centre for Climate Modelling
and Analysis (CCCma). Details of these models are available on the NARCCAP web-
site (www.narccap.ucar.edu) and the references therein. Simulations with forcings from
WRF+CCSM and WRF+CGCM3 show distinct trends and patterns compared to other
RCM and GCM combinations included in the NARCCAP program, which are more uniform
(for example the simulations chosen by Salazar et al. (2011))). The presence of these dis-
tinct features highlights the ability of the presented statistical model to account for these
discrepancies in forecasting 21st century climate.

NARCCAP simulations cover the years of 1971-2000 for the current period and 2041-
2070 for the future scenario. These data are available at 3 hour and daily intervals. In
an initial phase, simulations were obtained for 1979-2004 using NCEP boundary conditions.
Observational data for the current period, 1971-2010, were created using data from the
National Oceanic and Atmospheric Administration (NOAA) Integrated Surface Database
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Figure 1: (a) Study area: the fine grid corresponds to the resolution of the RCM output
(resolution 50 km), the coarse grid corresponds to the selected knots (resolution 300 km),
and the blue stars to selected prediction locations. (b)-(c) Time series of summer and winter
mean temperature for spatially averaged data.

(ISD; www.ncdc.noaa.gov/oa/climate/isd). Thus, 1971-2010 and 2041-2070 are the time
periods that we consider in this paper. Regarding the spatial domain, we focus on the south-
west region of the United States depicted in Figure [1| (a). We consider summer and winter
mean temperature for the observational record, and RCM simulations with three forcings
discussed above. The time frame for summer is June 21 — September 21 and for winter is
December 21 — March 21. Panels (b) and (c) in Figure [I| show the spatially averaged time
series of the different data sources. Figure [2| shows the spatial distribution of temperature
under present conditions, according to the four different data sources, for summer and winter.
The study area includes a total of 713 grid points.

In order for the observations to share a common map projection with the RCM data, the
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Figure 2: Temporal average of the observations (1st column), NCEP (2nd column), and
simulations based on CCSM (3rd column) and CGCM3 (4th column) averaged over the
periods 1980-1999 (for summer) and 1981-1999 (for winter). Temperature values are in °C.

ISD data coordinates were reprojected from latitude and longitude into Lambert conformal
conic. Temperature predictions at each RCM pixel centroid (fine gray grid in Figure (1] (a))
were made using the ISD 3-hour weather station data and a spatial regression model that
included an intercept, elevation as a covariate, spatial random effects, and a nugget. The
spatial random effects followed a zero centered Gaussian process with an exponential spa-
tial covariance function. Model parameters were estimated simultaneously using maximum
likelihood. These 3-hour predictions were then averaged to create estimates of yearly mean
summer and winter temperature.

3 Methods

Given the different nature of the variability in observational records and simulations, we
use assessment methods that relay on broad spatial and temporal patterns. Our approach
considers baselines that are common to all compared models. Thus, following
(2012)), we seek to extract large scale spatial features from spatio-temporal fields. This can
be conveniently achieved by representing such fields using a set of basis functions. Following
such approach, a space-time field indexed in time ¢ and space s, say y;(s), is represented by



a linear combination of spatially-varying functions, say ¥,(s), yielding the expression

yi(s) = Z Vi(s)ai(t) - (1)

The functions U;(s) summarize the main patterns of spatial variability of the field. Such
patterns are weighed in a time-varying fashion by the coefficients «;(t). In order to assess
the differences between a number of space-time fields, like the ones that result from a multi-
model ensemble of climate model simulations, we represent all of them on a common basis set.
We can then compare the different time-varying coefficients associated with each ensemble
member and each mode of spatial variability, as captured by each basis function. Empirical
orthogonal functions (EOF, see, for example, Hannachi et al.; 2007) are a popular method
to obtain a set of basis functions. These are obtained from a principal component analysis
of the covariance matrix, which is empirically estimated from the observations. Hannachi
et al. (2007)) discuss a number of shortcomings of EOF's that have prompted elaborations and
extensions of the method. The application of those methods is not immediate in our setting.
In fact it is not clear how to combine the information from different sets of simulations
to produce empirical estimates of the basis functions. Our approach is based on assuming
the existence of a common underlaying Gaussian process. Such a process induces a set of
common basis functions. Inference is performed using a hierarchical model.

A detailed description of the methods used in this paper is presented in Salazar et al.
(2011). Here we describe the most important features of the statistical model. Let y.(s) be
the observed temperatures at time ¢ and location s and thjM (s) be the RCM output using
NCEP (j = 1), CCSM (5 = 2) and CGCM3 (j = 3) forcings. We assume that observed
temperatures can be expressed as the sum of a baseline, a constant long-term trend in time, a
space-time process explaining small-scale spatial and short-term temporal variability, and an
observational error. The baseline captures long-range spatial variability, and it is a function
of location-dependent covariates, like longitude, latitude, and elevation. RCM simulations
follow a model similar to the one described above, with the addition of a model-dependent
discrepancy term, that depends on location but not time. The full specification of the model
is given by the equations:

y(8) = xT(s)n+Et+w(s) +els), t=1,...,t,
ijtM(s) = wT(s)n+£t+wt(s)+dj(s)+ejt(s), t=1,...,ty,..., T,

where €,(s) ~ N(0,0%), €;(s) ~ N(0,07), for j = 1,2,3, correspond to observational errors.
x(s) are the k-dimensional vectors of covariates, and 1 the corresponding coefficients. £ is
the slope of the long-term temperature trend. w;(s) is a time and space-varying Gaussian
process. d;(s) are also Gaussian processes associated with the discrepancy terms.

Following the discussion leading to Equation , the short range spatial variability in
wi(s) and d;(s) is captured by representing those fields on a set basis functions with uncor-
related coefficients. Thus, taking the first M basis functions, we have that

wi(s) + d;(s) = U (s)" (ou + ), (2)
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where W (s) is the M-dimensional vector of basis functions evaluated at location s. a is the
M-dimensional vector of time-varying coefficients. We assume that it evolves according to
a; ~ N(pa;_1,A). §; is also of dimension M and we assume that §; ~ N(p;, A;). Here A
and A; are diagonal matrices, with elements in decreasing order. Thus we have that U;(s)
describes the main mode of spatial variability, W5(s) the second largest mode, and so on.
Correspondingly, ay; is the coefficient of the main factor, aws; that of the second, and so on.
01; is the coefficient for the largest mode of variability for the discrepancy of the j-th RCM,
d2; the coefficient for the second largest mode, and so on.

The basis ¥(s) is obtained using a predictive Gaussian process (Banerjee et al., [2008)).
This consists of defining a coarse grid over the spatial domain, considering a Gaussian process
over the grid, and obtaining the predictions of this process for the rest of the domain. We then
project the coefficients that provide the predictions onto the eigenvectors of the covariance
matrix induced by the Gaussian process over the grid. The correlation range and the variance
of the Gaussian process are unknown. They are estimated from all the data sources. Notice
that the functions Wy(s) ..., ¥y (s) are not orthogonal. By using a common set of bases ¥
for the baseline and the discrepancy processes, Equation allows for global comparisons of
the different RCM simulations. In fact, the quantification of the global differences between
RCM model simulations is given by the elements of d;. Moreover, to estimate the common
basis, all sources of information are used. Thus, the resulting estimation uncertainty reflects
the variability of the observational records as well as that of the simulations.

For this application, we consider the N x 4 matrix of covariates X = (1y,elev, lat,lon)
where elev, lat and lon are N-dimensional vectors of elevations (in kms), latitude and lon-
gitude, respectively. N, the number of nodes in the RCM grid, is equal to 713. For the
predictive process, we use the coarse grid configuration shown in Figure (a) with M = 30
knots and a resolution of 300 km. Following a Bayesian approach, we estimate the compo-
nents of the proposed statistical model: n,&, ®(s), A, Aj, oy, ¢,8;,0% and o3, fort =1,..., T
and j = 1,2, 3, by exploring the joint probability distribution that results from the applica-
tion of Bayes theorem, after assuming a prior distribution based on prior information. We
use a Markov chain Monte Carlo (MCMC) method (Gamerman and Lopes, 2006 to obtain
samples from the posterior distribution of the quantities of interest. Computational details
can be found in the appendix of [Salazar et al. (2011)).

4 Results

We show comparison and prediction results for the three different WRF simulations described
in Section 2] In addition to providing insights about specific features of these simulations,
this section more broadly illustrates how the presented methodology can be used to com-
pare regional climate model simulations and to obtain blended predictions with associated
uncertainty. As mentioned in the previous section, the core of our statistical model is the
estimation of the seasonally varying spatial features as the basis of the comparison between
ensemble members. The knowledge obtained from those comparisons is then used to obtain
the blended forecasts.



Figure (3] illustrates the estimates of the spatial basis functions and their coefficients.
Even though the basis functions are not orthogonal, the first row in Figure |3| show that the
four largest modes capture very distinct spatial features. From the panels in the second
and third rows of Figure [3| we observe that the coefficients of o, capture the interannual
variability of the observations and the simulations. We can quantify the global differences
between RCM simulations using the inference for the elements of the vector §,. The fourth
and fifth rows of Figure [3| show the posterior densities of the coefficients associated with the
four largest modes. Note that those coefficients are clearly separated in summer as well as
in winter. This indicate that three RCM simulations considered have very distinct spatial
features associated with the four largest modes of variability.

To obtain a graphical assessment of the different ensemble members over the regional
domain, we estimate the discrepancy fields by computing d;(s) = ¥(s)74d;. Figure 4| presents
such estimates for each of the three members of the ensemble. We observe that the main
features in the discrepancy fields vary markedly between seasons. In the summer, there are
some common features among the three forcings. There is a strong overestimation, as high
as 4 °C, in most of the coastal areas in California. The CGCMS3 driven pattern shows a
large underestimation over most of the domain, which is to a lesser extent also present in the
CCSM driven discrepancy pattern. For the winter we observe discrepancy fields that indicate
markedly different behaviors for the different forcings. This can be seen in the three lower
panels in Figure [4] which have few spatial patterns in common and differences of as large as
5 °C between the forcings. This is consistent with the findings by Mearns et al. (2013) that
large-scale, i.e., GCM-scale, features are the dominant drivers in the winter. These distinct
seasonal differences in discrepancy patterns highlight the need to compare climate models
seasonally and to account for these seasonal differences in blended forecasts.

As for the temporal trend, we observe that the posterior results for £, the slope of the long-
term temperature trend, are slightly different for summer and winter. Specifically, according
to our estimations, for the 100-year time period considered (1971-2070), there is an overall
predicted temperature increase of 4.2 °C (95% credible interval: 2.7-5.1) for summer and
1.8 °C (95% credible interval: 1.6-2.0) for winter.

One of the advantages of a rigorous statistical approach is the flexibility of obtaining pre-
dictions at any spatial scales while correctly accounting for the uncertainties associated with
the predictions at that scale. Having this flexibility can be important to provide customized
forecasts at the spatial scale that is most relevant to the needs of different stakeholders. For
example, the proposed approach can provide blended predictions, with rigorously derived
uncertainties, for a specific location, a state, a watershed, an ecoregion, or, more generally,
for any spatial domain of interest. To illustrate this feature of the modeling approach, we
show results for individual locations in four states as well as the corresponding statewide
results. A comparison of the blended California summer predictions for the individual lo-
cation (Figure |5) and the entire state (Figure @ shows the scale dependency of conclusions
about future climate. While the blended predictions for the state of California represent an
upward correction, the blended predictions for the individual California location represent
a downward correction compared to the individual simulations. This example highlights
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Figure 3: First row: Posterior means of ¥(,,) associated with the first four factors. Second
and third row: Time-varying coefficients aq;, oy, s, and ay corresponding to the first
four factors. Black lines represent the posterior means and the gray area the 95% posterior
credibility intervals. Fourth and fifth row: Posterior densities for the discrepancy coefficients,
d;j, for the first four factors (i = 1,...,4) corresponding to NCEP (j = 1), CCSM (j = 2)
and CGCM3 (j = 3).

how important it is to employ a blending approach that preserves the fine scale discrepancy
information to aptly utilize regional climate model simulations to fulfill the needs of various
stakeholders.
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Figure 4: Discrepancies, d;(s), corresponding to NCEP (j = 1), CCSM (j = 2) and
CGCM3 (j = 3) and for summer (1st row) and winter (2nd row), respectively.

The statewide summer predictions (Figure @ show a clear increasing trend, with an
increment between 2 and 4 °C in the 1971-2070 period. In all cases the predictions from an
individual ensemble member underestimate future temperatures, when compared to blended
predictions. This is not surprising, as underestimation occurs during the period under current
conditions. It is important to notice, though, that the probability bands associated with the
predictions are very large, showing ranges of up to 8 °C. Interestingly, even with such wide
bands, some ensemble members are not fully contained within the prediction intervals and
their sole use might lead to misleading conclusions. Average winter temperature predictions
per state are shown in Figure [§] We observe that the increasing trend is not as pronounced
as the one estimated for summer temperatures. Similarly to the summer results, we observe
very wide prediction intervals and strong corrections to the RCM simulations.

A quantitative spatial assessment of temperature change between the past decade (2001
2010) and the decade from 2061-2070 is presented in Figure @ The figure shows that overall
temperatures are increasing for both summer and winter, but the spatial patterns of these
increases are distinctively different between the seasons. By comparing the top and bottom
panels, we observe that the change in summer temperatures is more spatially heterogeneous
than the change in winter temperatures. The highest summer warming is predicted to occur
in Northern Arizona, Southern Utah and Western Wyoming, with an increase of more than
2.5 °C, while the California coast, the Southeast of California and Oregon are predicted
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Figure 5: Times series of predictive mean summer temperature at four selected locations
(shown in Figure (a)). The gray shadows correspond to 95% probability intervals.

to warm markedly less than 2 °C. Changes in the winter are more homogeneous. Most
noticeable are the facts that the southern part of the California coast and the Central Valley
are predicted to warm by as much as 2.6 °C. Similar levels of warming are predicted for
Southern Colorado, Wyoming and Central Oregon. At the lower end, we see the border of
New Mexico and Arizona, as well as some patches in Nevada and Oregon.

The Bayesian inferential framework allows valid inference to be drawn about any function
of the posterior distributions. For example, the third column in Figure [9] shows the mean
difference of the predictions between the two decades. We can take this even further and
identify those locations where this difference exceeds some specified value at some probability
level. This is illustrated in Figure [9] which shows those areas that have a 70% probability of
temperature increase of at least 2 °C. Interestingly, for the investigated simulations, these
areas are quite different between summer and winter. More broadly, this provides a way to
incorporate the spatially varying uncertainties and translate them to tangible information
for stakeholders and potentially aid in decision making under uncertainties. While a 2 °C
temperature increase is a commonly used threshold for global temperature change, equivalent
information can be provided for any threshold and at any spatial scale.
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Figure 6: Times series of predictive mean summer temperature averaged by states
(Nevada, Utah, California and Arizona). The gray shadows correspond to 95% probabil-
ity intervals.

5 Summary and Future Work

We describe and demonstrate a methodology 1) to assess regional climate models based on
their spatially varying consistency with observations and 2) to use this information to create
blended projections of future climate. The methodology uses a fully Bayesian approach
that provides blended projections with rigorous uncertainties. One of the advantages of
the approach is the flexibility to obtain projections at any spatial scales while correctly
accounting for the uncertainties associated with projections at that scale. This feature
allows for creating customized blended projections with probabilistic uncertainties for any
spatial domain of interest to stakeholders.

While there is no explicit weighing of models, the blended projections at a given location
are based on how well, in a broad sense, a model behaved in representing past climate
at that location. This can vary spatially, so the members of the model ensemble inform
the blended projections in a way that is as a function of location and season. As such the
methodology uses the value of regional climate models to provide high resolution information.
The framework relies on the assumption that the skill of a regional climate model to describe
past climate is indicative of its performance in predicting future climate. This is arguably a

12



—— Obs. — Obs.
--- Pred. --- Pred.
21 — ccsm 24 — cosm
CGCM3 CGCM3
-- NCEP --- NCEP
o o
(] (o}
el el
g g
o 0 4 =
< <
Q 5
¢} (6}

T T T T T T
2011 2021 2031 2041 2051 2061

Nevada Utah

Centigrade
Centigrade

: : : : : : : : : : : : : : : : : : : :
1971 1981 1991 2001 2011 2021 2031 2041 2051 2061 1971 1981 1991 2001 2011 2021 2031 2041 2051 2061
California Arizona

Figure 7: Times series of predictive mean winter temperature at four selected locations
(shown in Figure (a)). The gray shadows correspond to 95% probability intervals.

questionable assumption, but appears preferable to ignoring any information on consistency
in the past.

The analysis of the three WRF simulations and the creation of blended projections from
these simulations serve as a demonstration of the methodology rather than being an attempt
to create comprehensive blended projections. Nevertheless, even the analysis of such a limited
ensemble highlights the importance of treating seasons differently, as discrepancy patterns
vary markedly between seasons. Future work includes extending the analysis to all model
runs available in the NARCCAP archive as well as future regional climate models initiatives
such as the CORDEX program (Giorgi et al., 2009). Possible other extensions include
assessing different variables such as precipitation.
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Figure 8: Times series of predictive mean winter temperature averaged by states (Nevada,
Utah, California and Arizona). The gray shadows correspond to 95% probability intervals.
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Figure 9: First and second columns: Posterior predictions for the decades 2001-2010 and
2061-2070, respectively. Third column: Difference of predictions between the two decades.
Fourth columns: Probability of exceeding 2 °C difference more than 0.7. Results for summer
(first row) and winter (second row).
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