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Abstract
The purpose of this research is to investigate near surface mesoscale equivalent temperatures (TE) in Kentucky (located in east
central USA) and potential land cover influences. TE is a measure of the moist enthalpy composed of the dry bulb temperature, T,
and absolute humidity. Kentucky presents a unique opportunity to perform a study of this kind because of the observational
infrastructure provided by the Kentucky Mesonet (www.kymesonet.org). This network maintains 69 research-grade, in-situ
weather and climate observing stations across the Commonwealth. Equivalent temperatures were calculated utilizing high-
quality observations from 33 of these stations. In addition, the Kentucky Mesonet offers higher spatial and temporal resolution
than previous research on this topic. As expected, the differences (TE − T) were greatest in the summer (smallest in the winter),
with an average of 35 °C (5 °C). In general, the differences were found to be the largest in the western climate division. This is
attributed to agricultural land use and poorly drained land. These differences are smaller during periods of drought, signifying less
influence of moisture.

1 Introduction

Climate change and climate variability have primarily been
assessed using surface air temperature variability and trends
(e.g., IPCC 2013). However, air temperature alone is not a
complete metric of the full near-surface heat content, as it does
not account for the heat content changes associated with mois-
ture changes (moist enthalpy; Pielke et al. 2004). In fact, at the
surface, an increase of 1 °C in the dew point temperature
produces the same change in heat content as an air temperature
increase of 2.5 °C (Pielke 2001). This means that if there is a
simultaneous 1 °C increase in air temperature and 1 °C de-
crease in dew point temperature (typical during boundary

layer mixing linked to diurnal heating), there will actually be
a net reduction in the near surface heat content. This relation-
ship between moisture and heat content has the greatest im-
pact in warmer, moist environments, and has the least impact
in a cooler, drier atmosphere (Pielke 2001). The use of a moist
enthalpy calculation, written as equivalent temperature (TE),

defined as TE ¼ cpTþLvq
cp

, allows for a comparison between air

temperature and the full heat content of the near surface atmo-
sphere (cf., Pielke et al. 2004; Davey et al. 2006; Rogers et al.
2007; Fall et al. 2010; Peterson et al. 2011).

In order to explore this relationship between moisture
and heat content adequately, knowledge of land-
atmosphere interactions is necessary. Surface energy and
moisture budgets incorporate the effects of net longwave
and solar radiative fluxes, turbulent sensible and latent
heat partitioning, soil heat flux, precipitation, physical
evaporation and transpiration (referred to as evapotranspi-
ration), runoff, and infiltration. These budgets are funda-
mentally interconnected, with changes in any component
of one budget affecting change in another. Any land use
land cover change (LULCC) that considerably alters any
of these properties can have a non-trivial influence on the
climate system at global, regional, and local scales, which
is why LULCC research is an important facet of under-
standing potential climate change (Mahmood et al. 2014).
Since TE is more sensitive to surface vegetation, via
evapotranspiration, than temperature alone, it represents
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near-surface atmospheric heat content more accurately.
Thus, land use land cover and their changes (LULCCs)
can also affect TE. In addition, overall patterns of TE fol-
low those of air temperature, but with higher values than
air temperature itself. The differences between T and TE
were found to be more significant during the growing
season, as well as in areas with higher surface evaporation
and transpiration rates. These results indicated that TE is a
more appropriate metric for identifying regional heat con-
tent characteristics, especially in the context of land use
and land cover.

The research presented here evaluates atmospheric heat
content at the mesoscale, using the more complete metric
of TE. Specifically, the purpose of this research is to pro-
vide a mesoscale assessment of TE at daily, seasonal, and
annual timescales over Kentucky for the period of 2009–
2014. It is expected that these differences are greatest dur-
ing the growing season and vary based on the type of veg-
etation cover at the site. This research shows that TEs are
higher than air temperature alone on warm, wet days, and
smaller on cool, dry days. This is a first of this type of
study which is focused on mesoscale. There is a unique
opportunity to perform this research in Kentucky because
of the high-quality weather and climate observation by the
Kentucky Mesonet (www.kymesonet.org). The Kentucky
Mesonet consists of 69 research-grade surface stations
across the state and this research utilizes a subset of data
from 33 stations (Fig. 1). The time period of 2009–2014
was selected based on the rationale that it provides the
highest spatio-temporal density of the data compared to
any previous research (e.g., Davey et al. 2006; Fall et al.
2010; Schoof et al. 2014). We would also like to note that
these 5 years nicely capture a range of prevailing
hydroclimatic conditions, including historic drought
(2012) and flooding (2010) conditions. In other words,
potentially, this timeseries could be quite representative
of a longer timeseries. Moreover, while this is relatively a
short time series, the results of this research should provide
valuable information about heat content variations at the
mesoscale and various timescales, and serve as a basis for
similar future research. These results could also be benefi-
cial for areas located in comparable climates, with similar
land cover attributes that do not have a comprehensive
mesonet to conduct research of this type.

As indicated above, different land cover types influence
moisture availability through varying moisture storage ca-
pability and evapotranspiration rates. Thus, TE can be used
as a supplementary metric for evaluating near-surface heat
content with respect to land cover use (Fall et al. 2010).
Additional research questions addressed include how ex-
treme precipitation periods (drought and wet conditions)
impact TE distributions and how synoptic patterns impact
daily fluctuations in heat content.

2 Data and methods

2.1 Data

All mesonet stations directly observe 5-min air temperature,
relative humidity, precipitation, solar radiation, wind speed,
and wind direction, and calculate the dew point temperature
at 5-min interval. This network also measures soil moisture
and temperature at 22 sites and at 5 depths at each site. For this
study, hourly air temperature and dew point temperature
values were used, calculated from arithmetic averages of the
reported 5-min data. The hourly pressure data used for this
analysis were obtained from the nearest Automated Surface
Observation Station (ASOS) archived by the Midwest
Regional Climate Center (MRCC 2014). Again, Fig. 1 shows
the locations of all Kentucky Mesonet stations, the sites in-
cluded in this research, and the ASOSs within Kentucky. Data
from ASOS stations were used to estimate pressure, needed to
calculate TE. ASOS locations in neighboring states were also
used as the source of pressure data if they were located closest
to the chosen mesonet site.

There were two possible options available to estimate pres-
sure. The first option was to apply a spatial statistical interpo-
lation method (such as kriging) to produce pressure estimates
at each grid point in the study area. The second option was to
use pressure data from the nearest ASOS. Both methods
would introduce small biases. Through observation of
3 months of data at multiple sites (n = 2184 h), it was deter-
mined that differences in pressure values across the state are
well within a 10 hPa range. To quantify possible errors from
using the nearest ASOS for data, a pressure sensitivity test was
performed. For one time step at the Warren County mesonet,
TE was recalculated accounting for a 10-hPa pressure bias.
With everything else held constant, pressure was changed sys-
tematically in 1-hPa increments from 1012.58 to 1022.58 hPa
(actual pressure, 1017.58). This resulted in an error range of
0.035 °C in TE. The Warren County mesonet site was chosen
for this test because of the location and availability of data
from nearby ASOS station for the estimation of error. Since
pressure does not vary much at the mesoscale (except under
severe weather conditions), it is acceptable to use pressure
data from nearby ASOS stations. In addition, this sensitivity
analysis shows that even if large errors get introduced due to
using pressure from a non-local source, impacts on the TE
calculation would be minimal.

To help explain anomalous observations in TE patterns over
Kentucky, two drought indices were considered: Palmer Z-
Index and Palmer Drought Severity Index (PDSI). The Z-
Index quantifies short-term moisture departure from climato-
logical normals based on monthly conditions with no consid-
eration for previous deficits or surpluses of moisture (NCDC
2013). This index responds rapidly to current weather condi-
tions, and may reflect short-term wet periods during extended
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droughts, and vice versa. The PDSI identifies long-term
drought based on dominant, recurring circulation patterns
and is calculated using both current and prior monthly weather
patterns (NCDC 2013). Data for both of these indices were
accessed from the Midwestern Regional Climate Center
(2014) archive.

2.2 Mesonet site selection

The site selection was based on three criteria: location, pre-
dominant land cover, and the length of time series. Kentucky
can be categorized into four distinct climate divisions (CD).
These CDs are western = CD 1, central = CD 2, bluegrass =
CD 3, and eastern = CD 4), as defined by the National
Climatic Data Center (NCDC 2015) (Fig. 1). The sites were
selected to represent the most diverse range of dominant land
covers as possible. To overcome potential added complexities
related to elevation, this study avoided including stations from
the mountainous eastern Kentucky region. There are only two
from the Appalachian region (Eastern Climate Division) and
their elevation is less than 475 m, while for the rest of the
stations, elevation range between105 and 305 m (with major-
ity (16) within the range of 201–259 m and another eight in
the range of 155–181 m). In other words, we have minimized
the impacts of regional variations of elevation on TE.

Aerial photos from 2012 at a 1-m resolution were accessed
from the National Agriculture Imagery Program (NAIP).

These digital images were taken across the continental USA
during the agricultural growing seasons. Aerial photographs
for Kentucky are available from the Kentucky Geography
Network archive (KGN 2012). Photographs were examined
around each chosen station at a 1.5-km radius to depict the
dominant surrounding land cover. Each station within the
study area can be classified based on its land use and land
cover. These data were obtained from the 2011 National
Land Cover Database prepared by the Multi-Resolution
Land Characteristics (MRLC) Consortium (Jin et al. 2013).
Figure 1 shows the locations of each mesonet station chosen
for analysis and the underlying land cover. We have success-
fully included NAIP and MRLC data as a part of an approach
to record meteorological/climatological station metadata,
known as Geoprofile (cf., Mahmood et al. 2006). In addition,
these data and the approach can be used to assess the influence
of exposure on long-term climate data (Mahmood et al. 2006).
Kentucky Mesonet has been using this approach to record its
station metadata.

2.3 Methods

Moist enthalpy, or heat content, is expressed as:

H ¼ cpT þ Lvq

where cp is the isobaric specific heat of air (1005 Jkg
−1 K−1), T

is the air temperature (K), Lv is the latent heat of vaporization

Fig. 1 Locations of the mesonet stations included in the analysis and land cover/land use of Kentucky, as well as the climate division boundaries. Blue
airplane symbols are showing ASOS stations maintained by NWS/NOAA
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(2.5 × 106 Jkg−1), and q is the specific humidity (Pielke et al.
2004). Moist enthalpy has units of joules per kilogram; so, to
enable comparison with air temperature, equivalent tempera-
ture in Kelvin is calculated by:

TE ¼ H
cp

:

Since the products available from the mesonet do not in-
clude a direct measure for specific humidity (q), it is calculated
from the dew point temperature (Td) and the vapor pressure of
the air (e), using Bolton’s (1980) empirical relationship:

e ¼ 6:112exp
17:67Td

Td þ 243:5

� �

From this, q is calculated as

q ¼ 0:622e

P−0:37e

where P is the station pressure in hectopascals, obtained from
the nearest ASOS (Rogers et al. 2007).

Data for each of the 33 locations were analyzed on hourly,
daily, monthly, seasonal, and annual timescales. TE was cal-
culated at hourly time steps for each station from 1 December,
2009, through 30 November, 2014, and then aggregated to
different timescales. Seasons were defined as follows:
Winter—December, January, February; Spring—March,
April, May; Summer—June, July, August; and Fall—
September, October, November. Averaging the hourly values
for each day allowed daily comparisons between air tempera-
ture and TE, presented yearly and seasonally for each station.
To represent and compare the distribution of TE values graph-
ically, yearly boxplots, grouped by season, were made for all
stations. Additionally, boxplots per climate division (CD)
were made and grouped seasonally.

A selection of ten stations—Calloway (CD 1), Fulton (CD
1), Ohio (CD 1), Bullitt (CD 2), Hardin (CD 2), Warren (CD
2), Campbell (CD 3), Fayette (CD 3), Owen (CD 3), and Knox
(CD 4)—were used to identify individual daily cases of large
and small temperature differences (TE − T) to assess synoptic
influences on TE. These stations were chosen to represent
geographical diversity of the region, as well as varying land
covers.

3 Results and discussions

The seasonal 5-year averages of T, TE, and specific humid-
ity (q) are shown in Fig. 2. As expected, both T and TE
follow similar seasonal patterns, warmer in the summer
and cooler in the winter, with TE values larger than T
throughout the year. During winter, when specific humid-
ity was at its lowest, the differences between TE and Twere

also the smallest (0.97 °C on 28 January 2014). During
summer, when humidity was at its highest, differences be-
tween TE and T were also the largest (59.70 °C on 12
July 2011). T mostly follows the magnitude of TE, with
moisture contributing a small percentage of heat content
(Fig. 2b). Summer had the maximum contribution from
moisture with 10.53%, and winter had the minimum con-
tribution from moisture with 3.16%. However, it is also
evident that even a small contribution from moisture has
a great impact on TE. For example, in the summer, a mois-
ture content of 10.53% or 14.14 g kg−1 leads to a TE of
59.33 °C in comparison to the air temperature of 24.16 °C.

Seasonal averages were also calculated for each CD and
the results were comparable for each division (not shown).
Averaging over each climate division produced similar re-
sults to the full composite averages over the entire study
area. The Western climate division had the highest average
specific humidity and the highest moisture contributions to
TE during spring and summer, the Eastern climate division
had the highest values for fall, and the Central climate

Fig. 2 a Five-year average seasonal temperature (T), equivalent temper-
ature (TE), and specific humidity (q) for Kentucky from December, 2009,
to November, 2014. b Composite seasonal contribution of temperature
and moisture to the magnitude of TE for all study sites from December,
2009, to November, 2014
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division had the highest values for winter (Table 1). The
Western division is predominantly cultivated crops, and the
results suggest that increased evapotranspiration during the
growing season influenced the higher values in spring and
summer.

Below we present additional analyses of mesoscale season-
al and inter-annual variations of TE. These analyses will pro-
vide further evidence of the role of underlying land surface
and atmospheric conditions on TE and difference between TE
and T (i.e., TE − T).

3.1 Spring

The seasonal distribution of TE values is shown in Fig. 3 for
spring of each year for the entire study area. Median TE and
the distributions about the median were nearly the same for
2010 and 2011. In 2012, the median was highest at 39 °C,
compared to 31 °C for the preceding years and 29 °C for the
following years, and also had the smallest interquartile range.
A similar analysis was completed for the four climate divi-
sions of Kentucky where all climate divisions exhibited sim-
ilar TE distributions (not shown). The Central division repre-
sents the most diverse range of land cover and land use where
forests, cultivated cropland, pasture and hay land dominate.
This division had the warmest maximum and minimum TE.
The Bluegrass division is broadly characterized by pasture
and hay land and forests and had the coolest maximum and
minimum TE.

Daily averages of TE and Twere calculated for each station
and results fromWarren County station for 2014 are shown in
Fig. 4. During the spring, both T and TE begin as cool and
steadily increase with approaching summer. Fluctuations in TE
closely followed those of T. This observation was expected as
TE magnitude is directly related to air temperature. Small dif-
ferences are noted at the beginning of spring, and begin to
increase as the season progressed. This was due to increasing
temperatures, as well as increasing moisture availability, as
spring is a wet season. To understand these observations further,
the monthly average difference between TE and T, (TE − T), for
each station and month was calculated. Average of the 10 indi-
vidual stations listed above is presented for 2010 (Fig. 5).
During the spring, differences between TE and T start at approx-
imately 10 °C inMarch and steadily increased to 30 °C inMay.

Table 1 Seasonal average specific humidity (g kg−1) and contribution
of moisture for different climate divisions. Highest values are italicized
and underlined

Winter Spring Summer Fall

Western climate division

Average specific humidity (q) 3.74 7.78 14.38 7.62

Moisture contribution (%) 3.20 6.16 10.66 6.05

Central climate division

Average specific humidity (q) 3.76 7.57 14.31 7.67

Moisture contribution (%) 3.22 6.02 10.64 6.10

Bluegrass climate division

Average specific humidity (q) 3.49 7.17 13.59 7.26

Moisture contribution (%) 3.01 5.73 10.18 5.81

Eastern climate division

Average specific humidity (q) 3.73 7.32 14.07 7.72

Moisture contribution (%) 3.20 5.85 10.53 6.17

Composite

Average specific humidity (q) 3.69 7.53 14.14 7.55

Moisture contribution (%) 3.16 5.99 10.53 6.02

Fig. 3 Distribution of TE values
during spring for each year for all
stations
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Variations of these differences are small from station to station.
Fulton County station (western-most station) had the largest
differences during spring 2010 and 2011. The stations in
Calloway and Warren counties had the largest differences dur-
ing spring 2013 and 2014.

Spatial patterns of differences between TE and T for spring
in Kentucky are presented in Fig. 6a–e. Western Kentucky
exhibited larger differences when compared to the rest of the
state throughout the study period. The land in this region is
poorly drained with wetlands, possibly allowing for increased

moisture available to the lower atmosphere. Additionally, this
region is also dominated by agricultural land use with crops
that begin growing in late spring.

Inter-annually, Spring 2010 and 2011 generally had similar
TE − T differences across the state, with 2011 having slightly
larger differences for stations located in Caldwell (1), Hopkins
(1), Warren (2), Barren (2), Cumberland (2), Mason (3), and
Jackson (4) counties. A drought began developing in western
Kentucky in the spring of 2012 and intensified throughout the
summer (USDM 2012). The Palmer Drought Severity Index

Fig. 4 Daily mean temperature,
equivalent temperature (TE) and
total daily precipitation of 2014
for Warren County mesonet
station

Fig. 5 Monthly average
difference (TE − T) for a selection
of 10 stations for 2009–2010.
Monthly PDSI and Z-Index
values for long- and short-term
drought in Kentucky also are
shown
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(PDSI) for Kentucky in May, 2012, was − 1.9, indicating
drought conditions throughout the state (MRCC 2014). This
drought wasmost intense in theWestern climate division, with
a PDSI of − 3.36 in May, 2012 (MRCC 2014). Despite
drought conditions, spring 2012 had the largest TE − T differ-
ences. This suggests that water vapor was available in the
atmosphere and was not realized in precipitation. The spring
seasons of 2013 and 2014 had the smallest TE − T differences.

3.2 Summer

The seasonal distribution of TE values is shown in Fig. 7e for
summer of each year. The range of TE values in the summer-
time was approximately 60 °C, as compared to 80 °C in the
spring. This is consistent with a smaller range of temperatures
in summer compared to the transition seasons, spring and fall.
Median values and the distributions about the median for each
year were generally similar during summer. Summer of 2012
had the Blowest^median, maximum and minimum TEs. These
low TEs can be attributed to the drought Kentucky experi-
enced during 2012 (discussed later in this section). Some of
the higher TEs each year were linked to frontal passages at the
beginning and end of the season. The maximum TE, 93.24 °C,

occurred on 12 July, 2011, while the minimum TE, 21.76 °C,
occurred on 2 June, 2012. In eastern USA and Kentucky,
moisture advection from the Gulf of Mexico can occur due
to a warm frontal passage while moist air can be replaced with
dry and cool air after a cold frontal passage.

An analysis was completed for the four climate divisions.
Based on the overall temporal distribution of data, all climate
divisions had generally similar TE distributions for summer.
However, the Western division had the largest range of TE
values at 71.23 °C, while the Eastern division had the smallest
at 64.04 °C. As expected, average daily TE was higher than air
temperature throughout the year, with the greatest differences
noted during the summer season. In all seasons except sum-
mer, the fluctuations in TE followed closely with those of T.
Compared to daily TE, T did not vary as much throughout the
summer and large variations in TE are attributed to moisture
content changes and the heightened exchange of moisture
between the land and atmosphere due to actively growing
plants and increased evaporation. During the peak of summer,
the average monthly differences (TE − T) were approximately
40 °C for most years, compared to as low as 5 °C during
winter. The Fulton County station reported the largest differ-
ences for summers 2010 and 2011,Warren reported the largest

Fig. 6 Average equivalent and air temperature differences (TE − T) for Spring: a 2010, b 2011, c 2012, d 2013, and e 2014
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differences for summers 2012 and 2013, and Calloway had
the largest differences in the summer of 2014. The mesonet
station in Campbell County (northern-most station) consis-
tently had the smallest differences throughout summer for
each year.

Average monthly differences throughout Kentucky peaked
in July for all years except 2013 and 2014. July 2014 exhibited
differences of 2–7 °C less than June and August, 2014. These
smaller values are most pronounced at the stations in the
Western climate division (Calloway, Fulton, and Ohio). A
short-term drought is evident using the Palmer Z-Index in
western Kentucky for July, 2014, with values of 0.7, − 1.72,
and 1.32 for June, July, and August, 2014, respectively
(MRCC 2014). This short-term dryness is likely to have con-
tributed to the smaller TE values observed at these stations,
and the resultant smaller differences.

Spatial patterns of differences between TE and T in
Kentucky (Fig. 7e) are analyzed for summer. In general, dif-
ferences were largest in the cultivated croplands of western
and central Kentucky. This suggests that as summer is the
growing season for Kentucky, increased near-surfacemoisture
associated with evapotranspiration from crops and other veg-
etation influenced these larger differences.

Inter-annually, the summers of 2010 and 2011 exhibited
the larger differences, while the differences were much
smaller during the summer of 2012. The summer of 2011
was relatively wet throughout all of Kentucky, with a PDSI
value of 3.85 for June (MRCC 2014). Wet conditions
across Kentucky contributed to the larger differences ob-
served during the summer of 2011. Western Kentucky de-
veloped a severe drought during late spring and summer
2012, culminating in an exceptional drought, the highest
intensity assigned by the US Drought Monitor, by early
July (USDM 2012). This drought was an extension of the
historical 2012 Central Great Plains drought, which rivaled
the conditions observed during the Dust Bowl of the 1930s
(Hoerling et al. 2014). The 2012 drought is evident in the
western climate division’s cumulative PDSI value of −
20.07 during spring and summer 2012 (MRCC 2014). As
the summer progressed, the drought expanded east to the
rest of Kentucky, reaching severe conditions in central
Kentucky (cumulative PDSI of − 11.29) by the end of
August (USDM 2012). Exceptionally dry and hot condi-
tions across the Commonwealth during this summer con-
tributed to the smaller differences between TE and T (small
contribution of moisture).

Fig. 7 Average temperature differences (TE − T) for Summer: a 2010, b 2011, c 2012, d 2013, and e 2014 Fig. 4.1.2. Histograms (bins = 30) showing the
distribution of TE values during spring for each year. This includes all spring data from every study station in the area
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3.3 Fall

Fall 2010 had the smallest range of TEs with the highest and
lowest TE of 78.12 and 76.69 °C, respectively. The largest TE
was observed during the fall of 2013, with the maximum
80.92 °C, occurring on 10 September. Climate division anal-
ysis suggests that maximum and minimum TE values were
slightly warmer in fall than in spring. The Western division
had the largest range of TE, while the Bluegrass and Eastern
divisions had similar TE distributions.

During the fall, daily averages of T and TE begin warm and
steadily decrease approaching winter. Similar to spring, fall
daily fluctuations in TE closely followed those of T. Larger
average monthly differences (TE − T) were observed at the
beginning of fall (approximately 25 °C in September), and
decreased as the season progressed (approximately 12 °C in
November). This can be attributed to decreasing temperatures
and moisture availability, as cold, dry air masses began to
move through Kentucky. Of the ten stations identified previ-
ously, the Knox County station had the largest differences for
fall 2010 and 2011, while the Calloway, Warren, and Fulton
County stations had the largest differences for Fall 2012,
2013, and 2014 (not shown).

Spatial patterns of differences between TE and Twere also
analyzed for fall. Generally, differences were largest in west-
ern and south-central Kentucky. Fall exhibited similar spatial
patterns as spring, but with smaller magnitudes, due to the fact
that it is a drier season in Kentucky compared to spring and
also due to the lower evapotranspiration following the harvest.
During fall 2010, differences were smallest throughout
Kentucky as a drought developed. PDSI values for
Kentucky were − 1.5, − 1.97, and − 1.77 for September,
October, and November 2010, respectively (MRCC 2014).
The largest Fall differences were observed in 2013 across
the state with Calloway and Caldwell County stations
reporting the highest. In 2011, the differences were nearly
identical at all stations, except for two counties: Rowan and
Adair counties had the largest and smallest average differ-
ences, respectively, in fall 2011. Differences were most varied
across the state during Fall, 2014. Small differences were ob-
served at the Caldwell, Hopkins and Christian County stations
in western Kentucky, as well as at the Campbell and Mason
county stations in the Bluegrass division. Larger differences
were observed throughout south-central Kentucky. As expect-
ed, fall had a geographic spread of differences that were gen-
erally similar to spring season.

3.4 Winter

Each year, winter season had a large number of days with high
TE, caused by warm frontal passages at the beginning and end
of the season. The bulk of the winter TE distribution in 2012
and 2013 was, on average, 5–10 °C warmer than other years.

Winter of 2013 had the warmest TE value (56 °C), which
occurred on 12 January, 2013. The central climate division
had the warmest median (10.02 °C) and the largest range of
TEs (76.39 °C). Winter season TE values show a relatively
smaller range of values, unlike the spring and fall seasons.

As expected, daily averages of T and TE were the coolest
during the winter season. Consistent with what was observed
in spring and fall, daily fluctuations in TE in the winter closely
followed those of T. Differences (TE − T) did not fluctuate
throughout season. This was unlike the spring and fall sea-
sons, as differences throughout those seasons considerably
increase and decrease, respectively. Spatial patterns of differ-
ences between TE and T in Kentuckywere analyzed for winter.
As expected, the temperature differences were smallest in the
winter, with a range of only 6–12 °C. In general, the differ-
ences were largest throughout southern Kentucky, however it
is important to note that with such a small range of differences,
Blargest^ is a relative term. The winters of 2010 and 2014 had
the smallest differences across the state, with slightly higher
values in 2010. The differences were also small in 2011; how-
ever, the stations in McLean and Fulton Counties in the
Western climate division had differences that were 1–3 °C
larger than the rest of the state. The winters of 2012 and
2013 exhibited similar differences but were 2–5 °C warmer
across the state than other years.

4 Conclusions

The use of air temperature alone to describe heat content is not
an adequate measure of heating or cooling, as it does not
account for near-surface moisture. Equivalent temperature
(TE) is an appropriate metric for analyzing the near-surface
heat content as it accounts for both the sensible air temperature
and moisture. This research provided a mesoscale climatolog-
ical assessment of TE at daily, seasonal, and annual timescales
in Kentucky.

Throughout Kentucky, both T and TE follow similar sea-
sonal patterns, warmer in the summer and cooler in the winter,
with TE values larger than T throughout the year. The differ-
ences between TE and Twere smallest during winter (greatest
during summer), when specific humidity was at its lowest
(highest). It is found that even a small moisture contribution
can have notable impacts on TE. Although each climate divi-
sion exhibited similar patterns, the Western climate division
had the greatest average specific humidity and the highest
moisture contributions to TE during spring and summer.
Temperature differences (TE − T) were also generally largest
in western Kentucky. Land cover in this region is dominated
by cultivated cropland, and it is suggested the increased
evapotranspiration during the growing season influenced the
greater difference values in spring and summer.
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Heat content was greatest in the summer seasons, with
differences between TE and T approaching 50 °C in some
locations. Conversely, it was at a minimum in the winter sea-
sons, with differences as low as 5 °C. Periods of extreme
precipitation also influenced the average heat content. An ex-
ceptional drought developed in Kentucky throughout the sum-
mer of 2012, and expanded eastward, reaching severe condi-
tions in central Kentucky by the end of July (USDM 2012).
Compared to other years, summer 2012 had the smallest tem-
perature differences, which were attributed to the extreme dry
and hot conditions across the Commonwealth (small contri-
bution of moisture). The 2011 summer exhibited large differ-
ences, and was relatively wet in Kentucky, with a PDSI value
of 3.85 (MRCC 2014).

Results suggest that the influence of land cover and land
surface condition (e.g., moistness) is more apparent on the
seasonal-scale modulation of TE while synoptic patterns are
more apparent at the daily timescale, although land cover may
affect the magnitude of the daily fluctuations. During winter
and early spring, it was observed that days with Bcooler^ TE
and surface high pressures were associated with predominant-
ly northerly winds, and little-to-no moisture throughout the
atmosphere. On the other hand, days with Bwarmer^ TE and
low pressures were characterized by a trough over the Plains
and advection of southerly warm air. Generally, low-pressure
systems and approaching cold fronts were located to the north-
west of the region which placed Kentucky in the warm sector
with winds at the surface from the south-southwest accompa-
nied by moisture advection. These observations were consis-
tent with the conceptual understanding of the coupled effect of
air temperature and moisture on the near-surface heat content,
supporting the conclusion that daily fluctuations in TE are
more closely related to synoptic-scale circulation than vegeta-
tion characteristics.

The findings presented in the paper show that climate di-
visions across Kentucky exhibited somewhat similar TE dis-
tributions. We suspect that in some years this is partly linked
to large-scale forcing (for example, during the drought of
2012) and partly linked to exposure of some of the stations
to similar land cover. However, we recognize that it needs
further investigation and we are currently completing a
follow-up research project and plan to report it in the scientific
literature.

Future research priorities include analyses of microclimates
of a selection of Kentucky mesonet sites in more detail to
identify possible causes of the inter-annual variations in TE.
These could include a trend analysis of air temperature, TE and
Lq (moisture contribution), soil analyses of each site, as well
as additional factors that may impact the near-surface heat
content such as the local wind and solar radiation variability.
These analyses would lead to eventually quantifying relative
role local land cover and synoptic conditions on atmospheric
heat content. Additionally, the influence on the near-surface

moisture budget and resultant TE of poor versus well-drained
epikarst and karst regions throughout Kentucky should be
investigated. Furthermore, the correlation of TE to different
air mass types needs to be investigated.

It is clear that LULCCs have a non-trivial effect on the
climate system at regional scales. The increase in research
performed in this area over the past decades has helped shift
perceptions of human-caused climate change to a broader
spectrum that includes many forcings, not solely limited to
greenhouse gas emissions (NRC 2005; Mahmood et al.
2010; Pielke et al. 2011; Mahmood et al. 2014). While exten-
sive research have been completed, further studies can be
performed utilizing high-quality, in situ observation networks
to detect impact of LULCCsmore effectively (Mahmood et al.
2014). With regard to TE, data from a high-resolution obser-
vation network can be analyzed to improve understanding of
meso-climates and possible impacts on local heat content
characteristics. Increased knowledge of how LULCCs link
to the climate system at all spatial and temporal scales is nec-
essary to model our climate system more accurately and to
provide more precise predictions of the future.

Acknowledgements This research is funded by the WKU Graduate
Student Research Fellowship. The authors would like to thank Dr. Eric
Rappin, William Rodgers, and Dolly Na-Yemeh for technical assistance.

References

Bolton D (1980) The computation of equivalent potential temperature.
Mon Weather Rev 108:1046–1053

Davey CA, Pielke RA Sr, Gallo KP (2006) Differences between
nearsurface equivalent temperature and temperature trends for the
eastern United States: equivalent temperature as an alternative mea-
sure of heat content. Glob Planet Chang 54:19–32

Fall S, Diffenbaugh NS, Niyogi D, Pielke RA Sr, Rochon G (2010)
Temperature and equivalent temperature over the United States
(1979-2005). Int J Climatol 30:2045–2054

Hoerling M, Eischeid J, Kumar A, Leung R, Mariotti K, Mo K, Schubert
S, Seager R (2014) Causes and predictability of the 2012 Great
Plains drought. Bull Amer Meteorol Soc 95:269–282

IPCC (2013) Climate change 2013: the physical science basis.
Cambridge University Press 1535 pp

Jin S, Yang L, Danielson P, Homer C, Fry J, Xian G (2013) A compre-
hensive change detection method for updating the National Land
Cover Database to circa 2011. Remote Sens Environ 132:159–175

KGN (Kentucky Geography Network) (2012) Kentucky statewide 1 me-
ter aerial imagery. Frankfort, KY: KGN. Retrieved April 14, 2014,
From http://kygisserver.ky.gov/geoportal/catalog/ search/resource/
detai ls .page?uuid=%7BAEEB6F93-CB84-4C06-904C-
F4B69079B493%7D

Mahmood R, Foster SA, Logan D (2006) The GeoProfile metadata, ex-
posure of instruments, and measurement bias in climatic record
revisited. Int J Climatol 26:1091–1124

Mahmood R, Pielke RA Sr, Hubbard KG, Niyogi D, Bonan G, Lawrence
P,McNider R, McAlpine C, Etter A, Gameda S, Qian B, Carleton A,
Beltran-Przekurat A, Chase T, Quintanar AI, Adegoke JO,
Vezhapparambu S, Conner G, Asefi S, Sertel E, Legates DR, Wu
Y, Hale R, Frauenfeld ON, Watts A, Shepherd M, Mitra C,

K. Younger et al.

Author's personal copy



Anantharaj VG, Fall S, Lund R, Nordfelt A, Blanken P, Du J, Chang
H-I, Leeper R, Nair US, Dobler S, Deo R, Syktus J (2010) Impacts
of land use land cover change on climate and future research prior-
ities. Bull Am Meteorol Soc 91:37–46

Mahmood R, Pielke RA Sr, Hubbard KG, Niyogi D, Dirmeyer PA,
McAlpine C, Carleton AM, Hale R, Gameda S, Beltran-Przekurat
A, Baker B, McNider R, Legates DR, Shepherd M, Du J, Blanken
PD, Frauenfeld OW, Nair US, Fall S (2014) Land cover changes and
their biogeophysical effects on climate. Int J Climatol 34:929–953

MRCC (Midwest Regional Climate Center) (2014) State and climate
division data—monthly by year. Urbana-Champaign: MDCC.
Retrieved September 18, 2014, from http://mrcc.isws.illinois.edu/
CLIMATE/nClimDiv/STCD_monthly1.jsp

NCDC (National Climatic Data Center) (2013) US palmer drought indi-
ces. Asheville: NCDC. Retrieved September 18, 2014, from http://
www.ncdc.noaa.gov/oa/climate/research/prelim/drought/palmer.
html

NCDC (National Climatic Data Center) (2015) US climate divisions.
Asheville: NCDC. Retrieved March 6, 2015, from http://www.
ncdc.noaa.gov/monitoring-references/maps/us-climate-divisions.
php

NRC (National Research Council) (2005) Radiative forcing of climate
change: expanding the concept and addressing uncertainties. The
National Academies Press, Washington D.C.

Peterson TC, Willett KM, Throne PM (2011) Observed changes in sur-
face atmospheric energy over land. Geophys Res Lett 38:L16707.
https://doi.org/10.1029/2011GL048442

Pielke RASr (2001) Influence of the spatial distribution of vegetation and
soils on the prediction of cumulus convective rainfall. Rev Geophys
39:151–177

Pielke RA Sr, Davey C, Morgan J (2004) Assessing Bglobal warming^
with surface heat content. Eos Trans 85:210–211

Pielke RA, Pitman A, Niyogi D, Mahmood R, McAlpine C, Hossain F,
Klein Goldewijk K, Nair U, Betts R, Fall S, Reichstein M, Kabat P,
de Noblet-Ducoudr’e N (2011) Land use/land cover changes and
climate: modeling analysis and observational evidence. WIREs
Clim Change 2:828–850

Rogers JC, Wang S, Coleman JSM (2007) Evaluation of a long term
(1882-2005) equivalent temperature time series. J Clim 20:
4476–4485

Schoof JT, Heern ZA, Therrell MD, Jemo JWF (2014) Assessing trends
in lower tropospheric heat content in the Central USA using equiv-
alent temperature. Int J Climatol 35:2828–2836

USDM (United States Drought Monitor) (2012) Drought monitor map
archive. USDM, Lincoln Retrieved August 25, 2014, from http://
droughtmonitor.unl.edu/MapsAndData/MapArchive.aspx

Mesoscale surface equivalent temperature (TE) for East Central USA

Author's personal copy

http://mrcc.isws.illinois.edu/CLIMATE/nClimDiv/STCD_monthly1.jsp
http://mrcc.isws.illinois.edu/CLIMATE/nClimDiv/STCD_monthly1.jsp
http://www.ncdc.noaa.gov/oa/climate/research/prelim/drought/palmer.html
http://www.ncdc.noaa.gov/oa/climate/research/prelim/drought/palmer.html
http://www.ncdc.noaa.gov/oa/climate/research/prelim/drought/palmer.html
http://www.ncdc.noaa.gov/monitoring-references/maps/us-climate-divisions.php
http://www.ncdc.noaa.gov/monitoring-references/maps/us-climate-divisions.php
http://www.ncdc.noaa.gov/monitoring-references/maps/us-climate-divisions.php
https://doi.org/10.1029/2011GL048442
http://droughtmonitor.unl.edu/MapsAndData/MapArchive.aspx
http://droughtmonitor.unl.edu/MapsAndData/MapArchive.aspx

	Mesoscale surface equivalent temperature (TE) for East Central USA
	Abstract
	Introduction
	Data and methods
	Data
	Mesonet site selection
	Methods

	Results and discussions
	Spring
	Summer
	Fall
	Winter

	Conclusions
	References


