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[11 We analyzed temperature trends from 460 GHCNv2 weather stations in the western
United States for 1948-2006 to determine whether the extent of decoupling of surface
temperatures from the free atmosphere influences past change. At each location we derived
monthly indices representative of anticyclonicity using NCEP/NCAR 700 hPa reanalysis
pressure fields. The number of anticyclonic days minus cyclonic days (A—C) is positively
correlated with temperature anomalies at exposed convex sites and in the north of the
domain where the free atmosphere controls temperature, anticyclonic months being
warmer. In topographic concavities, and in the south of the domain where the influence
of upper air ridges and troughs is muted, the relationship is much weaker. We use the
gradient of the A—C index—temperature relationship to represent a coupling index, highest at
exposed free-air locations. On a mean annual basis there are no strong relationships
between temperature trend magnitude, elevation, topographic incision, or coupling index.
However, in winter, warming is weaker at decoupled locations, especially when snow cover
is present. Where snow is absent in winter, and in fall, the relationship is reversed.
Circulation changes (increased cyclonicity) can explain the disparity in warming between
decoupled and exposed locations in fall and to a certain extent in winter (increased
anticyclonicity), although winter results are also regionally sensitive. Thus, future climate
change may be different (amplified or muted dependent on season and/or surface
characteristics) in locations prone to surface decoupling, compared with locations exposed

to the free atmosphere. Understanding such processes will aid downscaling of future

climate change.
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1. Introduction

[2] Most simulations of future climate change are based
primarily on models of large-scale free atmospheric behavior,
and as a consequence it is difficult to downscale predictions of
climate warming to the local scale [Wilby and Wigley, 1997],
particularly in areas of complex relief. Local- and regional-
scale processes, such as cold air drainage flow or the trapping
of cold dense air masses by relief, effectively decouple the
lower atmosphere from the regional signal, resulting in sur-
face temperatures which can be markedly different from
those expected from simple downward extrapolation of free-
air temperature fields [Sairouni et al., 2008; Sheridan et al.,
2010; Daly et al., 2010]. Lower surface temperatures are
commonly associated with the development of a temperature
inversion in the lowest layers of the atmosphere [Whiteman,
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1982; Clements et al., 2003], which is often constrained by
topography: valley bottom locations being under the inver-
sion, while hilltops can protrude above [Lundquist et al.,
2008].

[3] Because of the variable temporal and spatial occur-
rence of this decoupling, spatial patterns of temperature are
difficult to model in areas of complex relief, and under-
standing inversion formation and destruction is one of the most
challenging meteorological forecast problems [Smith et al.,
1997; Sheridan et al., 2010; Gustavsson et al., 1998; Pagés
et al., 2008]. The issue is also central to the task of climate
forecasting on a regional basis [Giorgi and Francisco, 2000;
Murphy, 2000; Mearns et al., 2001; Stahl et al., 2006; Daly
et al., 2007]. Systematic surface temperature patterns can
sometimes be discovered using a synoptic climatological
approach [Hay et al., 1992; Yarnal, 1993; Conway and Jones,
1998; Crane and Hewitson, 1998; Wilby et al., 1999], since
decoupling is strongly dependent on local cloud cover [Kahl,
1990] and wind conditions, which in turn are dependent on
the upper level pressure pattern. The importance of upper
level flow strength (usually 500—700 hPa) in controlling the
extent of surface decoupling has long been recognized, with
strong mechanical forcing from above often responsible for
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Figure 1. Location map of the western United States
showing the distribution of the 460 GHCNv2 stations and
34 COQRP stations.

inversion destruction and breakup [Banta and Cotton, 1981;
Banta, 1986; Maki and Harimaya, 1988; Clements et al.,
2003; Whiteman et al., 2004a]. Thus a broad generalization
is that high-pressure conditions with atmospheric subsidence,
limited cloud cover, and lack of wind, are the most conducive
for low-level inversion formation [ Yoshino, 1984; lijima and
Shinoda, 2000; Kassomenos and Koletsis, 2005], while during
storms, the atmosphere tends to be well mixed [Lundquist and
Cayan, 2007; Barry, 2008].

[4] In the context of climate change, Daly et al. [2010]
demonstrated for the Oregon Cascades that monthly tem-
perature anomalies at low-level valley locations show lim-
ited correlation with free atmospheric forcing (as defined by
700 hPa vorticity), whereas higher-elevation ridge top sites
are well correlated. They go on to show that changes in cir-
culation, as predicted by many GCMs [Yin, 2005; Pinto
et al., 2007; Ulbrich, 2009] would therefore have differential
impacts at exposed ridge top and sheltered valley bottom
sites. Despite the fact that similar differential sensitivity of
climate stations to circulation has been shown in studies in
many parts of the world [Pepin, 2001; Pepin and Losleben,
2002], there has been little work to examine whether this
difference is still relevant when examining long-term tem-
perature trends on a broad regional scale over the past 50—
60 years. If cold air pooling was to become less frequent in
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a warmer world for example, local change would be amplified
in such sensitive locations.

[5s] This study sets out to assess whether locations prone
to strong decoupling have seen enhanced or muted change
in comparison with other locations over this extended time
period, and whether more broadly, knowledge of atmospheric
decoupling is relevant when considering climate change over
decadal time scales. The relevance of such a study extends
into many disciplines. Many sensitive species use cold air
pools as refugia in times of climate uncertainty [Millar and
Westfall, 2007], and absolute temperature minima and cold
air pools are often important in an ecological context [e.g.,
Tenow and Nilssen, 1990; Pypker et al., 2007]. Most of our
current climate records are sited in relatively low level sites
where most people live, particularly in mountainous regions.
Cold pools both maintain and are strengthened by snow cover
[Whiteman et al., 2004b], can cause problems for transpor-
tation [Bogren and Gustavsson, 1991] and air pollution
[Allwine et al., 1992], and can act as a stabilizing influence
against rapid free-air fluctuations, especially if saturated with
low-level clouds. Most paleoclimate records are based on
proxies taken from concavities in the landscape which are
prone to decoupling, and therefore may not be representative
of broader spatial scales [see Stewart and Lister, 2001;
Dobrowski, 2011].

[s] We use the western United States as our study area,
since the region has a relatively good coverage of climate
data, is topographically complex, and the frequent dry and
cloudless weather means that local decoupling is a major
feature of the environment. After data and methods are outlined
in section 2, section 3 explains how we quantify decoupling
and model its variation in space. In section 4 we then examine
the relationships between decoupling and past temperature
trend magnitudes, before discussing wider implications in
section 5 and concluding our findings in section 6.

2. Data and Methods

[7] We use monthly maximum and minimum temperature
anomalies from 460 sites from the GHCNv2 climate data set
[Peterson and Vose, 1997]. In the United States GHCN sites
are a subset of the NWS COOP (National Weather Service
Cooperative Observer Program) network, chosen for their
relatively long and complete records. Our selection area runs
from 100 to 125°W and from 29 to 50°N (Figure 1). Sites
were only selected if they had at least 50 years of data within
our chosen timeframe of 1948-2006 (59 years). Most had more
than this. We extend beyond the traditional mountain ranges
to include a range of sites with relatively simple topography,
such as parts of the High Plains.

[8] The GHCNv2 data set has undergone extensive homo-
geneity adjustments to account for station moves, times of
observations, changes in instrumentation, and other factors
which would influence trends [Peterson and Vose, 1997].
Both adjusted and unadjusted versions are available, and we
apply our analyses to both sets of data, so we can examine the
effects of the adjustments. The sites are fairly evenly dis-
tributed across the study area. Figure 2a shows the elevation
distribution of the GHCN stations. The stations are below the
permanent snow line, but many develop a systematic winter
snowpack. Most stations have a mean annual temperature
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Figure 2. (a) Frequency distribution of station elevations (meters above sea level) and (b) relationship
between station elevation and topographic index (see text for details).

between 5 and 15°C. The number of stations operating per
year shows minimal variation during our time frame. Although
more recent data sets, including the U.S Historical Climate
Network (USHCNV2) [Menne et al., 2009] are available, the
coverage of stations is less extensive than in GHCNv?2. It is
also the case that many of the adjustments made in USHCNv2
are based on comparison with adjacent stations, which makes
each station in theory less independent from its neighbors. It is
possible that such adjustments could diminish local effects
such as decoupling, but this requires further research.

[9] For each station we calculated a topographic index
representative of whether the station was in a local concavity
(valley bottom) or convexity (ridge top). This is because we
hypothesize that decoupling from the free air will be more
significant in concave localities because of the increased
influence of the surface as opposed to the free atmosphere,
and increased likelihood of cold air pooling. First we create a
grid based on the pixels with the lowest elevations within a
given search diameter (listed below). This minimum eleva-
tion grid was then averaged within the same diameter, and this

averaged minimum elevation grid was subtracted from the
original DEM to produce the topographic index. Further
details are given by Daly et al. [2010]. The resultant index
varies from zero (station at the lowest point in the local
landscape) to a thousand meters or more (an isolated moun-
tain peak). Flat areas will produce low numbers. Since the
topographic index is scale dependent, we calculate this at
three spatial scales; 2, 4 and 8 arc minutes (roughly equivalent
to 2.6 km, 5.3 km and 10.5 km, respectively, at 45°N).

[10] Figure 2b shows the topographic index at the largest
spatial scale for each of the GHCN stations plotted against
elevation (blue triangles). The correlation between topo-
graphic index and elevation for GHCN stations is weak,
meaning that elevation and topography (convexity/concavity)
are largely independent. Indeed, many high-elevation stations
are in mountain valleys. In particular, many of the long-term
homogeneity-adjusted climate stations in the western United
States are in areas with low topographic index, with very few
mountain summit stations. Although this has been acknowl-
edged in studies of global change [Jones and Moberg, 2003;
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