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Abstract

Once-per-year (annual) maximum temperature extremes in North American Regional Climate
Change Assessment Program (NARCCAP) models are projected to increase more (less) than mean daily
maximum summer temperatures over much of the eastern (western) United States. In contrast, the models
almost everywhere project greater warming of once-per-year minimum temperatures as compared to mean
daily minimum winter temperatures. Under projected changes associated with extremes of the temperature
distribution, Baltimore’s maximum temperature that was met or exceeded once per year historically is
projected to occur 17 times per season by midcentury, a 28% increase relative to projections based on
summer mean daily maximum temperature change. Under the same approach, historical once-per-year
cold events in Baltimore are projected to occur once per decade. The models are generally able to capture
observed geopotential height anomalies associated with temperature extremes in two subregions.
Projected changes in extreme temperature events cannot be explained by geopotential height anomalies
or lower boundary conditions as reﬂected by soil moisture anomalies or snow water equivalent.

1. Introduction
Temperature extremes, both high and low, have disproportionate impacts on society [Handmer et al., 2012].
Extreme heat is the leading weather-related cause of death in the United States [National Oceanic and Atmospheric Administration, 2015], reduces agricultural yields [Schlenker and Roberts, 2009], and damages and
disrupts infrastructure [Sathaye et al., 2013; Meyer et al., 2010; Coﬀel and Horton, 2015]. Extreme cold events are
associated with ecosystem impacts [Ammunét et al., 2012], elevated human mortality [Kalkstein and Greene,
1997], and damage to infrastructure [Horton et al., 2010]. Because many human and natural systems are highly
sensitive to temperature extremes, projections of how these extremes may change are particularly important.
Recent years have seen an expansion beyond exploring mean changes to, increasingly, changes in extreme
events [Jones et al., 2015; Handmer et al., 2012; Walsh et al., 2014]. Globally, observational analyses have
reported fast warming of both cold and warm extremes, with the rate of warming for cold extremes exceeding the rate of warming for hot extremes over much of the globe [Hartmann et al., 2013]. While some evidence
does exist that hot extremes have been increasing in the recent past in the U.S. [Meehl et al., 2009], changes in
high-temperature extremes over the observational record have been shown to be largely insigniﬁcant across
much of the country [Alexander et al., 2006]. This lack of trend in hot extremes is consistent with the lack of
substantial mean changes over parts of the nation, including “warming holes” found over the southeastern
and central U.S. [Pan et al., 2004; Kunkel et al., 2006; Meehl et al., 2012].
Modeling studies have projected faster warming of extremes than means globally [Orlowsky and Seneviratne,
2011; Schär et al., 2004]. Kharin et al. [2007] projected that warming of extreme minimum temperatures might
exceed that of extreme maximum temperatures by one third. Regional modeling studies have also identiﬁed
a tendency for some extremes to increase more rapidly than mean conditions [Kjellström et al., 2007]. Ballester
et al. [2009] found increases in temperature variability linked to summers warming more than winters, rather
than changes in the statistics of daily/subseasonal extremes.
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Statistical downscaling is increasingly used to project changes in extremes at the regional level. In the
northeast U.S., for example, Ahmed et al. [2013] and Ning et al. [2015] found that statistical downscaling
approaches could be used to simulate ecologically relevant temperature-related metrics, such as growing
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Table 1. GCM/RCM (Column/Row) Combinations Used in Analysisa
CCSM
CRCM

CGCM3

GFDL

T, Z, M, and S

T, Z, M, and S

ECP2

T, Z, M, and S

HRM3
MM5I

T, Z, and M
T, Z, and M

RCM3
WRFG

HADCM3

T, Z, M, and S
T, Z, M, and S

T and Z
T, Z, and M

T, Z, and S

T, Z, and M

a “T” means the combination was used for temperature, “Z” for 500 hPa geopotential height, “M” for soil moisture, and “S” for snow water equivalent.

season length and 10th and 90th percentiles of daily temperature. We here add to the existing downscaling
research by using regional climate models to evaluate projections of how rarer once-per-year (annual)
temperature extremes change relative to seasonal average changes for the same metric, i.e., maximum
temperatures in summer and minimum temperatures in winter. By using dynamical downscaling as opposed
to statistical downscaling, we are able to explore potential non-stationarity in the circulation and lower
boundary condition drivers of once-per-year temperature changes.

2. Methods
We use regional climate model (RCM) simulations at 50 km2 resolution from the North American Regional
Climate Change Assessment Program (NARCCAP) [Mearns et al., 2012; Mearns and Gutowski, 2009] to assess
how once-per-year (annual) maximum and minimum temperatures (TXx and TNn) are projected to change by
midcentury (2051–2069) under the Special Report on Emissions Scenarios A2 emissions scenario [Nakicenovic
et al., 2000]. NARCCAP has been evaluated against observations for a variety of metrics and domains, including
daily temperature trends in the U.S. [Bukovsky, 2012] and mean seasonal surface temperature and precipitation over the southeast [Sobolowski and Pavelsky, 2012], and the North American monsoon [Bukovsky et al.,
2013]. Mearns et al. [2015] document a range of studies that have applied NARCCAP results to climate change
impacts and adaptation assessments.
NARCCAP uses four general circulation models (GCMs) to drive six RCMs. We use RCMs because their relatively high resolution has been shown to improve the simulation of climate extremes relative to global models
[Caldwell et al., 2009]. The ability of NARCCAP simulations to reproduce the historical climatology of extreme
events was evaluated by comparing RCM simulations to North American Regional Reanalysis (NARR) [Mesinger
et al., 2006]. Projections are based on outputs from 11 GCM/RCM combinations for the 2051–2069 period
relative to the hindcast period of 1981–1998. The GCM/RCM combinations used are shown in Table 1. Results
are presented as maps for the full U.S., and additional analyses are presented for two subregions, one in the
northeast (between 39–41∘ N and 76–80∘ W) and one in the southwest (between 34–36∘ N and 108–112∘ W).

3. Results
3.1. Heat Events
Figures 1a and 1b show increases in both once-per-year maximum temperature (TXx) and mean summer daily
maximum temperature (Tx). Signiﬁcant changes are deﬁned as a change of greater than 2 standard deviations
calculated from daily data for June, July, and August (JJA) over the historical period (1981–1998) and are
denoted by stippling in ﬁgures. Figure 1e shows that TXx changes are greater than Tx changes over much of
the eastern U.S., with nearly all models showing TXx rising faster than Tx for this region (Figure 2a). Over the
north central and northeast U.S. the NARCCAP models project TXx increases of 4–4.5∘ C by 2051–2069 relative
to 1981–1998. During the same period, Tx is projected to increase by only 3–3.5∘ C. In the western half of the
U.S., however, the NARCCAP models project that mean daily maximum temperatures increase slightly faster
than extremes (Figure 1e).
We investigate several possible mechanisms for these patterns. Dynamical drivers associated with extreme
heat events include positive geopotential height anomalies throughout the troposphere and low-level
southerly winds [Meehl and Tebaldi, 2004]. Many observational and modeling studies have also identiﬁed
negative soil moisture anomalies as an important source of surface heating through enhanced sensible heat
HORTON ET AL.

EXTREME TEMPERATURE PROJECTIONS IN RCMS

7723

Geophysical Research Letters

10.1002/2015GL064914

Figure 1. (a) NARCCAP multimodel mean change in June, July, and August (JJA) annual maximum temperature (TXx) in
2051–2069 relative to 1981–1998. (b) Same as Figure 1a but for mean JJA daily maximum temperature (Tx). (c) Same as
Figure 1a but for December, January, and February (DJF) annual minimum temperature (TNn). (d) Same as Figure 1b but
for mean DJF daily minimum temperature (Tn). (e) Change in TXx minus change in Tx (Figure 1a minus Figure 1b).
(f ) Change in TNn minus change in Tn (Figure 1c minus Figure 1d).

ﬂux [Diﬀenbaugh and Ashfaq, 2010; Hirschi et al., 2010]. However, soil moisture is diﬃcult to compare between
models due to diﬀerent deﬁnitions of the soil moisture variable [Cook et al., 2015]. Here we ﬁnd that the soil
moisture anomalies within the NARCCAP modeling suite are not consistent with NARR soil moisture anomalies
for TXx days (not shown), so we instead focus our analysis on geopotential heights.
We ﬁrst investigate whether the NARCCAP models capture observed patterns in 500 hPa geopotential height
anomalies during extreme heat events. Dynamic drivers of extreme temperature events are assessed in the
two chosen subregions in the northeast and southwest. Within these regions, we composite domain-wide
500 hPa geopotential height anomalies and vertical temperature proﬁles for the 1 d/yr with the highest
maximum temperature averaged over the target region in both the NARR and the NARCCAP models.
HORTON ET AL.
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Figure 2. Comparison of changes (2051–2069 minus 1981–1999) in (a) JJA TXx and Tx for the northeast. (b) Same as
Figure 2a but for TNn and Tn. (c) Same as Figure 2a but for the southwest. (d) Same as Figure 2b but for the southwest.
The black line represents slope one.

NARCCAP represents 500 hPa geopotential height anomalies well as compared with NARR; Figures 3a and
3c show the NARR and NARCCAP multimodel mean 500 hPa geopotential height anomalies for TXx days in
the northeast region (and Figures 4a and 4c show the same for the southwest). On the hottest days, 500 hPa
geopotential height anomalies of approximately 50–70 m and 80–100 m are present in NARCCAP and NARR,
respectively. Both the NARR and NARCCAP positive anomalies are generally centered over the area with
extreme high temperatures. In the northeast, the NARR geopotential height anomaly has a sharper gradient and expands farther north than the NARCCAP anomaly. In the southwest region, both the NARR data
and NARCCAP models contain a ridge in the region of high temperatures, although the NARR anomaly has a
larger magnitude. In both NARR and NARCCAP the TXx anomalies relative to Tx persist in both regions up to
500 hPa (supporting information Figures S1a and S2a). The positive 500 hPa geopotential height anomalies
on the hottest days in both NARR and NARCCAP are consistent with the fact that 500 hPa height anomalies
are related to the integral of temperature anomalies between that level and the surface.
We ﬁnd no signiﬁcant future intensiﬁcation of 500 hPa geopotential height anomalies on TXx (annual
maximum temperature) days relative to summer mean geopotential height in the future, in either region
HORTON ET AL.
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Figure 3. (a) NARR 500 hPa geopotential height anomaly on JJA TXx days during the reference period (1981–1998) in
the northeast region (shown by black box). (b) Same as Figure 3a but for DJF TNn. (c) Same as Figure 3a but using the
NARCCAP multimodel mean. (d) Same as Figure 3b but using the NARCCAP multimodel mean. (e) Change in NARCCAP
500 hPa geopotential height anomaly on JJA TXx days between the future period (2051–2069) relative to the reference
period (1981–1998). (f ) Same as Figure 3e but for DJF TNn. Stippling indicates signiﬁcance at 2 standard deviations
above the multimodel mean daily variability.

(Figures 3e and 4e). As shown for the northeast in the supporting information Figure S1b, Tx warming is
relatively consistent with height, whereas TXx warming is roughly twice as large at the surface than at 500 hPa.
TXx therefore features greater warming than Tx up to about 700 hPa and less warming above 700 hPa, leading
to counteracting eﬀects on the future 500 hPa height departure for the TXx case relative to the Tx case.
Future work could explore possible drivers in the models of these changing temperature proﬁles (e.g., vertical
mixing) and 500 hPa heights (e.g., changes in pressure driven by shifting weather systems/local dynamics), as
well as the consistency of these features across locations and models.
3.2. Cold Events
Changes in once-per-year daily minimum temperatures (TNn) are appreciably larger than changes in winter
mean daily minimum temperatures (Tn) over most of the domain, as shown in Figures 1c, 1d, and 1f, with
diﬀerences peaking at approximately 2∘ C in parts of the western, midwestern, and northeastern U.S. In nearly
HORTON ET AL.
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Figure 4. (a) NARR 500 hPa geopotential height anomaly on JJA TXx days during the reference period (1981–1998) in
the southwest region (shown by black box). (b) Same as Figure 4a but for DJF TNn. (c) Same as Figure 4a but using the
NARCCAP multimodel mean. (d) Same as Figure 4b but using the NARCCAP multimodel mean. (e) Change in NARCCAP
500 hPa geopotential height anomaly on JJA TXx days between the future period (2051–2069) relative to the reference
period (1981–1998). (f ) Same as Figure 4e but for DJF TNn. Stippling indicates signiﬁcance at 2 standard deviations
above the mean daily variability.

all NARCCAP models the coldest wintertime temperatures are projected to increase more than the mean for
most regions of the U.S. (Figures 2b and 2d show results from the northeast and southwest domains, respectively). We see a relatively sharp cutoﬀ line north of which the change in wintertime TNn ranges from 4 to
5∘ C, as compared with the much smaller change in Tn of 2.5–3∘ C (Figure 1c and 1d). South of this line, TNn
increases by 2–3∘ C while Tn increases by 2–2.5∘ C.
To explore possible mechanisms driving these changes, we again look at the 500 hPa geopotential height
and vertical temperature proﬁles, as well as snow cover, which induces albedo and sensible heat ﬂux feedbacks [Kjellström et al., 2007; Diﬀenbaugh et al., 2005]. In the northeast U.S., Leathers et al. [1995] found that
maximum and minimum temperatures were 5∘ C cooler when snow cover exceeded 2.5 cm. Over the Great
Plains, Ellis and Leathers [1999] reported even larger maximum temperature departures associated with an
absence of snow cover, although the eﬀect on nighttime minimum temperatures was muted, at just 1–2∘ C.
HORTON ET AL.
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In the northeast, Bradbury et al. [2002] link a deep 500 hPa trough near the U.S. East Coast to anomalously
cold months and the negative phase of the North Atlantic Oscillation (NAO), through more frequent northerly
cold air intrusions associated with enhanced blocking farther east [Yarnal and Leathers, 1988]. Ning and Bradley
[2015] linked both the negative phase of the NAO and the positive phase of the Paciﬁc/North American
Pattern to an increasing number of cold nights in the general area of our northeast region, although the
relationship was stronger for the 10th percentile cold nights than for the coldest night per year.
As shown in Figures 3b, 3d, 4b, and 4d, we ﬁnd that days with extreme minimum temperatures in the
northeast and southwest are associated with strong and spatially expansive negative 500 hPa geopotential
height anomalies (and a deepening of the 500 hPa trough in the northeast, not shown) in both NARR and
NARCCAP. For the northeast, this relationship is consistent with the ﬁndings of both Bradbury et al. [2002]
and Ning and Bradley [2015] and resembles conditions more likely to occur during the negative phase of the
NAO. Generally, the NARCCAP models capture the amplitude and location of the negative anomalies in NARR.
However, the NARCCAP negative anomaly corresponding to TNn in the northeast is too small and shifted to
the east, and the NARCCAP negative anomaly corresponding to TNn in the southwest is too weak compared
to NARR. For both TXx and TNn across the northeast and southwest, the representation of the geopotential
height anomalies seems to deteriorate toward the domain edges. For example, the compensating antipodal
ridges (i.e., over the east when the southwest is cold and over the west when the northeast is cold) are of
insuﬃcient size and amplitude. In both subregions (supporting information Figures S1c and S2c), the negative
temperature anomalies on TNn days persist up to (and above) 500 mb, supporting the negative geopotential
height anomalies on those days relative to the winter mean. In both regions, the winter minimum proﬁles also
show more stable temperature proﬁles than are present for the summer maximums, consistent with a more
shallow boundary layer and more air inversions.
The large projected increase in TNn as compared with Tn over the Northeast (Figure 1f ) is not reﬂected in the
500 hPa geopotential height levels, which show no signiﬁcant change in 500 hPa geopotential height anomalies on TNn days (Figure 3f ). This is true despite the fact that warming on TNn days exceeds Tn warming
from the surface up to 300 mb (supporting information Figure S1d), raising the possibility of some oﬀsetting
dynamical eﬀects. Changes in snow water equivalent in the NARCCAP models are also not suﬃcient to explain
the change in winter temperatures (not shown). Over the southwest, Figure 4f shows a moderately large
change of up to 25 m in 500 hPa geopotential height anomalies that is spatially similar to and (counterintuitively given the large Tn warming) of the same sign as the 500 hPa geopotential height anomaly for TNn in the
NARCCAP historical period. As with the warming of TXx relative to Tx, the negative sign (relative to Tn days)
of this 500 hPa geopotential height anomaly can be explained by the fact that although the NARCCAP models project larger warming of TNn relative to Tn near the surface, higher up (800 hPa) there is less warming
(supporting information Figure S2d).

4. Projected Changes in Frequency of Temperature Extremes
Our ﬁnding that extreme temperatures may warm at a diﬀerent magnitude than seasonal averages points
to the potential for sharply nonlinear changes in the frequency of occurrence of extreme temperatures, with
associated potentially nonlinear societal impacts. We explore changes in the frequency of extreme events
using the delta method, whereby the amount of warming in all—or a subset—of the RCM distribution is
applied to observed historical data. Bias correction such as this is necessary, since the NARCCAP RCMs include
biases at local as well as regional scales. Table 2 shows changes in the recurrence frequency of the historical
once-per-year hot and cold extremes using warming projected by the NARCCAP models. We choose
one city in our northeast and one city in our southwest domains: Baltimore, MD, and Flagstaﬀ, AZ.
These results both demonstrate how profoundly the application of seasonal mean changes can impact the
frequency of extremes (second column from the right) and that further large changes in frequency can
occur when the deltas associated with extremes (as opposed to the seasonal means) are applied to the
observed extremes (right column). For example, when the summer mean daily maximum temperature (Tx)
changes for the NARCCAP grid box covering Baltimore are applied to Baltimore’s observed daily temperature data, the high-temperature extreme that was met or exceeded once per year historically may occur 13
times per season. When the delta associated with the high tail of the distribution analyzed in this paper
(TXx) is applied, a further increase of approximately 28% is experienced, yielding 17 events per season.
Flagstaﬀ, AZ, shows an even larger change in frequency when the summer mean maximum (Tx) delta is
applied, with the baseline once-per-year extreme heat event occurring 18 times per summer in the future.
HORTON ET AL.
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Table 2. Recurrence Analysis for Baltimore, MD, and Flagstaﬀ, AZa
Baseline
2051–2069 Using

2051–2069 Using

(1971–2000)

Mean Changes

Baltimore, MD

Current

The current

Extreme Changes
The current

(JJA maximum)

once-per-year
event: 99∘ F

event is met or

event is met or

exceeded 13.1

exceeded 16.8

times per year

times per year

Baltimore, MD

Current

Values below

Values below

(DJF minimum)

once-per-year
event: 3∘ F

the current level

the current level

occur 0.3 times

occur 0.1 times

per year

per year

Flagstaﬀ, AZ
(JJA maximum)

Flagstaﬀ, AZ
(DJF minimum)

Current

The current

The current

once-per-year:
event 92∘ F

event is met or

event is met or

exceeded 17.5

exceeded 17.5

times per year

times per year

Current

Values below

Values below

once-per-year
event: −9∘ F

the current level

the current level

occur 0.5 times

occur 0.4 times

per year

per year

a Observed

weather data for Baltimore and Flagstaﬀ were obtained from the National Climatic Data Center (NCDC)
Global Historical Climatology Network (GHCN) [Lawrimore et al., 2011].

However, because TXx and Tx in the southwest domain are nearly identical (unlike the northeast case),
the frequency of occurrence (18 times per summer) is the same when either delta is applied. While
the precise numbers should not be emphasized, the magnitude of the changes suggests the potential for large societal challenges (for example, see the Petkova et al. [2013] analysis of heat-related
mortality in northeastern cities), even in the absence of nonlinear impacts associated with high temperatures.
In Baltimore, applying a Tn delta turns the current once-per-year cold extreme into a roughly 1 in 4 year event
in the 2050s, whereas applying the delta change associated with TNn in the models yields a recurrence of only
once per 10 years. An order of magnitude decrease in the frequency of extreme cold events would produce a
range of impacts, including greater survivability of overwintering pests [Porter et al., 1991].

5. Discussion/Conclusions
Using regional climate models, we report that summertime extreme maximum temperatures are projected to
increase more than summertime mean daily maximum temperatures over much of the eastern U.S. It should
be noted that in some regions, the annual maximum temperature may not occur in JJA; close to the Paciﬁc
coast, it is common for TXx to occur after JJA, due to warming sea surface temperatures and frequent easterly
descending winds [NCDC, 2014a]. Our DJF emphasis generally successfully captures the coldest day per year
over the entire contiguous U.S. [NCDC, 2014b]. Changes in wintertime extreme minimum temperatures are
appreciably larger than changes in the wintertime mean minimum, with a few exceptions largely conﬁned to
the southernmost U.S. We demonstrate that application of projected changes associated with the extremes
of the distribution to historical station data leads to large changes in extreme event frequency. For example,
Baltimore’s high-temperature extreme that was met or exceeded once per year historically is projected to
occur as many as 17 times per season by midcentury, a 28% increase relative to projections based on the mean
daily maximum temperature change. The same approach projects that the historical once-per-year cold event
in Baltimore will become a once-per-decade event by midcentury.
We show that the NARCCAP models are able to reproduce the dynamical patterns as expressed in the 500 hPa
geopotential height ﬁeld associated with extreme temperatures in the two subregions. We also show that
projected future changes in these extreme events in NARCCAP cannot be explained by geopotential height
anomalies or lower boundary conditions as reﬂected by soil moisture in summer and snow water equivalent
in winter.
HORTON ET AL.
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While the 50 km2 resolution of NARCCAP is an improvement over GCMs, it remains too coarse to resolve
important ﬁne-scale features that could inﬂuence diﬀerential temperature changes as the globe warms, such
as land-sea contrasts, variations in topography, and urban heat islands. Further, while this study focused on
one threshold for extreme temperatures, other studies have noted that the use of diﬀerent thresholds can
yield diﬀerent results, both for observations and projections [Seneviratne et al., 2012]. The results shown here
are also constrained to the few GCM and RCM pairings (and the absence of multiple ensemble members)
available through NARCCAP. Future work will use the broader Coupled Model Intercomparison Project Phase
5 (CMIP5) GCM ensemble [e.g., Thibeault and Seth, 2014], which includes several models that are beginning
to approach the spatial resolution of NARCCAP, to explore how dynamical changes and soil moisture anomalies may combine to inﬂuence extreme heat events. To address this question, it will be important to look at
larger numbers of days in models and observations, including sequences of hot days, in order to explore, for
example, the evolution of soil moisture anomalies during heat events. However, even the full set of CMIP5
models and ensemble members may not characterize all extreme temperature event outcomes, especially to
the extent that GCM projections may underestimate possible drivers of changes in midlatitude temperature
extremes such as declining Arctic sea ice [Liu et al., 2012, 2013] and aerosols.
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