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Abstract Climate projections at relevant temporal and spatial scales are essential to assess
potential future climate change impacts on climatologically diverse regions such as the
northeast United States. Here, we show how both statistical and dynamical downscaling
methods applied to relatively coarse-scale atmosphere-ocean general circulation model
output are able to improve simulation of spatial and temporal variability in temperature and
precipitation across the region. We then develop high-resolution projections of future
climate change across the northeast USA, using IPCC SRES emission scenarios combined
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with these downscaling methods. The projections show increases in temperature that are
larger at higher latitudes and inland, as well as the potential for changing precipitation
patterns, particularly along the coast. While the absolute magnitude of change expected
over the coming century depends on the sensitivity of the climate system to human forcing,
significantly higher increases in temperature and in winter precipitation are expected under
a higher as compared to lower scenario of future emissions from human activities.
Keywords Climate change . Downscaling . General circulation model .
Greenhouse gas emission scenarios . Northeast United States

1 Introduction
One of the greatest concerns of future climate change are its potential impacts at the local to
regional scale. Global changes in the climate system will interact with the distinctive geographic
characteristics of individual regions to produce a climate change signal unique to that region.
These changes in regional climate have the potential to affect many aspects of our lives and our
communities, including our health and welfare, agriculture and natural ecosystems, water and
air quality, and our economy. Climate changes therefore need to be evaluated at spatial and
temporal scales that make the projections relevant on a human scale. The spatial scale of the
information used as a basis to investigate the impact of changing climate on various sectors in
our society can also affect the magnitude and sometimes even the sign of the potential change
and corresponding impacts (e.g., Mearns et al. 2001; Doherty et al. 2003; Tsvetsinskaya et al.
2003; Kueppers et al. 2005).
To study the potential effects of climate change, we rely primarily on climate projections
from coupled atmosphere-ocean general circulation models (AOGCMs), driven by a range of
plausible scenarios describing how population, technology, and energy use might develop in
the future. Model analyses and inter-comparisons have shown that the latest generation of
AOGCMs provides a reasonable representation of observed climate change at the global scale
over the last century (Solomon et al. 2007). However, it is not certain which (if any) of these
models accurately recreate observed trends in climate at the regional scale, or if they correctly
represent the processes responsible for climate variability at the regional level (Kunkel et al.
2006). This uncertainty has important implications for the validity of the conclusions drawn
in regional climate impact assessments. These conclusions generally rely on the relatively
coarse spatial pattern of changes in temperature, precipitation, and other climate features
produced by AOGCMs to drive estimates of projected impacts (e.g., NAST 2000).
To assess the potential for dynamical and statistical downscaling to enhance global-scale
climate projections by incorporating regional-scale information, we focus on the Northeast
USA (NE). This region covers the states of Maine, New Hampshire, Vermont,
Massachusetts, Rhode Island, Connecticut, New York, New Jersey, and Pennsylvania.
Although relatively small from a geographical perspective, the climatic gradient across the
NE is one of the steepest in the country (Ludlum 1976; Zielinski and Keim 2003).

2 Observational data and model simulations
To validate model output, historical AOGCM-simulated and downscaled climate is
compared with observational temperature and precipitation records, based on a subset of
the United States Historical Climatology Network (USHCN; Karl et al. 1990; Easterling
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et al. 1999; Williams et al. 2005). The USHCN station data represents the best available
data source for investigating changes in temperature and precipitation since 1900. The
stations are selected based on length and quality of data, which includes limiting the
number of station changes and correcting for known biases (Karl et al. 1986, 1988; Quayle
et al. 1991; Karl and Williams 1987).
To assess potential future changes in temperature and precipitation, we relied on projections
from three of the latest Intergovernmental Panel on Climate Change (IPCC) AR4 coupled
AOGCMs: US National Oceanographic and Atmospheric Administration/Geophysical Fluid
Dynamics Laboratory CM2.1 (GFDL CM2.1; Delworth et al. 2006), United Kingdom
Meteorological Office Hadley Centre Climate Model version 3 (HadCM3; Pope et al. 2000), and
US Department of Energy/National Center for Atmospheric Research Parallel Climate Model
(PCM; Washington et al. 2000). Climate sensitivity for these models ranges from 1.3°C to 3.3°C,
covering the lower part of the IPCC 1.5°C–4.5°C uncertainty range (Solomon et al. 2007).
Historical AOGCM simulations (for the period 1960 to 1999) correspond to the Coupled
Model Intercomparison Project “20th Century Climate in Coupled Models” or 20C3M
scenario (Covey et al. 2003). These represent each modeling group’s best efforts to
reproduce observed climate over the past century and generally include forcing from
anthropogenic emissions of greenhouse gases, aerosols, and reactive species; changes in
solar output; particulate emissions from volcanic eruptions; changes in tropospheric and
stratospheric ozone; and other influences required to provide a complete picture of climate
over the last century.
Future simulations were forced by the IPCC Special Report on Emission Scenarios
(SRES; Nakicenovic et al. 2000) higher (A1fi) and lower (B1) emissions scenarios. These
scenarios describe internally consistent pathways of future societal development and
corresponding greenhouse gas emissions. Although neither of these scenarios include
climate-related emission reduction policies, the broad range of projected atmospheric
carbon dioxide (CO2) concentrations in 2100 represented by these scenarios (970 ppm
under A1fi, 550 ppm under B1) mean that these scenarios can be used as proxies to
estimate changes likely to occur under a continuation of present-day economic growth rates
(A1fi) as compared with a scenario aimed at stabilizing CO2 concentrations near 550 ppm
(B1; Van Vuuren and O’Neill 2006).
Monthly AOGCM temperature and precipitation fields for all three models and two
future scenarios were statistically downscaled for the Northeast region to a resolution of
1/8° (Wood et al. 2002). Downscaling used an empirical statistical technique that maps
the probability density functions for modeled monthly precipitation and temperature for the
climatological period (1961–1990) onto those of gridded historical observed data, so the
mean and variability of monthly observations are reproduced by the climate model output.
The bias correction and spatial disaggregation technique is one originally developed for
adjusting AOGCM output for long-range streamflow forecasting (Wood et al. 2002). It was
later adapted for use in studies examining the hydrologic impacts of climate change
(VanRheenan et al. 2004) and compares favorably to different statistical and dynamic
downscaling techniques (Wood et al. 2004). At each grid-cell, the observed values for a
randomly selected month were then rescaled to match the downscaled, bias-corrected
monthly temperature and precipitation values, with the same month used throughout the
domain to preserve spatial correlation structures. Daily humidity values consistent with the
daily precipitation and temperature were estimated using the iterative technique described by
Thornton et al. (2000) and implemented in the Variable Infiltration Capacity (VIC) hydrology
model. Thus, the approach is designed to be driven by projections of the AOGCM at the
monthly scale, with historically plausible daily sequences within any month.
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This method compares favorably to other statistical and dynamic downscaling techniques
(Wood et al. 2004). It also carries the additional benefit of being able to generate daily
climate inputs for models and scenarios that did not save their output at daily resolution.
However, there are also some disadvantages to this approach. First, statistical generation of
daily values from monthly temperature and precipitation do not necessarily reflect possible
changes in atmospheric circulation as simulated by the global models on scales of days to
weeks, except so far as these are reflected by the global models’ monthly means.
Furthermore, this approach assumes that the shapes (although not the mean) of the monthly
historical temperature and precipitation distributions used to generate the daily values for
each month remain unchanged over time. This assumption may not be valid for many
regions of the globe, where model-simulated increases in daily extremes are often not
directly proportional to what would be projected based on shifts in the mean value alone.
Regional model simulations were also conducted using PCM simulations only as
boundary conditions for the 1990s, 2020s, 2050s and 2090s under the SRES A1fi and B1
scenarios. The CMM5 is a climate extension of the fifth-generation Pennsylvania State
University–National Center for Atmospheric Prediction Research (PSU-NCAR) Mesoscale
Model (MM5) version 3.3 (Dudhia et al. 2000) developed by Liang et al. (2001). Important
modifications include incorporation of more realistic surface boundary conditions and cloud
cover prediction. It has been demonstrated that the CMM5 has pronounced skill in
downscaling precipitation (Liang et al. 2004a, b) and soil moisture and temperature (Zhu
and Liang 2005).

3 Comparison of regional model-based and statistically downscaled temperature
and precipitation fields with observations
To compare model simulations with observations, we examine the potential for AOGCM
output to be translated into the higher-resolution spatial and temporal distributions required
for assessing regional-scale climate change impacts. For detailed comparisons between
high-resolution regional model simulations and AOGCM output, comparisons between
statistical and dynamical downscaling methods, and comparisons between different types of
statistical methods, we refer the reader to a number of publications already available in the
literature (e.g., Deque et al. 2005; Wood et al. 2004; Mearns et al. 2003; Wilby et al. 1998,
2000; Wilby and Wigley 1997; Hewitson and Crane 1996). Here, our focus is on illustrating
the potential for such methods to remove some of the known biases in AOGCM data for
use in regional impact assessments.
Recognizing the limitations of global models and respecting the purpose for which they
are currently designed (that being the simulation of global and large-scale climate features
and processes), we do not attempt inappropriate comparisons of their performance against
either the absolute values of surface temperature, precipitation, etc., nor against higherresolution temporal or spatial distributions of surface climate across the NE. However, as
changes in fine-scale temporal and spatial climate characteristics are valuable for estimating
potential impacts on human health (e.g., extreme heat days), infrastructure (e.g., heavy
rainfall events), ecosystems, and agriculture (e.g., identifying shifting optimal growth zones),
we assess the ability of a representative dynamical (regional modeling) and a statistical

Fig. 1

Comparison of 1990s (a, e) observed, (b, f) regional model-simulated, (c, g) statistically downscaled, and (d, h) PCM-generated seasonal-mean summertime maximum daily temperatures (K), and total
precipitation (mm)
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(correlation-based) downscaling method to translate global model simulations into absolute
values and distributions of surface climate. The successes and failures of these downscaling
approaches can be taken as a proxy of their ability to simulate and/or account for the smallscale processes that affect the distributions of temperature and precipitation across the domain.
First, we compare 1990s mean summertime daily maximum temperatures from the
USHCN station data with the mean daily maximum temperatures from the regional climate
model (RCM), statistical downscaling (SD), and PCM output (Fig. 1a–d). Although the
coarser-scale PCM data cannot capture the fine-scale variations, particularly those in upstate
New York and across the New Hampshire/Vermont border, the RCM and SD methods do
capture these variations. In general, both methods compare well with the observations,
although the RCM data appears slightly too warm along the coastal regions over the
northern portion of the domain. This may result from inadequate representation of land
surface processes related to soil moisture, vegetation cover, and/or the use of static versus
dynamic surface albedo in this region. Model-simulated sea surface temperatures in the Gulf
of Maine are, on average, anomalously high and could also be contributing to the observed
RCM coastal bias.
Figure 1e–h compares total summertime precipitation from the USHCN station
observations to those from the RCM, SD, and PCM simulations. It appears that the RCM
and PCM have too little precipitation, particularly over the southern portion of the domain.
This may be due to the general failure of the Grell cumulus scheme to adequately represent
convection over coastal regions. The Grell scheme realistically simulates the nocturnal
precipitation maxima and their associated eastward propagation of convective systems over
the Great Plains, where the diurnal timing of convection is controlled by the large-scale
tropospheric forcing (the Kain–Fritsch scheme is more accurate for the late afternoon peaks
in the southeast USA where moist convection is governed by the near-surface forcing;
Liang et al. 2004a). In comparison, the SD has too much precipitation, particularly through
the central portion of the domain. Towards the north of our domain of interest, part of this
could be attributed to the fact that the 140 km2 resolution fails to reproduce variations due
to mountainous terrain; however, as the SD simulations are trained on the 1961–1990
period and apply projected changes to base period values (so that precipitation anomalies
are applied proportionately to where base period precipitation fell), this would seem to
indicate that the spatial relationship between large- and small-scale precipitation in this
region has shifted slightly in the RCM but not in the SD method because distributions are
fixed to match historical observations.
To assess the ability of model simulations to reproduce the extremes of daily maximum
temperatures and daily precipitation rates, we also calculated the 10% exceedence threshold
(not shown) for the USHCN, RCM, SD, and PCM data, defined as the daily maximum
temperature (or daily precipitation rate) which is only exceeded 10% of the time. The RCM
appears to capture the structure and magnitude of the observed extreme temperatures.
Statistical downscaling simulations show values which are slightly too low in the northern
portion of the domain, and PCM values which are too low across the entire domain. The
overall agreement in daily extreme temperature statistics between SD and RCM, but greater
differences in daily precipitation statistics, illustrates how extreme precipitation projections
can be expected to benefit from dynamical modeling or more sophisticated statistical
treatment.
Observed distributions of daily May-August maximum temperatures are nearly perfectly
reproduced by both RCM and SD, although both slightly underestimate the peak
frequencies between 25°C–30°C. For daily rainfall rates, both the PCM and SD exhibit a
tendency to drizzle, having too many light-rainfall days with precipitation rates <10 mm/day.
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Fig. 2 Projected changes in daily maximum temperatures (K) and total precipitation (mm) as simulated by a,
d MM5-based regional modeling, b, e statistical downscaling, and c, f PCM for the 2090s relative to 1990s

For days with rainfall rates >10 mm/day, both SD and RCM are close to observed, but
PCM has markedly too few. Overall, the RCM distribution appears to better capture both
the amount of light-rainfall days as well as the number of heavy- to extreme-rainfall days.
However, the convection scheme used in the RCM clearly influences the distribution, with
Liang et al. (2006) showing that in the Southeast Gulf States and North American monsoon
regions, the Kain–Fritsch scheme produces more frequent intermediate rainfall days than
the Grell scheme, in better agreement with observations.
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Given the relationship between day-to-day surface climate variability and the frequency
of seasonal circulation patterns, this suggests that the RCM and, to a lesser degree, the SD
approach, is able to successfully convert AOGCM boundary conditions into seasonal
weather pattern frequencies that result in distributions of surface climate that are reasonably
close to observed. This success is most likely related to the enhanced resolution of the finescale topography in both of these estimates. Coupled with the RCM and SD’s ability to
reproduce the spatial distributions of mean summer temperature and precipitation and
temperature extremes, these results suggest that the application of downscaling techniques,
whether dynamic or statistical, to generate high-resolution climate simulations for use in
impact assessments is reasonably justified in terms of their ability to simulate present-day
climate. However, it is clear that simulation of fine-scale heavy precipitation, which often
depends strongly on small-scale topographical and dynamical features, still involves some
significant uncertainties regardless of the downscaling method used.

4 Future projections
Over the coming century, temperatures across the NE are projected to continue to rise, with
larger increases under higher emissions scenarios relative to lower emissions scenarios, and
significantly greater increases in summer as compared to winter temperatures. Changes in
annual and seasonal precipitation also show significant seasonal dependence. By the end of
the century, winter precipitation is projected to increase an average of 20% under B1 and
30% under A1fi, but shows small decreases (on the order of a few percent) in summer.
In terms of spatial distributions, the largest temperature increases by end-of-century
(2070–2099) appear towards the northern part of the domain in both the SD and RCM
simulations. However, as shown in Fig. 2, there are also some significant differences. The
SD approach merely translates projected PCM-based temperature increases onto historical
temperature patterns, with changes increasing uniformly from south to north. The RCM,
however, shows a “hot spot” centered on coastal southern Maine, with lesser temperature
increases radiating out from that location.
For precipitation, there were also some significant differences in spatial distribution
between the two approaches. The SD projections show decreases across the whole northern
part of the domain and increases across the south, while RCM projections show a smaller
area of decrease (over only southern Maine/eastern New Hampshire) and increase
(restricted to the south coast). Mean summertime rainfall difference (the difference between
the accumulated summertime precipitation from the 2090s minus the 1990s) shows some
spatial differentiation, suggesting that the northern part of the NE could dry out (by
upwards of 50–100 mm over 10 years) while the southern part of the NE appears to receive
more rainfall.
In terms of temperature extremes, both the SD and RCM produce very similar shifts in the
summer, with the SD data indicating an approximately 10% larger increase in days between
30–35°C than the RCM (Fig. 3a). Both the SD and RCM approaches indicate ∼20–40 more
days per year above the 1990 90th percentile temperature threshold by the 2090s (which
represents an effective doubling of the number of days that exceed the 1990 threshold), with

Fig. 3

Difference in the probability distribution functions of a summer maximum daily temperatures (°C)
and b daily precipitation (mm/day) between 2090 and 2099 and 1990 and 1999 as projected by the MM5based regional climate model simulations, statistical downscaling, and directly from the PCM model under
the A1fi emissions scenario
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the largest increases occurring throughout the south-central part of the domain. Projected
changes in both mean and extreme temperatures are expected to have significant impacts on
climate across the NE, including effects on biological and hydrological indicators (Hayhoe
et al. 2007).
Changes in the daily precipitation probability distribution function for SD projections
(Fig. 3b) indicate a decrease in low-rainfall (<10 mm/day) events whereas the RCM data
indicates an increase. For higher precipitation amounts, both methods produce very similar
results. The standard deviation of daily rainfall from RCM and SD simulations for days that
had daily rainfall amounts greater than 1 cm shows that “average” daily rainfall events in
the 2090s could be about 5 mm larger than in the 1990s. While both PCM and SD data
show a decrease in intensity over the northern portion of the domain and a slight increase
over the southern portion, the RCM indicates a significant intensification of rainfall rates
over the coastal regions and a slight decrease inland. Differences in daily precipitation
statistics between the RCM and SD approaches illustrate the much greater impact of daily
distribution of monthly precipitation anomalies as compared to temperature; thus, extreme
precipitation projections would benefit from dynamical modeling or a more sophisticated
statistical treatment.
At least in the summer, the geographic variations in SD temperature and precipitation are
consistent with the projected changes in regional atmospheric circulation patterns as defined
by the position of the East Coast Trough and the Polar Front Jet (Bradbury et al. 2002). The
northward shift in the summertime Polar Front Jet is expected to result in warmer
summertime temperatures, particularly in the north, as seen in the downscaled data. The
eastward shift in the position of the East Coast Trough would tend to produce drier
conditions over New England, consistent with the temperature changes in the SD data.

5 Conclusions
Global model simulations of future climate are the foundation for assessments of future
regional climate impacts (e.g., Giorgi et al. 2001; Hayhoe et al. 2007). Although the
AOGCMs contain significant biases and lack the spatial resolution required for many
impact assessments, downscaling approaches appear to exhibit significant skill in taking
AOGCM simulations and producing both spatial and temporal distributions in the northeast
USA that are relatively close to observed climatology for the 1990s. In terms of
temperature, the statistical and dynamical approaches are relatively close in terms of both
past and future simulations. However, for precipitation, and especially daily precipitation
statistics, the RCM approach is clearly superior as the SD as applied here cannot project
changes in extreme precipitation, nor can it resolve projected changes in dynamics, seen
here particularly along the coast, that are likely to result in shifting spatial patterns of
precipitation across the region.
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