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Introduction

The spatial distribution of long-term changes in climatic factors and its relation with
vegetation cover, human health, hydrology and many other ecosystem processes help to identify
the consequences of climatic factors changes. In recent studies, the significant changes of selected
climatic factors over 25 years has been associated with changes in greenness (Nash et al. 2017),
with shifts in health outcomes (Perry et al. 2011), and with fog formation (Hiatt et al. 2012) as
examples of the impacts of climate factors on ecosystems and societal benefits. This report
concentrates on the methodology and potential future uses for long-term climate factor trends, and
trends of derived climatic factors and indices. Analyses of all factors over the 25 years (1989-
2013) show the magnitude and direction of significant changes on different time scales (monthly,
annual average, and seasonal). Additionally, annual averages, coefficient of variation (CV), first
and 99™ percentile were also presented to show the differences in patterns of variability and
extreme values. The climate factors considered are: Minimum, maximum and dew temperatures,
and precipitation. A derived climatic factor considered was: potential evapotranspiration (PET);
and two climatic indices were a moisture index and an apparent temperatures (47) index, or Heat
Index (Smoyer-Tomic and Rainham 2001). All of our analyses were performed per 1 km? pixels

for the contiguous U.S. and we present the spatial distribution of temporal changes of:

1- the significant monthly changes in climatic information over 25 years via maps and a
statistical summary description of results (n=300),

2- the significant annual changes in climatic information via maps and a statistical summary
description of results (n=25),

3- significant seasonal changes for precipitation, PET, and MI via maps and a statistical

summary description of results (n=25),



4- comparison of the spatial distribution patterns of 1-3, and

5- distribution of heat index (47) groups as it relates to health consequences.

These long-term datasets and trends in temperature and precipitation can be used to study
(among other things) the influence of precipitation and temperature trends on potential shifts in
water storage, hydrological flows, biogeochemical processes or biological shifts on water-
dependent species. Two studies have already begun to utilize the summarization of the 25-year
climate and derivative datasets. A drought resilience study led by EPA NCEA and USGS has
included the 25-year summaries of climate variables to help explain changes in water storage as
measured by inundation maps (Vanderhoof et al. in prep). In another study, the climate variables
are being combined with waterbody data and landscape features to describe the collection of
aquatic habitats for biological species and their patterns of occurrence within a matrix as a
“freshwater ecosystem mosaic” (FEM). Our intent was to make the methodology, data, and
analyses available for research efforts such as these, to better understand the trends of precipitation,

temperature, and their interactions in hydrological, societal, biological and ecological systems.



Method and Materials

Monthly averages of precipitation, maximum temperature, minimum temperature, and dew
point temperature were obtained from Parameter-elevation Regressions on Independent Slopes

Model (PRISM; http://www.prism.oregonstate.edu/products/matrix.phtml, accessed October

2017). PRISM climatic factors from 1989-2013 at a resolution of 4-km? grid cell were gridded into
1-km? grid cells using the inverse distance weighted method in ARC-GIS 9.3.1 (ESRI, Redlands,
California) to match the NDVI resolution (Nash et al. 2017). Downscaling of PRISM climate data

from 4 km? to 1 km? was also applied by Thorne et al. (2012).

Potential Evapotranspiration
We derived PET following Hamon (1961) and Enquist et al. (2008) as:
PET = 13.97 dD?*W, [1]
W, = 0.0495¢09-062T [2]
where d is number of days in a month, D is mean monthly hours of daylight (in unit of 12 hours),
W: is saturated water vapor density and 7 is the monthly mean temperature in °C. PET is in units

of mm/month. The mean day length (D) was calculated as:

i P sin LT
sin7an + sin 1g0 Sin®

24
D =24 — — Arcsin
T Lm
oS 180 €OSP

0 =0.2163108 + 2 * Arctan {0.9617396  Tan [0.0086*(J-186)]}
¢ = Arcsine(0.39795 * cos@)
where 6 is revolution angle (radians), ¢ is sun’s declination angle (radians), p is daylight coefficient

(degrees) (=0.8333; Forsythe et al. 1995), L is latitude, and D is daylight length.



Moisture Index
The moisture index (MI), also known as climatic moisture index (Willmott and Feddema,

1992), combines rainfall (RF) and PET as:

RF

X _q if RF < PET
PET
MI= 4122 if RF > PET [3]
RF
0 if PET =RF =0

MI value ranged from -1 to +1 representing the relative moisture in the environment from
driest to wettest moisture conditions. For annual and seasonal MI, summation of PET and RF for
the year and season were used. Seasons were winter (December, January, February), spring
(March, April, May), summer (June, July, August) and fall (September, October, November).
Feddema (2005) grouped the MI into six moisture regimes: very wet [MI > 0.66], wet [0.66 > MI
> 0.33], moist [0.33 > MI > 0.00], dry [0.00 > MI > -0.33], semi-arid [-0.33 > MI > -0.66]; and
arid [MI < -0.66]; we also used the same groups, but added a zero group as a divider between dry

and wet areas (see map in Fig. 6B).

Apparent Heat
Apparent heat (47), derived by Smoyer-Tomic and Rainham (2001) (also known as the

index of heat (Perry et al. 2011)) combines daily temperature and humidity as:
AT =-2.719 + 0.944 *T + 0.016 * DP’ (4]

where AT is apparent temperature, 7 is the air average temperature (°C) and DP is the dew point
temperature (°C). Smoyer-Tomic and Rainham (2001) used 47 to monitor heat waves and grouped
AT into four health impact related classes related to fatigue, two levels of sunstroke, and heatstroke.

Although AT was developed as a daily heat index, our analyses were done monthly to show the



spatial distribution of the number of months with at least one event in Smoyer-Tomic and Rainham
(2001) groups. These four AT groups are described below:
a) fatigue possible with prolonged exposure and/or physical activity (26.7°C <TA <
32.2°C)
b) sunstroke, heat cramp, and heat exhaustion possible with prolonged exposure and/or
physical activity (32.2°C < AT <40.6°C)
¢) sunstroke, heat cramp, or heat exhaustion likely, and heatstroke possible with
prolonged exposure and/or physical activity (40.6°C < AT < 54.4°C)
d) heatstroke/sunstroke highly likely with continued exposure (AT > 54.4°C).
The spatial distribution of the significance and direction of the AT trends were also presented.
Annual and seasonal averages of precipitation (with coefficients of variation) were derived
for 25 years (n=25). The four seasons are: Winter (December — February), spring (March — May),
summer (June — August) and fall (September — November). Averages and coefficients of variation
for annual precipitation and PET were also determined. Changes in minimum temperature were
described by equating number of months per year with at least one Day of < 0°C. The trend in the
number of months per year with minimum temperature < 0°C was determined over the USA. The
direction and significance level of the trend were presented in a map view to show the spatial

locations of changes. We also present the 1% and 99'" percentiles to spatially locate the extremes.

Univariate Autoregression

We used univariate autoregression to quantify the temporal trend (slope) for each of the
climate factors and derived variables to identify the general pattern of change for each variable
over the 25-year period. The trend values, direction, and probability of each pixel was then

mapped to identify geographic patterns of the trend direction. Time series regression



(autoregression) was used in both analyses because errors in temporal data may be dependent (e.g.,
consecutive times, annual cycles). If dependency exists and is not corrected, then the standard
error of the estimate (e.g., slope) would be inflated, and the significance level for the slope and

other estimates would be incorrect. Below we detail the analyses.

Trends in the individual climate factors over the 25-year period were addressed for each 1-
km? pixel by using an autoregression model (Proc Autoreg; SAS/ETS, 1999) with stepwise
selection. Significant autoregressive error was fit to the observed values to define the direction and

p-value for the slope, where:

Y =06 +6*Time+ 1 [5]
k

H=D Pt te,
t=1

£ ~IN(0,6%)

where Y is an individual time series variable (e.g., monthly precipitation, maximum temperature,
minimum temperature, monthly dew point temperature, and MI (n=300 months)). The fitted
autoregression model for the observed variable (17) is the same as that of an ordinary least square

regression model (OLS; 6, + 0:*Time), plus the autoregressive error (u,). Coefticients 6, and 0;

are the intercept and the slope with time, respectively. The time series error term, u,, may be

k
autocorrelated. The term Z pu,_; 1s the summation of the significant autoregressive parameter

(p) times lagged time series error(s), and & is the order of significant lags in the model. The error
term, &, from the autoregressive error model is normally and independently distributed (/N) with
a mean of zero and variance o*. The slope (61) quantifies the rate and direction of change for each
variable over 25 years in each 1 km? pixel. A significance level of p < 0.05 was used to test

whether the slope differed from zero.



Results

Monthly: Minimum Temperature, Maximum Temperature, Dew Point Temperature, Precipitation,

Potential Evapotranspiration (PET), Moisture Index (MI), and Apparent Heat (AT).

Significant maximum and minimum temperature increases covered 12% and 35% of the
contiguous United States, respectively (inset maps in Fig. 1) (Nash et al. 2017). Significant
increases in maximum temperature (inset map in Fig. 1A) were concentrated in New England,
Texas, and Louisiana, but also scattered throughout the western United States. The spatial
distribution of maximum temperature trend values (Fig. 1A) shows that the 1% and the 99
percentiles of the trend values were + 0.0067°C/month and -0.0069°C/month, respectively. The
clusters of increasing maximum temperature are situated on a diagonal path from Texas to
Washington, with additional clusters in the state of California situated mostly in Stanislaus, Inyo,
and Sequoia national forests. North Dakota, the eastern side of Montana, and the Pacific coast of
Oregon and Washington had a decreasing trend in maximum temperature. The decrease in North

Dakota and eastern side of Montana was not significant (inset map in Fig. 1A).

Significant minimum temperature (Fig. 1B) increases were common throughout the
contiguous United States, except for the upper Midwest. The 1 and the 99" percentiles of the
trend values were -0.0064°C/month and +0.0144°C/month for the minimum temperature (Fig. 1B).
The clusters of trend values showed a mosaic pattern in the western states, in contrast to the mid
and eastern states where the clusters are larger in size. This pattern of clustering indicates that
higher variability in minimum temperatures may occur where extremes in higher and lower
nighttime temperatures are more apparent (e.g., in the western U.S. relative to the eastern U.S.).
Most of Oregon and Washington experienced a decrease in minimum temperature, while

California was more of a mosaic. In California, the minimum temperature mostly increased in the



B <= -0.0067

I -0.0066 - -0,0030
I -0.0029 - -0.0006
[1-0.0005 - 0.0000
[B9 0.0001 - 0.0010
[10.0011 - 0.0030
[ 0.0031 - 0.0050
I 0.0051 - 0.0069
[1= 0.0069

‘ - <= -0,00564

I -0.0063 - -0.0040
I -0.0039 - -0.0020
[ -0.0019 - 0.0000
[ 0.0001 - 0.0020
[]0.0021 - 0.0040
[ 0.0041 - 0.0063
I 0.0064 - 0.0144
[1=0.0144

Figure 1. Pixels (1 km?) with temporal trends in monthly (A) maximum temperature and (B) minimum temperature
(°C/month). The first and last legend classes represent the 1% and 99" percentiles. The insets are the
probability of temporal trend, green indicates significant increase; red indicates significant decrease.



mountainous national forest areas (e.g. Shasta, Trinity, Six Rivers, Lassen, Plumas, Tahoe,
Humboldt, and Los Padres National Forests.) The increasing minimum temperatures over the 25
years in Wyoming, Colorado, and New Mexico coincide with tree mortality and wildfire (Nash et
al. 2014, 2017). In the east, the greatest increase in minimum temperature was in north Maine,

Vermont, New York (Fig. 1B) and to a lesser level in Pennsylvania to eastern North Carolina.

The significant decrease in both minimum and maximum temperatures covered an
approximately similar percentage of area (~4%), but were more “patchy.” Areas of significant
minimum and maximum temperature decreases were scattered throughout the contiguous United
States, but predominately in the south and the west. The general trend over the last 25 years has
been for monthly minimum temperature to increase significantly for a substantial proportion of the
continental U.S. (inset map in Fig. 1B). The annual number of months with < 0°C is decreasing as
well. The trend of annual number of months with at least one month that had a day with a minimum
temperature of < 0°C decreased in 49.9% of the U.S. (Fig. 2) and significantly increased in 23.9%
of the U.S. The number of months with minimum temperature < 0°C did not change significantly
over the 25 years in 26.2% of the U.S. and were mostly in the southern U.S. The number of cold
months increased primarily in eastern-southern part of the U.S. and in a mosaic pattern in
Washington, Oregon, Nevada. The number of months with freezing conditions decreased in the
Northern U.S, especially within the Northern Great Plains and in the Northeastern states.
Significant increases in months with freezing conditions were found in a band from Texas to North

Carolina (Fig.2).

Significant dew point temperature changes were regionally diverse (Fig. 3), exhibiting
significant increases in the east and significant decreases in the west. The contiguous clusters of

pixels (red pixels in the map inset in Fig. 3) with a decrease in dew point temperature were mainly
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Figure 2. Trend of annual number of months with at least one month that had a day with a minimum temperature

< 0°C over 25 years. Red denotes the significant (p< 0.05) decrease, green denotes the significant increase,
purple denotes the non-significant decrease, black denotes the non-significant increase in minimum
temperatures. Areas with no color denote not enough months with minimum temperature < 0°C for trend
determination.
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Figure 3. Pixels (1 km?) with temporal trends in monthly dew point temperature (°C/month). The first and last legend

classes represent the 1% and 99% percentiles. The insets maps are the probability of temporal trend, green
indicates significant increase and red indicates a significant decrease.
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concentrated in the west. The 1% and the 99 percentiles of the trend values for dew point
temperatures were -0.014°C/month and +0.0095°C/month, respectively.

Monthly precipitation trends (Fig. 4) decreased significantly by 8.7% and were mostly
concentrated along the Texas-Oklahoma-Louisiana border and scattered throughout the southern
Appalachians (inset map in Fig. 4). The spatial distribution of precipitation trend values showed that
the highest increases in precipitation were in the north and northeastern part of the nation (Fig. 4)
with a rate (99" percentile) 0.072 mm/month and the lowest were in the southern part of the U.S.
with a rate of (1% percentile) -0.1236 mm/month. Extreme values in increasing and decreasing
precipitation were located in Washington, Oregon, and California. Decreasing precipitation
occurred in Louisiana, Texas, Oklahoma, and southwestern North Carolina (1% percentile, Fig. 4).
Increasing precipitation occurred in Maine and New York (99" percentile, Fig. 4). The overall
changes in precipitation were only significant for small areas in the northeast (~3% significant
increases, Nash et al. 2017) and in the south within Louisiana, Texas, and Oklahoma (~9%

significant decreases, Nash et al. 2017) (see map inset in Fig. 4).

Due to the nearly continent-wide significant increase in monthly temporal trends of minimum
temperature (Fig. 1B), PET monthly temporal trends also show a nearly continent-wide increase (Fig.
5). Most of the contiguous U.S. experienced an increase PET trend, with comparatively isolated
clusters of significantly declining PET trends primarily in the Pacific Northwest and California
(Fig. 5 inset). However, clusters of the highest increases in PET were also in the west. The 1%
percentile in decreasing PET was -0.0156 mm/month and the 99" percentile in increasing PET
was 0.0345 mm/month. Many of the changes in PET were significant increases (p < 0.05, inset
map in Fig. 5) and small clusters of significant decreases were scattered in Washington, Oregon,

California, and Florida.
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Figure 4. Pixels (1 km?) with temporal trends in monthly precipitation (mm/month). The first and last legend classes
represent the 1% and 99' percentiles. The insets maps are the probability of temporal trend, green indicates
significant increase and red indicates a significant decrease.
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Figure 5. Pixels (1 km?) with temporal trends in monthly PET (mm/month). The first and last legend classes represent
the 1% and 99" percentiles. The inset map is the probability of temporal trend, green indicates significant
increase and red indicates a significant decrease.
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MI is a composite of precipitation, day length, average temperature and saturated vapor
pressure [Equation 3] and represents the relative wetness (+ MI values) and dryness (- MI values)
of an area. The spatial distribution of monthly MI trend values in Fig. 6A shows the magnitude
and direction of change in monthly MI over the 25 years. While the positive increase in MI
covered 31% of the U.S., only ~1% was a significant increase. Sixty-nine percent of the U.S. had
an MI decrease with 14% having a significant decrease (inset map in Fig. 6A). North Dakota and
Montana have the highest increase in MI, large areas in Louisiana and Texas have the lowest MI.
The spatial distribution of the average MI in Fig. 6B presents the gradients in monthly average
moisture conditions/regimes in the nation over the 25 years. The zero value of MI (purple polygons
in Fig. 6B) where PET equals precipitation, stretches from eastern Texas to the northwestern U.S.
and divides the nation into a relatively homogenous moist area to the east and drier areas to the
west. The largest dry areas are in southern Arizona, California, and Nevada; and a mosaic of all

MI groups in the northwest.

The spatial distribution of heat index (47) (Fig. 7) shows the widespread of increase in AT
values over 25 years. Seventy-eight percent of the U.S. experienced an increase in A7 from 1989
to 2013; one-third of the total area experienced a significant increase in A7 (inset map in Fig. 7).
Most states experience high A7, except for North Dakota, and the coastal area in Washington and
Oregon. Only ~3% of the USA had a significant decrease in A7; concentrated primarily in western
Oregon and northern Montana (inset map in Fig. 7). The 1% and 99™ percentile for AT were -
0.0049 and 0.0088, respectively. Following Smoyer-Tomic and Rainham (2001), the spatial
distribution of number of months for AT groups a-c (see Material and Method for group
description) are presented in Figs 8 A-C. Most areas had at least one month of AT values between

26.7 and 32.2°C (Fig. 6A; 26.7 "C < AT < 32.2°C). Values within top 20" percentile are mainly

13
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Figure 6. Pixels (1 km?) with temporal trends in monthly (A) MI, the first and last legend classes represent the 1%
and 99" percentiles. (B) Moisture regimes (Feddema (2005) categories) based on the average monthly
moisture index (MI) over 25 years (1989-2013) a zero group is a divider between dry and wet areas. The
inset map in (A) is the probability of temporal trend, green indicates significant increase and red indicates
a significant decrease.
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Figure 7. Pixels (1 km?) with temporal trends in monthly A7T. The first and last legend classes represent the 1%t and
99t percentiles. The inset map is the probability of temporal trend, green indicates significant increase and
red indicates a significant decrease.

concentrated in eastern states, Florida, and western states (Texas, New Mexico, Arizona, Nevada

and California). AT values between 32.2°C to 40.6°C are clustered in a smaller geographic area

(Fig. 8B). Areas in the top 10™ percentile were concentrated in the southern coastal area extending

from Florida to Texas. For AT between 40.6°C and 54.4°C, an even smaller area was covered, and

the top 10™ percentile areas were found mainly in southern Texas, Arizona, and California (Fig.
8C).

Average and variability are often used to describe climatic factors changes over time. We
present the overall average and coefficient of variability (CV) of the monthly minimum, maximum,
and average temperatures in Fig. 9. Highest average temperatures are clustered in the southern

part of the U.S. and decreased toward the northern part of the U.S. mainly in North Dakota and

Minnesota. While the average temperature decreases, highest variability occurs in northern
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Midwestern states and in several clusters within the states of Utah, Idaho, and Montana. (Changes
in temperatures using average and CV values based on different temporal scales are discussed

below).

Annual: Average and Coefficient of Variability for Annual Precipitation, Potential

Evapotranspiration (PET), and Moisture Index (M]I).

The spatial distribution of average and CV for annual precipitation and annual PET are
shown in Fig 10. Average precipitation was higher in the eastern and the north Pacific coastal areas
than most of the western states (Fig. 10A). The general pattern of the precipitation was in
longitudinal parallel bands at mid U.S. with clusters in the southern states (Alabama, Mississippi,
and Louisiana) and western Washington and Oregon. Highest precipitation values are within these
clusters. The variability (CV) in precipitation is the highest in areas with low precipitation:
California, southern Nevada, and eastern Arizona on the southern border of New Mexico and
Arizona. Variability radially decreases as one moves from the southwest toward the northeast.

PET ranged from 435 mm (~17 inches) in light blue areas in Fig. 10B (Northeast, areas
around the Great Lakes, and in the high Rocky Mountains) to highest PET of at least 1000 mm (39
inches) in dark blue area (Florida, south Texas, south Arizona, southwest California and southern
Nevada). This potential loss may or may not be compensated by the amount of precipitation. In
order to consider the balance of PET with available precipitation, we combined the yearly
precipitation and PET (Equation 3) to calculate the yearly MI. The annual average and CV of MI
are shown in Fig. 11. The pattern of distribution for average annual MI (Fig. 11A) in the eastern
part of U.S. was more dominated by precipitation (Fig. 10A & Fig. 10B) than PET (Fig. 10C &
Fig. 10D). Highest variability in annual MI (Fig. 11B, in blue) extended in parallel bands from the

north along the eastern border of the Dakotas to the eastern side of Texas.
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103 - 163

Figure 8. Distribution of total number of months (out of 300) that had at least one AT value in group: A) fatigue
possible with prolonged exposure and/or physical activity (26.7°C < TA < 32.2°C) B) sunstroke, heat
cramp, and heat exhaustion possible with prolonged exposure and/or physical activity (32.2°C <TA <40.6
°C) C) sunstroke, heat cramp, or heat exhaustion likely, and heatstroke possible with prolonged exposure
and/or physical activity (40.6°C < AT < 54.4°C).
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Figure 9. Average and coefficient of variability (CV) of monthly minimum temperature (A & B), monthly maximum
temperature (C & D) and monthly average temperature (E & F) (n=300). The CV legend represents the
absolute value (e.g. 100 is abs (+£100)). Higher CV values represent higher variability in climatic factor.
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Figure 10. Precipitation annual average (A) and coefficient of variability (B), PET annual average (C) and
coefficient of variability (D) (n=25).

Seasonal: Average and Coefficient of Variability for Seasonal Precipitation, Potential
Evapotranspiration (PET), and Moisture Index (MI).

The spatial distribution pattern for precipitation varies with the temporal scales, which can
be seen by comparing the average (Fig. 12) and CV (Fig. 13) for seasonal precipitation with that
of the average of annual precipitation (Fig. 10A). The average amount of precipitation was higher
in the winter season, followed by fall, spring, and summer (Table 1). The general spatial
distribution of seasonal average precipitation (Fig. 12A-D) shows that higher precipitation was on

the eastern side of the nation rather than that on the western side, except for the northern Pacific
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coastal area which had low precipitation in summer only. The top 10" percentile of precipitation

in the south-eastern states moves to southern coastal areas in summer (Fig. 12).

A significant increase in winter precipitation was mainly clustered in Michigan, Wisconsin,
and Minnesota (Fig. 12A). For the spring season, a significant increase in precipitation -occurs in
northern Minnesota, in most of North Dakota and northeastern Montana (inset maps in Fig. 12B).
For summer and fall precipitation, smaller clusters with significant increases were within Maine
and eastern New York (summer), mid-Montana and southern Nevada (fall). About 39% of the
areas had significantly decreasing all season precipitation while increasing precipitation occurred
in only 23% of the areas. Spring precipitation decreased more than in other season (13%) and it
was mainly within Louisiana, Arizona and southern Nevada and California. The significant
decrease in summer precipitation covered fewer areas than in the spring seasons (12%) (Fig. 12C).
The significant decrease in fall precipitation (5%) was clustered mainly in South Carolina and
Oklahoma (inset map in Fig. 12C). The overall monthly trend for precipitation showed that much

of the significant decrease in precipitation was clustered in Oklahoma and Texas (Fig. 4).

Coefficient of variability (Fig. 13) describes the distribution of variability in precipitation
at different temporal scales. In general, the variability of seasonal precipitation (Fig. 13) is greater
in the western part of the nation than in the eastern part of the nation. Higher variability occurs in
areas where the precipitation is low, at the center of the nation (Fig. 13) extending from north to
south, reflecting the pattern in the distribution of average seasonal precipitation. Average seasonal
precipitation (Fig. 12), closer to median value, is located at the center of the nation extending from

north to south.
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Figure 11. Yearly average for MI (A) and coefficient of variability (CV) (B) (n=25 years). The legend in (B)
represents the absolute value of CV (e.g. <= 10 is <= abs (£10)).
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Figure 12. The ten quantiles for the average seasonal precipitation for (A) winter, (B) spring, (C) summer, and
(D) fall.
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Figure 13. Coefficient of variability for (A) winter precipitation, (B) spring precipitation, (C) summer precipitation
and (D) fall precipitation. Winter precipitation (Dec — Feb), spring precipitation (Mar — May), summer
precipitation (Jun — Aug), fall precipitation (Sep — Nov).

Average seasonal value, seasonal trend and significant change in PET are presented in Figs
14 & 15. In all seasons, the highest PET annual average was located in the southern part of the
nation, southern California, Nevada, Arizona, Texas, Alabama, Georgia, and Florida. While PET
decreased in most areas in winter with less areal coverage in spring, PET increased significantly
in approximately all areas in summer followed by fall (insets in Fig. 15). The spatial distribution
of the average annual PET (Fig. 10C) was close in spatial distribution to that of the spring season

(Fig. 14B).
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Figure 14. Average seasonal PET for (A) winter, (B) spring, (D) summer, and (E) fall. Winter precipitation (Dec
— Feb), spring precipitation (Mar — May), summer precipitation (Jun — Aug), fall precipitation (Sep —

Nov).
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Figure 15. PET seasonal trend value for (A) winter, (B) spring, (C) summer and (D) fall. The inset figures are the
probability of trend.

The distribution of the MI (Fig. 16), seasonally characterized by low MI values (drier) in
the summer season, were spatially extended from mid-western to western U.S. Higher MI values

(wetter) in winter extended from north to south (Fig. 16). Regardless of being seasonal or annual,
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the eastern part of the nation was wetter than the west. The spatial distribution of the annual MI
is more likely to be between fall/spring pattern, but it was much different than winter and summer
seasons. MI increases significantly mostly in the northern part of the nation for winter and spring

but decreases significantly in the southern/western parts (inset maps in Fig. 16).
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Figure 16.

B < -0.66 (Arid)

B -0.66 - -0.33 (Semi-Arid)
[1-032-0 (Dry)

[ 0.01 - 0.33 (Moist)

B 0.34 - 0.65 (Wet)

B > = 0.56 (Very Wet)

The 25-year average of MI for seasonal and annual. Legend is the Feddema et al. (2005) drought
classification: very wet [MI > 0.66], wet [0.66 > MI > 0.33], moist [0.33 > MI > 0.00], Dry [0.00 > MI
>-0.33], semi-arid [-0.33 > MI > -0.66]; and arid [MI < -0.66]. Inset maps are the probability of trend,
Red denotes significant decrease and green denotes significant increase.
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Summary and Discussions

The general pattern of increase in temperature in the 48 contiguous states is consistent with
other studies of climate change, where the trend for increasing average temperatures was higher
for 1992-2008 than that of 1961-1979 (observational data, Karl and Melillo, 2009). An increasing
trend in daily minimum temperatures (or nighttime temperature) was higher than the trend for daily
maximum temperatures (daytime temperature) in western and central North America (Robeson,
2004). Millett et al. (2009) analyzed temperature and precipitation in the Central Plains of the
U.S. in the 20" century and found increases in precipitation and minimum temperatures. The
number of months per year that contain at least one month with a < 0°C temperature decreased
significantly; Vincent and Mekis (2006) found a similar trend in Canada between 1950-2003.
Although it is not within our study boundary, Alaska experienced the largest warming trend in
temperature from 1951 to 2001 where the temperature increased from 0.8°C to 1.9°C, respectively.
This warming occurred mostly in the winter season and coincided with the 1977 Arctic
atmospheric and ocean regime shift (Hartmann and Wendler, 2005). Robles and Enquist (2011)
found that precipitation in the United States increased over the past five decades by 5%; our
findings suggest that < 3% of the U.S. had a significant increase in monthly precipitation during

1989-2013.

Dew-point is an essential element in fog formation. Hiatt et al. (2012) indicated that despite
low rainfall, vegetation productivity did not decrease in the central and southern coastal regions in
California due to fog deposition. Wet deposition of atmospheric nitrogen and sulfur via fog
formations have been well documented (Fenn et al. 2000, 2003; Klemm and Wrzesinsky, 2007;
Lovett and Tear, 2008; Polkowska et al. 2011). Spatial distribution of the dew point temperature

changes can help inform fog formation locations.
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Potential Evapotranspiration (PET) represents the amount of water loss via plant and soil
transpiration. PET is estimated from temperature, water saturated vapor pressure (Equations 1 &
2) and daylight length which varies with season and spatial locations. Thus, it is important to look
at precipitation and PET in concert to determine the magnitude and direction of water loss or gain
across seasons and spatial location. Hinzman et al. (2005) reported that the difference between
precipitation and PET decreased during the warm season from 1960 to 2000 in Alaska and was
mainly related to an increasing in air temperature (precipitation did not change significantly). On
the Tibetan Plateau where daytime temperature trend is unchanged, Shenbin et al. (2006) found
that the negative trend in PET is more related to the regional monsoon circulation. Millett et al.
(2009) in the Prairie Pothole Region of the U.S. found that an east to west moisture gradient
steepened as temperature and precipitation shifted in the 20" century, resulting in a wetter eastern
section and a drier western section. The Moisture index (MI) formally combines PET and
precipitation, thus MI can demonstrate resulting effects of interactions of temperature and
precipitation both across space and changes/shifts through seasons. Grundstein (2009) showed
significant increases in annual MI (wetter conditions) for climate divisions in the Southeast and in
a band across the north, stretching from South Dakota to New York. Areas that may not show
annual shifts in MI may still have seasonal MI shifts which may be important due to hydrological,
biological and biogeochemical dependence on the timing of available water. For example,
decreases in snowfall or earlier snow melt in the Western U.S. impacts water storage, the timing
of stream flows and the biota that rely on those streams (Hamlet et al. 2005; Mote et al. 2005).
Likewise, an increase in precipitation in Great Yellowstone Ecosystem since 1977 has not been

enough to compensate for water loss by PET. This deficit has been exacerbated by the increase in
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minimum temperature which impacted snowpack and has resulted in a reduced flow through

streams, especially in summer season (Chang and Hansen, 2014).
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Conclusion

Our analysis per pixel for the entire U.S. offers a means of monitoring changes in trend
direction and magnitude for a specific area of interest. Choosing the appropriate time scale
(monthly, annual or seasonal) in climatic factors in building a relation with a response (e.g.,
vegetation, fills and spills from water bodies) is an important step to explore. The spatial and
temporal analyses of these climatic factors combined with factors of interest (fires, health factors,
environmental factors, etc.) can be used to examine different responses to direct impacts and/or

climate changes in an area.
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Implication

We envision the use of these data sets in diverse multidisciplinary studies and research. In
previous studies, we used pixel-based univariate versus multivariate autoregression models with
these climatic factors to demonstrate that long-term monitoring can potentially detect broad-scale,
slow changes, such as those caused by climate change over decades, as well as more local and
rapid changes such as those caused by fire, agriculture, land clearing, and habitat restoration over
time. (Nash et al. 2014, 2017). Such monitoring can provide environmental decision-makers with
early warning signals for widespread general trends, as well as a means to identify specific areas
where land conditions are degrading or improving. Using a similar multivariate approach, we
assessed the dynamic interaction between climate, argan trees, local communities, rural household
welfare, and forest conservation and sustainability in Morocco (Lybbert et al. 2011). We have
applied Thornthwaite and Mather’s (1957) approach using the monthly PET, precipitation, and
depth of soil to calculate water balance in selected forested areas in U.S. (Nash unpublished data).
The distribution of significant changes, extremes, variability and averages at different temporal
scales provide a road map to the availability and important trends of temperature, rainfall and

available moisture that have been occurring across the U.S.
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