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University of Washington
Abstract
Factors Influencing the Diurnal Temperature Range in the Contiguous United States
by Imke Durre
Chairperson of the Supervisory Committee

Professor John M. Wallace
Department of Atmospheric Sciences

During the past several decades, much of the United States has experienced a warming,
particularly at night, and a marked decrease in the diumnal temperature range (DTR). Observed
variations in many variables have been cited as possible causes of the reported temperature
trends. These include increasing cloudiness, rising concentrations of tropospheric aerosols,
urbanization and other changes in land cover, ablation of snow cover, and changes in atmospheric
circulation patterns. The purpose of this work is to sort out some of the interrelationships among
these factors. Through a variety of analyses of historical daily meteorological observations,
differences in the effects of cloudiness. land surface conditions, and the atmospheric circulation
on daytime versus nighttime temperatures are examined.

It is found that conditions at the land surface have a significant impact on daily maximum
temperatures and the DTR. During summer, the tendency for daytime temperatures to be higher
when the land surface is dry, which has been well-documented on monthly timescales, is
manifested in daily data by a considerable increase in the incidence of near-record high
temperatures on days on which the soil is depleted of moisture. In addition, enhanced
evapotranspiration associated with the onset and growth of vegetation appears to play a role in the
warm season dip of the climatological-mean DTR that is prominent over much of the eastern
United States. During winter, snow cover suppresses the DTR under clear skies and reduces the
effect of cloudiness on the DTR in the north-central United States.

During the period 1966-1995, the cold season (November-March) DTR decreased over the
central and southern United States, but increased over the Northeast, the Pacific Coast, and parts
of the interior West. On a national scale, the impact of changes in the sea level pressure field on
linear trends in the DTR is found to be small. Thus, much of the long-term trend in the DTR is
not linearly related to changes in the atmospheric circulation, but may be attributable either to
nonlinear relationships with other changing variables or to anthropogenic factors such as

urbanization and the rise in the concentrations of tropospheric aerosols and greenhouse gases.
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CHAPTER 1

Introduction

Numerous studies have shown that the diurnal temperature range (DTR). defined as the
difference between daily maximum and minimum temperatures, has been decreasing over large
portions of the earth’s land areas since at least the 1950s (Karl et al. 1984; Balling and Idso 1989;
Plantico et al. 1990; Karl et al. 1993b; Lettenmaier et al. 1994; Horton 1995; Easterling et al.
1997; Dai et al. 1999). Ever since Karl et al. (1984) reported a significant downtrend in the DTR
over the United States and Canada for the 40-year period ending in 1980, researchers have
investigated the possibility that anthropogenic changes in land cover and the concentration of
certain atmospheric trace gases and/or particles are responsible for the DTR trend (e.g. Karl et al.
1988; Rind et al. 1989; Karl et al. 1995; Travis and Changnon 1997). However, natural climate
variability can also induce variations in the DTR through changes in cloud cover (Karl et al.
1987), soil moisture and vegetation (Cao et al. 1992; Mearns et al. 1995), snow cover (Cerveny
and Balling 1992; Karl et al. 1993b), and the atmospheric circulation (Horton 1995; Razuvaev et
al. 1995; Easterling et al. 1997). The fact that, in contrast to the global trend, some regions have
experienced an increase in the DTR (Karl et al. 1993b; Easterling et al. 1997; Dai et al. 1999)
suggests that regional variations in all of these factors should be considered when interpreting

DTR trends in the context of anthropogenic climate change.

1.1 Natural Forcings Controlling the Diurnal Temperature Range
The DTR is influenced by diurnally asymmetric forcings, i.e. forcings whose magnitude or
sign varies with the time of day. Such forcings can affect the DTR in three ways: they can raise or

lower nighttime temperatures while leaving daytime temperatures unchanged, change daytime
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temperatures while not affecting nighttime temperatures, or they can simultaneously alter both
daytime and nighttime temperatures in such a way that the change in nighttime temperature is
opposite in sign to the change in daytime temperature. To first order, latitudinal and seasonal
variations in the DTR are driven by variations in insolation. The effect of insolation on the DTR
is apparent in the wintertime increase of the DTR towards lower latitudes as well as in the general
tendency for the DTR to be larger during the warm season than during the cold season (Robinson
et al. 1995; Leathers et al. 1998; Dai et al. 1999). However, this basic picture is strongly modified
by other factors.

It is well documented that cloudy days are usually characterized by low DTR, primarily
because clouds limit the net radiation at the surface and inhibit the rise of surface air temperature
during the day by reflecting solar radiation more efficiently than most surfaces (Karl et al. 1987
Plantico et al. 1990; Robinson 1992; Karl et al. 1993b; Dai et al. 1997, 1999). Clouds also affect
surface temperatures by trapping outgoing longwave radiation (Hansen et al. 1995; Mearns et al.
1995: Stenchikov and Robock 1995; Campbell and Vonder Haar 1997). The resulting tendency
for nighttime temperatures to be warmer in the presence of clouds than under clear skies has led
many scientists to speculate that this mechanism also contributes to a lowering of the DTR by
clouds (Karl et al. 1984, 1987; Plantico et al. 1990; Hansen et al. 1995). However, recent
theoretical and empirical studies indicate that the magnitude of the longwave cloud forcing
exhibits little, if any, variation with time of day (Mearns et al. 1995; Stenchikov and Robock
1995; Campbell and Vonder Haar 1997; Dai et al. 1999; Sun et al. 2000). As a result, clouds are
unlikely to significantly influence the DTR through their effect on the longwave radiation balance
at the surface. Based on this evidence, it appears that the shortwave cloud forcing is the primary
factor contributing to the DTR-cloudiness relationship. However, a more detailed examination of

these relationships that includes not only surface humidity, but also tropospheric water vapor, is



warranted. Since the current work focuses on relationships among surface observations, such an
analysis is beyond the scope of this study.

The nature and magnitude of the radiative effects of water vapor on the DTR remain a matter
of debate. Although atmospheric water vapor contributes significantly to the longwave radiative
forcing of daily mean surface air temperature by trapping outgoing longwave radiation, the
diurnal variation in this forcing appears to be small (Stenchikov and Robock 1995; Dai et al.
1999). However, it has been speculated that during clear nights. the presence of water vapor,
either near the surface or in the free troposphere, may inhibit the formation of surface inversions
and thus significantly slow the nighttime drop in surface air temperature. On clear days, the daily
maximum temperature should be limited primarily by convective mixing with the overlying
atmosphere and should therefore be largely unaffected by the radiative effects of a change in
tropospheric water vapor. Thus, even though the contribution of water vapor to the downward
flux of infrared radiation may not vary with time of day, its influence on boundary layer
processes and surface air temperature may be stronger during clear nights than during clear
daytime hours.

Another point of discussion in the literature has been the importance of absorption of near-
infrared solar radiation by water vapor. Numerical experiments with radiative-convective models
have suggested that the absorption of solar radiation by water vapor may influence daily
maximum temperatures and the DTR (Cao et al. 1992; Stenchikov and Robock 1995), but
comprehensive analyses of surface and satellite-based observations by Campbell and Vonder
Haar (1997) and Dai et al. (1999) provide little evidence of such an effect. In a recent empirical
study, Dai et al. (1999) found that under cloud-free conditions, surface specific humidity was
slightly more strongly associated with daily minimum temperature than with daily maximum

temperature and identified a weak inverse relationship between humidity and the DTR. Judging



from all of these findings and lines of reasoning, it appears that variations in water vapor play a
minor role in modulating the DTR in the climatological mean, but may be of greater importance
under clear skies.

Surface evapotranspiration, which depends largely on net incoming solar radiation and the
amount of moisture available for evaporation, can inhibit the rise in temperature during the day
through evaporative cooling of the surface, but has little, if any, effect on nighttime temperatures
(Cao et al. 1992; Verdecchia et al. 1994; Mearns et al. 1995; Dai et al. 1999). High
evapotranspiration rates from a wet soil imply that the surface latent heat flux is relatively strong,
while the sensible heat flux is correspondingly weak. As a result, a large amount of the incoming
solar radiation is used for evapotranspiration rather than for surface heating, and daily maximum
temperatures are relatively low. Conversely, daytime temperatures can soar to high levels when
the soil is dry and evapotranspiration rates are low (Namias 1960; Rind 1982; Shukla and Mintz
1982). Field studies and numerical simulations have also demonstrated that evapotranspiration
rates of the soil are higher, and the DTR is lower, over vegetated surfaces than over bare soil
(Saltzman and Pollack 1977; Kaufmann 1984; Oliver et al. 1987; Dorman and Sellers 1989;
Radersma and de Reider 1996; Schwartz 1996; Xue et al. 1996). Therefore, both a moistening of
the soil and the growth of vegetation may act to reduce the DTR relative to dry, bare-soil surface
conditions. The relationship between evapotranspiration and temperature has been shown to be
strongest during the warm season when insolation and the latent heat flux at the surface are large
(e.g. Huang and Van den Dool 1993).

Due to the high albedo of snow, daytime temperatures tend to be lower over snow than over
bare ground (Dewey 1977; Walsh et al. 1985; Ruschy et al. 1991; Karl et al. 1993a,b; Leathers et
al. 1995; Groisman et al. 1996; Hughes and Robinson 1996; Kalkstein et al. 1996). Snow also

limits the heat flux exchange between the soil and the overlying air and thus permits nighttime



surface air temperatures to drop more rapidly than under snow-free conditions (Dewey 1977; Karl
et al. 1993b; Leathers et al. 1995). When a sufficient amount of solar radiation reaches the
ground, the effect of snow insulating the ground is considerably less important than the albedo
effect (Karl et al. 1993b; Leathers et al. 1995). Thus, it appears that the DTR is generally
depressed hy the presence of snow. but that the magnitude of the depression may vary
geographically and seasonally.

In summary, shortwave radiative forcings, which affect mainly daytime temperatures, exert a
greater influence on the DTR than longwave radiative forcings, which contribute approximately
equally to the variations in daily maximum and minimum temperatures (Stenchikov and Robock
1995; Campbell and Vonder Haar 1997; Dai et al. 1999). Any naturally or anthropogenically
driven change in the climate that modifies cloudiness, land surface characteristics, or snow cover

extent can also modify the DTR.

1.2 Anthropogenic Forcings of the Diurnal Temperature Range

Human-induced changes in the land cover have been cited as a significant contributor to
geographical variations and long-term trends in the DTR. Since buildings and concrete tend to
retain heat longer than the natural land surface, urban growth favors a warming of surface air
temperatures that is more pronounced at night than during the day (Cayan and Douglas 1984;
Karl et al. 1988; Balling and Idso 1989; Gallo et al. 1996, 1999). The resulting decrease in the
DTR is believed to be negligible on a continental scale (Karl et al. 1988; Gallo et al. 1999), but
may be of greater importance at the regional or local level (Cayan and Douglas 1984; Balling and
Idso 1989). On the other hand, the drying of the soil in the interior of continents and the decrease
in snow cover which are predicted to occur in conjunction with global warming may lead to

regional increases in the DTR (Rind et al. 1989; Cao et al. 1992; Cerveny and Balling 1992).



Human activities may also affect the DTR through an increase in tropospheric aerosols.
Aerosols are believed to decrease the amount of solar radiation reaching the surface, both directly
by reflecting solar radiation back to space, and indirectly by increasing the number of cloud
condensation nuclei in the atmosphere (Charlson et al. 1992). In either case, daytime temperatures
and the DTR are expected to be depressed. Although numerical experiments have indicated that
both forcings may be significant (Hansen et al. 1995; Stenchikov and Robock 1995). a
continental-scale empirical analysis by Karl et al. (1995) only found evidence for a direct
radiative forcing of the DTR by aerosols.

The contribution of radiative effects of increased atmospheric CO, to the DTR trend remains
open to debate (Rind et al. 1989; Cao et al. 1992; Hansen et al. 1995; Stenchikov and Robock
1995: Dai et al. 1999). If CO- behaves in the same way as water vapor. then neither the direct
longwave and shortwave radiative effects of CO itself nor the COz-related water vapor feedback
should significantly alter the DTR. although a change in the frequency of near-surface inversions
on clear nights in response to increasing CO, could conceivably result in higher minimum

temperatures and a lower DTR under clear-sky conditions.

1.3 Objectives of This Dissertation

The goal of this work is to compare the contributions of various components of the climate
system to the temporal and spatial variability of the DTR in order to facilitate the interpretation of
observed DTR trends. The factors considered include cloudiness, soil moisture, vegetation, and
snow cover. The impacts of these factors on intraseasonal, interannual, and long-term variations
of the daily maximum, minimum, and range of surface air temperature are assessed by means of

various analyses of daily surface observations and upper-air fields. In an effort to gauge the



potential contribution of natural climate variability to long-term changes in the DTR. the
mechanisms by which changes in the atmospheric circulation can modify the DTR are examined.

Historical daily observations provide the opportunity to either isolate or remove the effects of
certain factors by grouping days into various categories. For example, by considering only clear
days, the strong influence of cloudiness on the DTR can be removed so as to obtain a clearer
picture of the DTR's relationship with other variables. Due in part to limitations in computing
resources, relevant studies of the 1980s and early 1990s were limited to using either monthly
mean data at a large number of locations or daily observations at a small set of stations. Long
records of daily surface observations for a large number of stations are now easily accessible via
the Internet. This study will focus on the contiguous United States where stations with high-
quality data records are fairly well-distributed.

The following chapters highlight various aspects of relationships between the DTR and other
climate factors. Following a description of the data in Chapter 2, Chapter 3 illustrates the
association between soil moisture and the occurrence of extreme summertime daily maximum
temperatures. [n Chapter 4, the seasonal cycle of the diurnal temperature range is examined, with
emphasis on the eastern United States where the growth and senescence of vegetation appear to
play a role. The influence of cloudiness, snow cover, and the atmospheric circulation on
variations and trends of the DTR during the cold season is analyzed in Chapter 5. A summary and

concluding remarks follow in Chapter 6.



CHAPTER 2

Data

The data used in this study include daily surface station observations from the First Order
Summary of the Day (FSOD) Dataset, selected fields from the NCEP/NCAR Reanalysis Project,
various climate indices, and a few miscellaneous datasets. The period of study varies among the

analyses, but generally includes 30 to 50 years of data between the 1940s and 1990s.

2.1 Daily Surface Observations

The FSOD dataset available from the National Climatic Data Center (France 2000) provides
daily surface observations of sixteen meteorological elements at more than 1500 stations that are
either located in the United States or are operated abroad by United States government agencies.
The variables used in this study include daily maximum and minimum temperatures (Tmx and
Tuin), percent of possible sunshine, precipitation, and snow depth. In order to be included in a
particular analysis, a station must be located in the contiguous United States and must have “high-
quality" records of the variables under investigation. A station’s record of a particular variable is
considered to be of high quality if measurements are reported on more than 90% of all days
within the period of interest. High-quality records of sunshine duration and snow depth are
available at fewer stations than high-quality records of temperature and precipitation. As a result,
the selection criteria yield different sets of stations for different analyses. Maps showing the
locations of the stations used will be presented as appropriate. Among the stations selected,
records of temperature, precipitation, and snow depth generally begin in the late 1940s or early

1950s, while reports of sunshine duration do not begin until 1965.



For the purpose of this study, temperatures are converted from integral degrees Fahrenheit to
degrees Celsius, retaining the tenths digit; precipitation is converted from hundredths of inches to
millimeters, and snow depth is converted from whole inches to centimeters and tenths. For each
day and location, the diurnal temperature range (DTR) is calculated by subtracting Tin from Toux .

The daily percent of possible sunshine is defined as the ratio of observed sunshine duration to
the astronomically possible sunshine duration, that is, the time between sunrise and sunset.
assuming a smooth spherical earth (Hameed and Pittalwala 1989). Since the 1950s, it has been
measured with a photoelectric sunshine recorder whose measurements are adjusted by observers
in order to compensate for lack of instrument sensitivity and the effects of complex terrain
(Hameed and Pittalwala 1989; Kar! and Steurer 1990). Thus, even though changes in observers
and observing practices may affect long-term records of the percent of possible sunshine, the
observations of this variable appear to be more objective than observers’ reports of total cloud
amount (Karl and Steurer 1990). Percent of possible sunshine is strongly negatively correlated
with total cloud cover (Angell 1990; Karl and Steurer 1990; Plantico et al. 1990) and, therefore,
may be viewed as a proxy for total cloudiness.

Observations reported before 1984 underwent a "gross value check" at the National Climatic
Data Center (NCDC), while measurements taken since 1984 have been subjected to a more
rigorous quality-control and editing procedure (France 2000). During the course of this
investigation, the author has identified a few instances in which the reported daily maximum
temperature was lower than the daily minimum temperature reported for the same day. In all such
cases, both Ty and Ty, were replaced by missing value flags.

The FSOD data have not been corrected for time of observation bias, station moves,
instrument changes, or the effects of urbanization. Changes in observation time should have little

effect on the results of this study since the vast majority of the stations selected report
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observations for the 24-hour period ending at midnight local time. Other inhomogeneities are
unlikely to significantly influence the climatological analyses of Chapters 3 and 4. However, due
to concerns about the effects of these inhomogeneities on the long-term trends computed in
Chapter 5 (Peterson, personal communication), diurnal temperature range trends based on the
FSOD data are compared to trends at stations in the Global Historical Climatology Network
(GHCN). As described in Peterson and Vose (1997). the monthly-mean maximum and minimum
temperature data in the GHCN have been adjusted for discontinuities in time and space and
consist mainly of observations from rural stations. From this dataset, 1041 stations that are
located in the contiguous United States and have high-quality temperature records have been

selected.

2.2 Other Datasets

Among the NCEP/NCAR Reanalysis fields used in this study are daily-mean and monthly-
mean geopotential heights (in meters) at the 1000-mb level as well as 00Z and 12Z 850-mb
temperatures (in Kelvin) and geopotential heights. The NCEP/NCAR Reanalysis data are
assimilated by a state-of-the-art forecast/analysis model at the National Center for Environmental
Prediction (NCEP) using observations for the period 1948-1997 (Kalnay et al. 1996). Twice-daily
850-mb temperatures and geopotential heights have been extracted from global four-times daily
pressure level data files archived at the NOAA-CIRES Climate Diagnostics Center (CDC). The
daily- and monthly-mean fields are produced at the CDC by averaging 00Z and 12Z values from
the original fields. All data are provided on a 2.5° x 2.5° latitude/longitude grid. A detailed
description of the Reanalysis data and possible sources of error can be found online at

http://wesley.wwb.noaa.gov/reanalysis.html as well as in Kalnay et al. (1996).
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Additional datasets utilized only in Chapter 3 include observed soil moisture at Peoria,
lllinois (Hollinger and Isard 1994), the Palmer Drought Severity Index and Palmer's soil moisture
anomaly (Z) Index (Palmer 1965), and the International Soil Reference Information Centre's
World Inventory of Soil Emissions Potentials Database (Batjes 1996). These data are described in

Section 3.2.



CHAPTER 3

Daily Soil Moisture-Temperature Relationships During Summer

3.1 Background

The summers of 1934, 1936, 1952-54, 1980, and 1988 were characterized by above-normal
temperatures, below-normal precipitation, and a deficit in soil moisture over large areas of the
central and eastern United States (Diaz 1983; McNab 1989), and many more summers have been
marked by more regional drought/heat wave episodes. The tendency for above-normal
summertime temperatures to coincide with periods of below-normal precipitation has been
illustrated in many empirical studies. During summer, strong negative monthly and seasonal
contemporaneous correlations between mean temperature and total precipitation are observed
over the southern Great Plains of the United States, and weaker correlations in the same sense are
found along the Eastern Seaboard as well as in California, the Pacific Northwest, and the Great
Lakes region (Crutcher 1978; Madden and Williams 1978; Namias 1983; Williams 1992; Huang
and Van den Dool 1993; Zhao 1993). Tables of regional temperature rankings for the driest ten
percent of the summers on record reflect similar geographical variations in the strength of the
inverse temperature-precipitation relationship (Karl and Quayle 1981; McNab 1989). While dry
summers in New England, the Middle-Atlantic region, and states along the Pacific Coast are
about equally likely to have above-median or below-median temperatures, the driest summers in
the Southeast are consistently among the warmest on record.

Huang and Van den Dool (1993) have shown that the correlation between precipitation and
temperature is significantly larger when precipitation leads temperature by one month than when
temperature leads precipitation. Furthermore, both Walsh et al. (1985) and Huang and Van den

Dool (1993) found that the inclusion of monthly mean precipitation in addition to monthly mean
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temperature improves the prediction of subsequent monthly mean temperature in the interior
central and southeastern United States, particularly during the warm season. Over northern Texas,
Oklahoma, and Kansas, precipitation alone turned out to be the best predictor in Huang and Van
den Dool's analysis. These findings support the widely-held notion that, at least during summer in
the interior of continents, surface temperature exhibits a memory of past precipitation.

It has been widely speculated that this memory is provided by the land surface through a
positive feedback between soil moisture anomalies and atmospheric anomalies that acts to
maintain hot, dry conditions (e.g. Namias 1960; Rind 1982: Shukla and Mintz 1982). According
to this hypothesis, a depletion in the amount of water in the soil that is brought about by a deficit
in precipitation causes the rate of surface evapotranspiration to decrease. The reduced
evapotranspiration is associated with a repartitioning of the surface heat fluxes in favor of the
sensible heat flux, which requires a warmer surface and planetary boundary layer. The higher
temperatures, in turn, tend to enhance the drying of the soil and lower atmosphere. Additional
feedbacks may involve changes in cloudiness, relative humidity, heat capacity, surface albedo,
and surface roughness (Bravar and Kavvas 1991; Huang and Van den Dool 1993; Eltahir and
Bras 1996).

The strength of the land-atmosphere feedback depends on a number of factors, including the
areal extent, magnitude, and persistence of the initial soil moisture anomaly, the strength of the
solar forcing, the ratio of potential evapotranspiration to precipitation, the fraction of precipitation
recycled from land evapotranspiration, and the strength of the regional dynamical circulation
(Delworth and Manabe 1988; Entekhabi et al. 1992; Brubaker et al. 1993; Eltahir and Bras 1996;
Fennessy and Shukla 1999; Trenberth 1999). Since air masses tend to lose the oceanic moisture
that they carry with them and gain moisture from evapotranspiration as they move inland, the

feedback is likely to be strongest in the interior of continents. In addition, the feedback is



14
expected to operate particularly during summer, when the surface latent heat flux and the fraction
of recycled precipitation tend to be large, and the atmospheric circulation is relatively weak.

Evidence in support of the existence of a land-atmosphere feedback comes from numerical
experiments as well as from analyses of the relationships between computed indices of soil
moisture and observed meteorological conditions. General circulation model simulations of the
summer climate in which the initial distribution of soil moisture is varied indicate that a dry soil
is associated with low evaporation rates and a warm, dry boundary layer. while a wet soil tends to
have the opposite effect (Rind 1982; Shukla and Mintz 1982; Yeh et al. 1984; Yang et al. 1994).
Furthermore, the correlations between monthly precipitation and the next month's mean
temperature based on multi-year runs of the National Center for Environmental Prediction’s
Medium-Range Forecast Model resemble the observed correlation pattern over the United States
only when the soil moisture in the model is allowed to interact with the atmosphere (Huang and
Van den Dool 1993).

For lack of a network of soil moisture observations, empirical studies of soil moisture-
temperature relationships have generally employed estimates of soil moisture based on
meteorological observations. Early indices of land-surface aridity such as those by Penman
(1948), Budyko (1956), and CNC (1959) were based on empirical or semi-empirical relationships
between measured evapotranspiration and climate factors, but did not capture the physical
processes involved in land-atmosphere interaction. More recently, researchers have attempted to
incorporate some of these processes into their aridity indices. Walsh et al. (1985), for example,
calculated a soil moisture depth parameter whose time rate of change equals the difference
between actual precipitation and computed evapotranspiration. More sophisticated water balance
models that include the effects of runoff have been used for the computation of the Palmer Z and

Drought Severity Indices (Palmer 1965) as well as in a study by Huang et al. (1996) which
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explored the possibility of generating a database of computed monthly soil moisture for the
United States. Georgakakos et al. (1995) applied a full-fledged hydrological model with a daily,
rather than monthly, time step to two watersheds in the Great Plains in order to study land-
atmosphere interaction. All of these methods produce soil moisture proxies that appear to be
reasonably consistent with observations of precipitation. runoff. and soil moisture where
available.

Studies based on the various soil moisture indices have generally yielded similar soil
moisture-temperature relationships. Regardless of the analysis method or soil moisture parameter
used, the results for warm-season months indicate that, particularly in inland. non-arid areas, a
wet soil tends to depress the concurrent and subsequent monthly mean temperature, while a drier-
than-normal soil is favorable for higher-than-expected monthly mean temperatures (Walsh et al.
1985; Karl 1986; Chang and Wallace 1987; Williams 1992). Furthermore, contemporaneous soil
moisture-temperature correlations are consistently more strongly negative than correlations
between precipitation and temperature (Huang et al. 1996). When predicting monthly mean
temperatures, the inclusion of antecedent soil moisture in addition to antecedent temperature can
enhance the predictive skill over large portions of the interior United States during the warm
season, particularly at lags of several months (Huang et al. 1996). According to Karl (1986), the
relatively weak dependence of temperature on antecedent soil moisture anomalies in arid regions
such as the Southwest stems from the fact that the magnitude of surface evapotranspiration is low
in these areas, even during periods of above-normal precipitation. Due to processes such as
stratus clouds, sea breezes, and general onshore advection, which can suppress daytime
temperatures (Walsh et al. 1985; Karl 1986), soil moisture tends to also be only weakly

associated with subsequent temperature along the Pacific and Atlantic coasts.
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Since evapotranspiration takes place primarily during the day, it follows that daytime
temperatures should be more sensitive to variations in soil moisture than nighttime temperatures.
This hypothesis is supported by the findings of Chang and Wallace (1987), Williams (1992),
Georgakakos et al. (1995), and Huang et al. (1996). Using 5-day mean soil moisture time series
computed for the Bird Creek, Oklahoma. and Boone River. Iowa. watersheds with a rainfall-
runoff-routing model, Georgakakos et al. (1995) showed that, at Bird Creek during summer, the
correlation between soil moisture and daily maximum temperature peaks when soil moisture
leads maximum temperature by 5-10 days. At Boone River, on the other hand, the highest
correlation is found at zero lag. Based on these results it appears that the strength of the local
land-atmosphere feedback varies geographically even on the time scale of days. Furthermore.
temperature appears to be more sensitive to negative soil moisture anomalies than to positive ones
(Georgakakos et al. 1995), indicating that the relationship between soil moisture and temperature
may be nonlinear. Williams (1992) noted that the highest recorded temperature in July tends to be
higher during dry spells than during wet spells, suggesting that at least the upper part of the
distribution of maximum temperatures is shifted towards higher values under dry conditions.

In this chapter, the relationship between soil moisture and the frequency of extreme
summertime daily maximum temperatures across the United States are examined in an effort to
expand upon the work of Williams (1992), Georgakakos et al. (1995), and Huang et al. (1996). A
simple water balance model similar to the one described by Huang et al. is used to compute soil
moisture time series from observed precipitation and temperature. As in Huang et al., the use of a
simple water balance model in lieu of a more complex rainfall-runoff-routing model such as that
employed by Georgakakos et al. is the vehicle for extending the analysis of data from two
watersheds to locations across the United States. However, in order to be able to examine local

soil moisture-temperature relationships on daily time scales as in Georgakakos et al., the model is
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driven by daily station observations rather than by monthly climate division data. Other changes
to Huang et al.’s approach include the estimation of potential evapotranspiration by the Priestley-
Taylor method (Priestley and Taylor 1972) rather than by Thornthwaite’s method, the
incorporation of geographically varying soil water capacity, and the implementation of the
Variable Infiltration Capacity (VIC) parameterization (Stamm et al. 1994) for the computation of
runoff. The model presented here also contains a crude treatment of the effects of snow on the
water balance. The time series of daily soil moisture generated by the model are then used to
compare the distribution of summertime daily maximum temperatures at 80 stations across the
contiguous United States under conditions of anomalously dry and anomalously wet soil. This
approach permits the examination of the sensitivity of extreme daytime temperatures to soil

moisture variations.

3.2 Data

The data used in this chapter include daily maximum and minimum temperatures (T and
Twmin). precipitation, and percent of possible sunshine at 80 First Order Summary of the Day
(FSOD) stations in the contiguous United States (France 2000), estimated total available water
capacities near the stations (Batjes 1996), observed soil moisture at Peoria, [llinois (Hollinger and
Isard 1994), and monthly values of the PDSI and soil moisture anomaly (Z) index (Palmer 1965)
for the climate divisions in which the chosen stations are located. The period of record examined
is January 1948 through December 1995. From the FSOD dataset, which is described in more
detail in Section 2.1, stations have been selected on the basis of geographical location and data
availability. A map of the station locations is shown in Figure 3.1. The temperature and
precipitation observations are used as input time series to the soil moisture model as well as for

subsequent analyses.
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The water balance model described in the next section requires the specification of the
maximum soil water content (W ). For each station analyzed, this parameter is derived from the
International Reference Soil Information Centre’'s World Inventory of Soil Emissions Potentials
Database (ISRIC-WISE) which provides estimated ranges of total available water capacity in the
top 0-1 m of soil on a glohal 0.5° x 0.5° latitude/longitude grid (Baties 1996). In the dataset.
water capacities are expressed as equivalent depths and listed as ranges (e.g. 90-150 mm or >200
mm). In most cases, W, for a particular station is taken to be equal to the value at the center of
the water capacity range given for the land grid point nearest the station. For the ranges <90 mm,
<150 mm, and 200-500 mm, values of 75 mm, 150 mm, and 200 mm are chosen, since they
appeared to best fit the geographical distribution of total available water capacities. Although
W lies between 105 and 135 mm at most stations, it ranges from as low as 75 mm to as high as
200 mm. Numerical experiments with the model indicate that the results of subsequent analyses
are not very sensitive to maximum soil water content.

Bi-weekly to monthly soil moisture observations at Peoria, [llinois, as well as the PDSI and Z
index are used for model verification and consistency checks. The soil moisture observations
were taken in eleven layers between the surface and a depth of 2 m with a neutron probe on a bi-
weekly to monthly basis as part of the [linois Climatology Network (Hollinger and Isard 1994).
The PDSI and Z indices are part of the Time-Bias Corrected Temperature-Precipitation-Drought
Index dataset (National Climatic Data Center 1998). They are derived from monthly mean
temperature and precipitation in a multi-step process that begins with the application of a simple
bucket model in an effort to estimate the moisture deficit of a region. For further information, the
reader is referred to the dataset documentation and Palmer's (1965) report on the procedure for

computing these indices.
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3.3 Description and Verification of the Water Balance Model
3.3.1 Model Description

A daily time series of soil moisture is derived for each station by means of a simple water
balance model with a daily time step. The model is driven by daily temperature and precipitation
observed at the station. Locally, the time rate of change in the amount of water (W) in the top
layer of the soil is assumed to depend on the amount added by precipitation (P) minus the losses
resulting from evapotranspiration (E) and total runoff (R). Thus, the basic equation of the model
is:

dW/dt=P-E-R (3.1.

As will be described later in this section, precipitation is assumed to consist of rainfall (Pg)

and snow melt (M).
P=Pr+M 3.2)

In the absence of snow on the ground, evapotranspiration is computed from potential

evapotranspiration (E;) and an evaporation efficiency factor (B).
E=BxE; (3.3)

Following the work of Manabe et al. (1965), evapotranspiration is assumed to occur at the
potential rate when the soil is more than 75% saturated and to decrease linearly with soil moisture

below this threshold. Thus, B is expressed as

B=W/Wm  for WWn:<075 (3.4a)

and

=1 for W/Wq = 0.75 (3.4b)
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where W, is the maximum soil moisture content. The value of Wy, for each station is derived
from the [ISRIC-WISE dataset as described in the previous section.

E, is calculated according to the Priestley-Taylor method (Priestley and Taylor 1972), setting
the Priestley-Taylor parameter a equal to 1.26 and ground heat flux equal to 10% of the net solar
radiation at the surface (Kimball et al. 1997). Daily net solar radiation at the surface is expressed
as a function of latitude, elevation, day of the year, surface albedo, and diurnal temperature range
(DTR = Tmax — Twmin), following Buffo et al. (1972), Swift (1976), and Bristow and Campbell
(1984). The albedo of the ground is fixed at 0.2, a value that is representative of the albedo of
bare ground (Robock 1980). In the formula for daily net radiation, the DTR serves as an indicator
of the amount of radiation that is attenuated by clouds and other atmospheric constituents.

Runoff is computed using a Variable Infiltration Capacity parameterization (Stamm et al.
1994) that allows for soil moisture drainage during dry periods and sub-grid scale spatial
variability in soil moisture capacity. Total runoff is divided into two components, base flow (Qp)

and direct runoff (Qq):

R=Qy+Qu (3.5).

Base flow is assumed to be proportional to soil moisture storage:

Following Stamm et al. (1994), the base flow parameter ky is fixed at 0.005 day™. This
component of the total runoff ensures that some soil moisture drainage occurs regardless of the
amount or type of precipitation.

Direct runoff due to rainfall and snow melt is parameterized as follows (Stamm et al. 1994).
Letting Iy be the initial infiltration capacity of a grid cell, Wy equal the initial soil moisture

content, and I, be the maximum infiltration capacity within the grid cell, the form of the area-



averaged direct runoff depends upon whether or not the sum of Iy and any rainfall or snow melt

on the current day exceeds I, . Thus, Qq is defined as

Qi=P-Wp,+ W for Ip+P = Imax (3.7a)
and

Q4 =P = Wane + Wo + Wi X [1 = (1o+P) / )" *®] for(+P <ln,  (3.7b).

Here, B is a shape, or infiltration parameter that is fixed at 0.3, Imy is related t0 Wy, by the

formula
Imax = Wi / (1+B) 3.8)
and Iy is defined as
lo=Imex [1=(1-A)"]  (3.9).
The fractional area A of the grid cell with infiltration capacity less than L is given by
A=1-[(1-Wo/Wd*"*®  (3.10).

Thus, in the presence of precipitation, direct runoff occurs when the soil is saturated as well as
under certain conditions when the soil water content is not at its maximum capacity. By
definition, Qq is set to zero when both rainfall and snow melt are equal to zero.

Whenever there is no snow on the ground, the soil moisture is first adjusted for
evapotranspiration and base flow, which are based on the previous day's soil moisture. Direct
runoff is then calculated from the adjusted soil moisture and the current day's rainfall and snow
melt. Finally, the current day's soil moisture is obtained by adding the rainfall and snow melt to
the adjusted soil moisture and subtracting the direct runoff (Stamm et al. 1994). Any precipitation
that falls when the day's mean temperature (i.e. the average of the day’s maximum and minimum

temperatures) is below freezing is considered to fall as snow. When snow is on the ground, two
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separate water budgets are maintained for the soil and the snow. Both evapotranspiration from the
soil and direct runoff are set to zero, while base flow is allowed to continue in accordance with
Eq. 3.7. In addition, snow is assumed to sublimate at an estimated potential rate that is derived
from the Priestley-Taylor formula by substituting the latent heat of sublimation for the latent heat
of vaporization and changing the surface albedo from 0.2 to a value of 0.8 which approximates
the albedo of freshly fallen snow (Robock 1980). While the daily mean temperature remains
below freezing, the water equivalent of the snow on the ground changes as a result of sublimation
and any new snowfall. As soon as the daily mean temperature rises above 0°C, all of the snow is
melted, the water equivalent of the melted snow is added to the day's precipitation, and
evapotranspiration and direct runoff are allowed to resume. Although this treatment of snow is
very crude, it appears to be sufficient for a reasonable simulation of soil moisture during the
warm season. Experiments with albedos of 0.15 for bare ground and 0.7 for a snow-covered
surface indicate that although soil moisture values are slightly lower when the surface albedo is
decreased, soil moisture variability and, therefore, the results of this study are unaffected.

In summary, the model requires latitude, altitude, maximum soil water content, as well as
time series of daily maximum temperature, daily minimum temperature, and daily precipitation as
input and supplies daily time series of evapotranspiration, base flow, direct runoff, and soil
moisture as output. The parameters include the albedos of bare ground and snow, the Priestley-
Taylor parameter, the evaporation efficiency factor. the base flow coefficient, and the shape
parameter. Using the model, time series of daily soil moisture are calculated for each of the
stations shown in Figure 3.1. Since the previous day's soil moisture as well as the current day's
average daily temperature and precipitation are essential to the computation of each soil moisture

value, the length of the resulting time series at a particular station depends on the length of the
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continuous record of precipitation and temperature. At most stations, the time series extend over a

period of more than 30 years, and all stations have a continuous record of at least 20 years.

3.3.2 Model Verification

To verify that the daily soil moisture time series generated by the model are realistic, the time
series computed for Peoria, Illinois, was compared to soil moisture measurements taken at that
site during the common period of record of 1983-1988 (Hollinger and Isard 1994). Experiments
with several values of W, and soil moisture observations to various depths indicate that at
Peoria, the best agreement between computed and measured soil water content is achieved when
observations for the top 0.3 m of soil are considered, and W, in the model is set to 120 mm, i.e.
the value at the nearest grid point in the [SRIC-WISE dataset. Using monthly input data and a
different water balance model, Huang et al. (1996) found the correlation between observed and
simulated soil moisture to be largest for the top 1.3 m of the soil. The time scale of soil moisture
variations has been shown to increase with increasing depth (Hollinger and Isard 1994;
Georgakakos et al. 1995). One would therefore expect that in order to achieve optimal agreement
with the cbservations, a model with a monthly time step would require a larger maximum soil
water content and a deeper soil layer than a model with a daily time step. Thus, the disparity
between the results of this study and the results of Huang et al. are consistent with our current
understanding of soil moisture variability.

The observed and computed time series for Peoria that exhibit the highest correlation with
each other are shown in Figure 3.2a. To facilitate the comparison, computed values (black dots)
are plotted only on those dates for which measurements (gray vertical lines) are available. In
addition, the means and standard deviations of the two time series as well as the standard error of

the model (i.e. the root mean square difference between modeled and observed soil water content)
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for December-February, March-May, June-August, and September-November are shown in Table
3.L

Figure 3.2a and Table 3.1 indicate that the variations in the time series of observed and
modeled soil moisture are qualitatively similar. Over the entire six-year period (116 samples), the
correlation coefficient between the two time ceries is 0.86. However. both the mean and standard
deviation of W are underestimated by the model in late winter and early spring when snow melt
strongly affects soil moisture. During summer, the computed values, on average, are not quite as
low as the measurements. Nevertheless, the soil moisture anomalies for May-September of 1983-
1988 (48 samples) are correlated at a level of 0.73, and the standard deviations of the modeled
and observed time series are nearly identical.

Figure 3.2b displays standardized time series of the observed and computed soil moisture at
Peoria, while Figure 3.2c shows the end-of-the-month Z index for the climate division in which
Peoria is located. With the annual cycle removed, the correlation between W and observed soil
moisture drops to 0.77. The Z index, on the other hand, is correlated with the soil moisture
observations at a level of only 0.53. Two factors are likely to be primarily responsible for the
difference in the correlations for Z and W. Firstly, Z represents an area average over a climate
division, whereas W exhibits variability at one station. Secondly, the use of monthly rather than
daily data in the computation of the Z index is likely to introduce errors in the estimation of
runoff and evapotranspiration (Alley 1984).

The level of agreement between soil moisture observations and W may vary geographically.
Due to the limited availab