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4.1 Introduction

Water managers have long understood the implications of variability in water sources
resulting from weather and climatic variations at time scales ranging from days to months
and years, and have developed sophisticated methods to simulate and respond to such
variability in water resource system design and operation. A distinguishing feature of
these methods is that they assume that an observed record of streamflow is statistically
stationary, that is, the probability distribution(s) from which the observations are drawn
does not change with time. In the era of climate change this assumption is no longer
tenable. The challenge facing water managers is to determine reasonable ways of
assessing plausible ranges of future conditions for purposes of hydrologic design and
operation. Such assessments are also needed to understand how changes in the
availability and quality of water will affect animals, plants, and ecosystems.

4.2 Hydroclimatology of the U.S, and the role of water management

The primary driver of the land surface hydrologic system is precipitation. Precipitation
varies widely, not only in total annual amount, but in seasonal distribution, and space-
time variability across the United States. Proceeding from east to west, the semi-humid
conditions of the eastern U.S. yield to drier conditions to the west, with the increasing
dryness eventually interrupted by the Rocky Mountains, and then amplified in the
intermountain west and Southwest. These extremely arid conditions give way as one
proceeds west and north to the more humid conditions of the coastal west. Runoff
patterns, for the most part, follow those of precipitation. The runoff ratio (runoff divided
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by precipitation) decreases from east to west, and the decline in runoff with aridity is
sharper than it is for precipitation. The ratio of maximum annual snow accumulation to
annual runoff is an index to the relative fraction of runoff that is derived from snowmelt.
This number is high in the mountainous areas of the West, and to a more limited extent,
in the northern tier of states, and low elsewhere. The coefficient of variation of annual
runoff is a measure of the variability of runoff. Its spatial pattern generally follows that of
precipitation coefficient of variation; it is highest where runoff (and precipitation) is
lowest.

The water resources of the continental U.S. are heavily managed, mostly by surface water
reservoirs. The most important metric of storage is the ratio of usable reservoir storage to
mean annual reservoir inflows. Storage to runoff ratio of one is usually taken as the
division between reservoirs that are primarily used to shape within-year variations in
runoff, and those that are primarily used to buffer interannual variations in runoff. Within
the United States, most reservoir storage can be classified as within-year; the major
exceptions where reservoir storage is over-year are the Colorado, and upper Missouri
River basins.

4.3 Trends in U.S. water use

With respect to water use, U.S. water withdrawals have decreased (slightly) over the last
20 years in virtually all categories. This is despite substantial population growth during
the same period, which suggests that per capita water withdrawals (and by implication,
consumptive use) have decreased markedly. These changes follow a period of rapid
growth in water withdrawals in the mid-20" century. The reasons for these reductions in
water withdrawals arise both from regulatory considerations (e.g., imposition of
minimum instream flow standards, and higher WUE appliances), and economic
considerations. For instance, in the case of irrigation, there has been a transition from
flood to sprinkler irrigation. Irrigation water use has also been affected by the cost of
electric power. Industrial water use efficiency gains have been driven by pollution control
regulations, which encourage reduction of wastewater discharge, and hence more
recycling.

4.4 Observed trends in U.S. water resources

Over most of the United States, streamflow increased over the second half of the 20"
century. This is true for all but the highest (flood) flows, for which there were relatively
few statistically significant trends. Those trends that have been observed cannot
necessarily be attributed to climatic warming, however the spatial coherence in the trends
suggests that non-climatic causes (e.g., land cover change), are not likely the cause. The
western U.S. constitutes an important apparent reversal in the trend toward increasing
U.S. streamflow, with an indication of an onset of dry conditions beginning in the 1980s.
However, this apparent pattern may well be associated with decadal scale climate
variability. There has, however, been a trend toward reduced mountain snowpack, and
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earlier spring snowmelt runoff peaks across much of the western U.S., and this trend
increasingly appears to be attributable to long-term warming, rather than to decadal scale
variability. Furthermore, there is some indication that the variability of streamflow in the
western U.S. has increased over the last two decades.

Several studies have found that pan evaporation decreased over the last 50 years, whereas
some studies suggest that actual evapotranspiration during the same period has increased.
Two explanations have been advanced; one is the so-called evaporation paradox, which
holds that microclimatic conditions in the vicinity of evaporation pans lead to decreased
pan evaporation as actual evaporation increases. The second is that actual ET may also
have declined due to reduced net radiation, resulting from increased cloud cover. The
latter hypothesis appears to be inconsistent with some published work that has found that
actual evaporation, as estimated by the difference between river basin precipitation and
runoff, has increased in many river basins.

With respect to drought, consistent with streamflow and precipitation observations, most
of the continental U.S. became wetter over the 20" century, with inferred reductions in
drought severity and duration. However, there was some evidence of trends in the
opposite direction (that is, increases) in drought severity and duration in the western and
southwestern U.S., which apparently results from increased actual evaporation
dominating the trend towards increased soil wetness. Paleo reconstructions of droughts
show that much more severe droughts have occurred over the last 2,000 years than those
that have been observed in the instrumental record (notably, the Dust Bowl drought of the
1930s, and extensive drought in the 50s).

Water quality is sensitive both to increased water temperatures, and changes in patterns
of precipitation. However, most observed changes in water quality across the continental
U.S. are attributable to causes other than climate change. These include, for instance,
changes in land cover, and changes in pollutant loadings. Some work has, however,
shown that temperatures have increased in some western U.S. streams over the second
half of the 20" century. Some of these changes are associated with changes in runoff
patterns, e.g., earlier snowmelt runoff leads to reduced summer flows, at a time when
radiative and other forcings leading to increased water temperatures are the greatest.

4.5 Projected future changes in U.S. water resources

The most recent (IPCC AR4) climate model simulations project increased runoff over the
eastern U.S., gradually transitioning to little change in the Missouri and lower
Mississippi, to substantial decreases in annual runoff in the interior of the west (Colorado
and Great Basin). Runoff changes along the west coast (Pacific Northwest and
California) are also negative, but smaller in absolute value than in the western interior
basins. The projected drying in the interior of the West is quite consistent among models
(the only projections that are more consistent among models are for runoff increase in
Alaska). These changes are, very roughly, consistent with observed trends in the second
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half of the 20" century, which show increased streamflow over most of the United States,
but sporadic decreases in the West.

4.6 Findings and conclusions

1)

2)

3)

4)

5)

6)

Precipitation over much of the continental U.S. increased in recent decades, and this
trend toward increased wetness is evident in a predominance of upward trends in
stream discharge, especially for flows from the lower end to the middle of the
streamflow distribution (that is, extreme low flows, through median flows). The
preponderance of upward trends vanishes toward the upper end of the streamflow
distribution (floods), and there is no evidence of increases in floods within the range
of basin sizes represented by the USGS Hydroclimatic Data Network (HCDN; mostly
thousands to tens of thousands of square km drainage area).

The trend toward increased wetness is also evident in simulated soil moisture
(unfortunately not verifiable from observations due to short record lengths) over most
of the country, and as a consequence, drought severity and duration declined over
most of the United States during the 20" century. However, there are some trends in
the opposite direction in the western and southwestern U.S., where increased
temperatures and resultant increases in evaporative demand more than counteracted
increased precipitation.

Pan evaporation declined over most of the United States over the second half of the
20" century. These declines are consistent with the “complementary hypothesis” that
states that trends in actual and pan evaporation should be in opposite directions (i.e.,
actual evaporation should be increasing if pan evaporation is decreasing).
Furthermore, some analyses support this hypothesis by showing trends toward
increased precipitation minus runoff (inferred actual evaporation) at the river basin
level.

Snowpacks in the mountainous headwaters regions of the western U.S. generally
declined over the second half of the 20" century, especially at lower elevations and in
locations where average winter temperatures are close to or above zero degrees C
(“transient” rain-snow conditions). These trends toward reduced winter snow
accumulation, and earlier spring melt are also reflected in a tendency toward earlier
runoff peaks in the spring, a shift that has not occurred in rainfall-dominated
watersheds in the same region.

Warmer summer temperatures in the western U.S. have led to longer growing
seasons, but have also increased summer drought stress. This has led to conditions
that are conducive to increased fire hazard. This tendency is, however, confounded by
the effects of fire suppression over the same period.

Climate model projections for increased temperatures, and (averaged across many
models) modest increases in precipitation are expected to lead to streamflow declines.
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Because of the uncertainty in climate model projections of precipitation change, the
hydrologic consequences are highly uncertain across most of the United States One
exception is watersheds that are dominated by spring and summer snowmelt, most of
which are in the western U.S. In these cases, where shifts to earlier snowmelt peaks
and reduced summer and fall low flows have already begun to be detected, continuing
shifts in this direction are quite likely, and may have substantial impacts on the
performance of reservoir systems, especially when the active reservoir storage
volume is much less than mean annual streamflow, as is the case across much of the
western U.S.

7) Stream temperature increases have begun to be detected across much of the United
States, although a comprehensive analysis similar to those reviewed for long-term
streamflow trends has yet to be conducted. Stream temperature is a change agent that
has both direct and indirect effects on aquatic ecosystems. Changes that will be most
evident during low flow periods, when stream temperature changes are of greatest
concern.

8) U.S. consumptive use of water per capita has declined over the last two decades, and
total water use has declined slightly as well. This is due to various improvements in
water use efficiency related both the legal mandates and water pricing, as well as
some changes in water laws that have facilitated reallocation of water, especially in
the western U.S., and especially during droughts. These trends seem likely to
continue in the coming decades. Pressures for reallocation of water will be greatest in
areas of highest population growth, notably the Southwest. These trends toward
declining water consumption will help to mitigate the impacts of climate change on
water resources.

4.7 Background

Water is essential to life and is central to society’s welfare and to sustainable economic
growth. Plants, animals, natural and managed ecosystems, and human settlements are
sensitive to variations in the storage, fluxes, and quality of water at the land surface —
notably storage in soil moisture and groundwater, snow, and surface water in lakes,
wetlands, and reservoirs, and precipitation, runoff, and evaporative fluxes to and from the
land surface, respectively. These, in turn, are sensitive to climate change.

Water managers have long understood the implications of variability in water sources at
time scales ranging from days, to months and years on the reliability of water resources
systems, and have developed many sophisticated methods to simulate and respond to
such variability in water system design and operation. The distinguishing feature of all
such streamflow synthesis, or stochastic hydrology methods, however, is that they
assume that an observed record of streamflow is statistically stationary — that is, the
probability distribution(s) from which the observations are drawn does not change with
time. As noted by Arnell (2002), Lettenmaier (2003), NRC (1998), and others, in the era
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of climate change this assumption is no longer tenable. The challenge at this point is to
determine reasonable ways of assessing plausible ranges of future conditions for purposes
of hydrologic design and operation. Such assessment is also needed to understand how
changes in the availability and quality of water will affect animals, plants, and
ecosystems.

In this chapter, we first briefly review the current status of U.S. water resources, both in
terms of characteristics of the physical system(s), trends in water use, and observed
space-time variability in the recent past. We then review changes to the natural
hydrologic system (primarily streamflow, but also evapotranspiration and snow water
storage) over recent decades for four regions of the United States (the West, Central,
Northeast, and South and Southeast, each of which is defined as aggregates of USGS
Hydrologic Regions). Finally, we review recent studies, based on climate model
projections archived for the 2007 IPCC report, which project the implications of climate
change for these four major U.S. regions.

4.8 Hydroclimatic variability in the United States

The primary driver of the land surface hydrologic
system is precipitation. Figure 4.1 shows variations in
mean annual precipitation and its variability (expressed
as the coefficient of variation, defined as the standard
deviation divided by the mean) across the continental
U.S. As is well known, the semi-humid conditions of
the eastern U.S. yield to drier conditions to the west,
with the increasing dryness eventually interrupted by
the Rocky Mountains. The driest climates, however, ¢ 300 60 900 1200 1500
exist in the Intermountain West, and the Southwest, " TR T'Zé.l o

which give way as one proceeds west and north to more v ' .
humid conditions on the upslope areas of the Cascade
and Coast mountain ranges, especially in the Pacific
Northwest. The bottom panel of Figure 4.1, which
shows the coefficient of variation of precipitation,
indicates that precipitation variability generally is
lowest in the humid areas, and highest in the arid and
semi-arid West, with a tendency toward lower
variability in the Pacific Northwest, which is more

similar to that of the East than the rest of the West. Figure 4.1 Mean and coefficient of variation of
annual precipitation in the continental U.S. and
Alaska. Data replotted from Maurer et al. (2002).
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Figure 4.2 Mean annual runoff, runoff ratio (annual
mean runoff divided by annual mean precipitation), and
ratio of maximum mean snow accumulation to mean
annual runoff in the continental U.S. and Alaska. Data
replotted from Maurer et al. (2002).

Upper panel replotted from Maurer et al. (2002);
lower panel from Vogel et al. (1998)

Figure 4.2 (upper panel) shows that
runoff patterns, for the most part,
follow those of precipitation. The
runoff ratio (annual runoff divided
by annual precipitation; second
panel in Figure 4.2) generally
decreases from east to west, which
suggests that the decline in runoff
with aridity is sharper than it is for
precipitation. The runoff ratio
increases in headwaters regions of
the mountainous source areas of the
west, and more generally in the
Pacific Northwest. This increase in
runoff ratio with elevation is critical
to the hydrology of the West, where
a large fraction of runoff originates
in a relatively small fraction of the
area — much more so than in the
semi-humid East and Southeast,
where runoff generation is relatively
uniform spatially. The bottom panel
in Figure 4.2 shows the ratio of
maximum annual snow
accumulation to annual runoff, and
can be considered an index to the
relative fraction of runoff that is
derived from snowmelt. This panel
emphasizes the critical roll of snow
processes to the hydrology of the
western U.S., and to a more limited
extent, in the northern tier of states.
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Figure 4.3 shows two key aspects of runoff
variability — the coefficient of variation of annual
runoff, and its persistence in time (the latter
expressed as the lag one correlation coefficient).
The coefficient of variation of annual runoff
generally follows that of precipitation; however, it
is higher for the most part as the hydrologic system
tends to amplify variability (due in part to the fact
that the runoff ratio is less than one-half over most
of the United States). Annual runoff persistence is
—n = generally low, but tends to be higher in the East
w e s s (and generally in more humid areas) than in the
Figure 4.3 Coeficient of varintion of | WeStern U.S. The differences between regions are,
annual runoff (upper panel) and lag however, slight, and Vogel et al. (1998) argue in
one correlation of annual runoff (lower  terms of homogeneity that most of the United States
mﬁg} gfgfr(gggg;rﬁf’,'vztrtepi:{;r?mm can be considered to be a “homogeneous region” in
Vogel et al. (1998) terms of the serial correlation of runoff. It is
nonetheless interesting that there is a general
20  gradient downward in serial correlation of runoff
from east to west, which is not reversed in the generally more humid areas of the
northwest and Pacific Coast regions.

4.8.1 Characteristics of managed water resources in the United States

The water resources of the continental U.S. are heavily managed, mostly by surface water
reservoirs. During the period from about 1930 through 1980, dams were constructed at
most technically feasible locations, with the result that aside from headwater regions, the
flow of most rivers, especially in the western U.S., has been heavily altered by reservoir
management. Figure 4.4 (modified from Graf, 1999) shows the extent of reservoir storage
across the continental U.S. From the standpoint of water management, the lower panel in
Figure 4.4, which shows variations in the ratio of reservoir storage to mean annual flow,
is most relevant. Although the figure scale is in terms of quartiles, the lowest quartile has
storage divided by mean annual runoff ratios in the range 0.25 — 0.36, and the upper
quartiles 2.18-3.83 (see Graf, 1999; Table 4.1). A storage to runoff ratio of one is usually
taken as the division between reservoirs that are primarily used to shape within-year
variations in runoff (small storage to runoff ratios; orange colors in Figure 4.4, lower
panel) and those that are primarily used to smooth interannual variations in runoff (large
storage to runoff ratios; dark blue | Figure 4.4 lower panel). As we will see in subsequent
sections, these differences in storage capacity, coupled with the characteristics of the
hydrologic systems, are critical in defining the sensitivity of water resources to climate
change.



4.8.1.1 U.S. water use and water use trends

The U.S. Geological Survey compiles, at five-year intervals, information about the use of
water in the United States. The most recent publication (USGS 2004) is for the period
through 2000. The update to this publication, through 2005, unfortunately was not
available as of the time of this writing. The data compiled by the USGS are somewhat
limiting in that they are for water withdrawals, rather than consumptive use. The
distinction is important, as one of the largest uses of water is for cooling of thermoelectric
power plants, and much of that water is returned to the streams from which it is

10  withdrawn (use of water for hydroelectric power generation, virtually none of which is

11 consumptively used, is not included in this category). On the other hand, a much higher
12 fraction of the water withdrawn for irrigation is consumptively used.

OO ~NO O W NP

14  Despite these limitations, the two key figures in the 2004 USGS publication, reproduced
15 here as Figure 4.4, are instructive in that they further define the trends noted by Gleick et
16 al. (2000) — U.S. water withdrawals have decreased slightly over the last 20 years in

17  virtually all categories, and appear to have stabilized since about 1985. This is despite

18  substantial population growth during the same period (see Figure 4.4, upper panel).

These changes, which follow a 30-year period of rapid
growth in water withdrawals, have occurred for somewhat
different, but related reasons. Water withdrawals from
many streams are now limited, particularly during periods
of low flow, by environmental regulations. Furthermore,
economic considerations have driven more efficient use of

1 2 3 a water. In the case of irrigation, there has been a transition
StomgeiArea Ratio from flood to sprinkler irrigation, and (albeit in a much

=
B

smaller number of cases) much more efficient drip
irrigation. Irrigation water use has also been affected by
economic considerations, such as the cost of electric power
to pump irrigation water.

Industrial water use efficiency gains have been driven by
pollution control regulations, which encourage reduction of
- wastewater discharge, and hence more recycling.
E‘%ﬁéi (‘J‘h‘t‘iiﬁz{ﬁgsmﬁge Municipal water use reductions have been driven by
unit area (upper pa,;e',)pand improved efficiency of in-house appliances and plumbing
storage/runoff ratio (lower fixtures, as well as trends to higher density housing which
Pﬁ;ﬁ'i?ésco(;'gzsmfﬂg tfi?/;ff’ur reduces use of water for landscape irrigation. Economic
grobabmty distribution. considerations have also had an effect on municipal water
Replotted from Graf (1999). use, especially in municipalities where the cost of
wastewater treatment is linked to water use. The combined
43  result, as shown in Figure 4.5, is that total U.S. water withdrawals have been stable,
44 which implies that per capita water use has declined.

45

1 2
Storage/Runoff Ratio
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One might ask whether continuation of this trend toward reduced per capita water use is
feasible. Comparison of U.S. per capita water use (see Gleick 1996) with that elsewhere
globally shows that U.S. water use is much higher than elsewhere globally, even
comparing with other industrialized parts of the world like Europe. Therefore, it does not
seem unreasonable that this overall trend toward reduced per capita use of water will
continue, at least over the next decade or two.

4.9 Observed changes in U.S. water resources

We review briefly in this section observed trends in U.S. water resources — both physical
aspects, and water quality. In general, much more work has been done evaluating trends
in physical aspects of the land surface hydrologic cycle than for water quality, and more
attention has been focused on the western U.S. than elsewhere. For this reason, we review
studies of physical aspects by region, but water quality in aggregate.

4.9.1 Observed streamflow trends

The most comprehensive study of trends in U.S. streamflow to date is reported by Lins
and Slack (1999; 2005). It follows an earlier study by Lettenmaier et al. (1994) that dealt
also with precipitation and temperature, but in less detail with streamflow. Given that the
Lins and Slack study concentrates more directly on streamflow, and is somewhat more
current, we focus on it. Although the methodologies, record lengths, locations, etc differ
somewhat for the two studies, to the extent that the results can be compared they are
generally consistent.

Lins and Slack (1999) analyzed long-term
streamflow records for a set of 395
stations across the continental U.S. for
which upstream effects of water
management were minimal, and which
had continuous (daily) records for the
period 1944-93 (updated to 435 stations
for the period 1940-99 by Lins and Slack
{ { (2005). For each station, they formed time
I N series of minimum and maximum flows,
as well as flows at the 10", 30™, 50", 70",
S m— =+ and 90" percentiles of the flow duration
B gt ot »curve. They found, consistent with
|8 s e ] Lettenmaier et al. (1994) that there was a

= 1 preponderance of upward trends (many

e 7 =1 more than would be expected due to
wl | 21 chance) in all but the highest flows (see
Figure 4.6), for which the number of
] H &' upward and downward trends was about

em e en e e e e e so ) the same. In addition to the 50-year period

Figure 4.5 Trends in U.S. water withdrawals,

1950-2000. Upper panel: trends in population,

groundwater, and surface water withdrawals.

Lower panel: withdrawals by sector. Figure from 10
Hutson et al., 2004.
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1944-93, similar analyses were conducted for the smaller number of stations having 60,
70, and 80 years of record (all ending in 1993), and the fraction of upward and downward
trends was about the same as for the analysis of the larger number of stations with at least
50 years of record. Lins and Slack (2005) update the analysis to a “standard” 60-year
period, 1940-99, but unlike their earlier paper, do not consider longer periods with
smaller numbers of stations. Neither the 1999 nor the 2005 papers attempt to attribute the
observed trends to climatic warming, although the spatial coherence in the trends suggest
that non-climatic causes (e.g., land cover change), are not likely the cause. However, as
noted in Cohn and Lins (2006), hydroclimatic records by nature reflect long term
persistence associated with climate variability over a range of temporal scales, as well as
low frequency effects associated with land processes, so the mere existence of trends in
and of itself does not necessarily imply a causal link with climate change. Summaries of
the Lins and Slack results are shown in Figure 4.7a-c, which plot the location and
strength (as significance level) of trends at a subset of HCDN stations, with the longest
records (note that in Figure 4.7, green indicates no significant trend at the 0.05
significance level).

17
140 Mauget (2003) used a method based
120 | on running time windows of length six
:;”e‘c’f;s;:-’;;jn‘; to 30 years applied to streamflow
g | records for the 1939-98 period
g oy extracted from the same USGS Hydro-
%l Climatic Data Network as were used
sl by Lins and Slack (1999). The Mauget
et al. (2003) analysis was based only
27 on the 167 stations for which data were
o available for the period 1939-98, and
St ™™™ hence make up a somewhat different
-~ station set than was used by Lins and
Figure 4.6 Number of increasing and decreasing Slack. (It is worth noting that many of
trends in continental U.S. streamflow records for a N .
range of flow quantiles. From Lins and Slack (1999). the stations used in the Mauget et al.

study are likely the same as those used
by Lins and Slack in their 60-year (1934-93) set of 193 stations. It should also be noted
that the Mauget study is based on mean annual flow, and Lins and Slack use percentiles
of the annual flow distribution, including the median). The results of the Mauget et al.
(2003) study are broadly similar to Lins and Slack (1999) to the extent that comparisons
are possible. Mauget finds evidence of high streamflows being more likely toward the
end of the record than the beginning in the eastern U.S., especially in the 1970s, and “a
coherent pattern of high-ranked annual flow ... beginning during the later 1960s and
early 1970s, and ending in either 1997 0 1998.” By contrast, he found a more or less
reverse pattern in the western U.S., with an onset of dry conditions beginning in the
1980s.

11



1 4.9.2 Evaporation trends

2
3 Several studies have been performed to assess changes in evapotranspiration, another
Stgnificance Level % major term in the land surface water
I RENENE WS A No lrend balance. Unfortunately, there are no
- Milmum 75 Median  £4/0 Masimum 7 Becresang e long-term ET observations — methods

FEWA Ry v et ™ e that enable direct measurements, e.g.,
y @ ; ~»- via eddy flux methods, have only
been available for about 20 years, and
are still used more in the realm of
intensive research observations than
long-term. Another source of
evaporation data are records from
evaporation pans, which are generally
located in agricultural areas and have
been used as an index to potential

Significance Level %

Sddddd bhdddd O Nt :
el Lo Mo L5 Nt Deacang Trend evaporation. These records are
T S By [ meamgimd generally longer; a number (several
d b W % . . hundred over the continental U.S.)
n e é Y R % f,\, .
P et a7 g aol® e have record lengths approaching 50
o I8 f-\,;@.%%‘gf . years. Several studies (e.g., Peterson
ey S Ta gl P/ et al. 1995; Golubev et al. 2001) have
ki é’-’-gf & ~ EBRS shown that pan evaporation records
L4 \\g;“\-{k_ 7 over the United States generally had
. A i
YO Ve (T S downward trends over the second half
ANT s ) of the 20" century. This is contrary to

the expectation that a generally
warming climate would increase land

Significance Level %

Shiidd LALEAL ot :
_ N surface evaporation.
“ Minimum : Median +/ - Maximum ./ Decreasing Trend
'}‘a , "-\r‘ -\,.»_.v /. Inereasing I'rend .
3 L Two explanations have been

"_ -~ advanced. The first is the so-called
evaporation paradox (Brutsaert and
Parlange, 1998), which holds that
increasing evaporation alters the
humidity regime surrounding
evaporation pans, causing the air over

(‘ o e e {,r} T the pan to be cooler and more humid.
Vi " T Y .Y = w HPS 1)
:-, This “complementary hypothesis

Figure 4.7. Statistically significant trends in suggests _that trends in Pan and actu_al
streamflow across the continental U.S. At each station evaporation should be in the opposite
location, direction of trend and significance level (if direction. Observational evidence,

statistically significant at less than 0.05 level) are . .
plotted for minimum, median, and maximum of the using U.S. pan evaporatlon data and

annual flows. Upper panel: 393 stations at which data basin-scale actual evaporation,

were available from 1944-93; middle panel: same for inferred by dif‘ferencing annual
1934-93; lower panel: same for 1924-93. Data T £f h
replotted from Lins and Slack (1999). precipitation and runoff, suggests that
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trends in U.S. pan and actual evaporation have in fact been in opposite directions
(Hobbins et al. 2004).

The second hypothesis is that actual ET may also have declined due to reduced net
radiation, resulting from increased cloud cover. This hypothesis is consistent with
observed downward trends in the daily temperature range (daily minimum temperatures
have generally increased over the last 50 years, while daily maxima have increased more
slowly, if at all), and the temperature range is generally related to downward solar
radiation, which would therefore have decreased. Unfortunately, as with actual
evaporation, long-term records of surface solar radiation are virtually nonexistent, so
indirect estimates (such as cloud cover, or daily temperature range) must be relied on.
Roderick and Farquahr (2002) argue that decreasing net solar irradiance resulting from
increased cloud cover and aerosol concentrations is a more likely cause for the observed
changes, and that actual evaporation should generally have decreased, consistent with the
pan evaporation trends.

Brutsaert (2006) argues that “the significance of this negative trend [in pan evaporation],
as regards terrestrial evaporation, is still somewhat controversial, and its implications for
the global hydrologic cycle remain unclear. The controversy stems from the alternative
views that these evaporative changes resulted either from global radiative dimming, or
from the complementary relationship between pan and terrestrial evaporation. Actually,
these factors are not mutually exclusive, but act concurrently. He derives a theoretical
relationship between trends in actual evaporation, net radiation, surface air temperature,
and pan evaporation, and shows that the observed trends are generally consistent,
accounting for the generally observed downward trend in net radiation (“global
dimming,” albeit from sparse observations),

4.9.3 U.S. drought trends

Andreadis and Lettenmaier (2006) investigated trends in droughts in the continental U.S.
using a method that combined long-term observations with a land surface model. Their
approach was to use gridded observations of precipitation and temperature that were
adjusted to have essentially the same decadal variability as the Hydroclimatic Data
Network (HCDN) stations — which have been carefully quality controlled for changes in
observing methods — to force a land surface model, and then used to evaluate trends in
several drought characteristics, in both model-derived soil moisture and runoff. Results
show that the spatial character of trends in the model-derived runoff is in general
consistent with the observed streamflow trends from Lins and Slack (1999). Andreadis
and Lettenmaier also show that, generally, the continental U.S. became wetter over the
period analyzed (1915-2003), which was reflected in trends in soil moisture as well as
drought severity and duration. However, there was some evidence of trends in the
opposite direction (that is, increases) in drought severity and duration in the western and
southwestern U.S., which was interpreted as increased actual evaporation dominating the
trend toward increased soil wetness, which was evident through the rest of the United
States.
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Prior to the instrumental record of roughly 100 years, there is evidence that much more
severe droughts have occurred in North America. For instance, Woodhouse and
Overpeck (1998), using paleo indicators (primarily tree rings) find that many droughts
over the last 2,000 years have eclipsed the major U.S. droughts of the 1930s and 1950s,
with