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ABSTRACT

In this study, the Weather Research and Forecasting (WRF) model is employed as a nested regional climate
model to dynamically downscale output from the National Center for Atmospheric Research’s (NCAR’s)
Community Climate System Model (CCSM) version 3 and the National Centers for Environmental Prediction
(NCEP)-NCAR global reanalysis (NNRP). The latter is used for verification of late-twentieth-century climate
simulations from the WRF.

This analysis finds that the WREF is able to produce precipitation that is more realistic than that from its
driving systems (the CCSM and NNRP). It also diagnoses potential issues with and differences between all of
the simulations completed. Specifically, the magnitude of heavy 6-h average precipitation events, the fre-
quency distribution, and the diurnal cycle of precipitation over the central United States are greatly improved.
Projections from the WREF for late-twenty-first-century precipitation show decreases in average May—-August
(MIJJA) precipitation, but increases in the intensity of both heavy precipitation events and rain in general
when it does fall. A decrease in the number of 6-h periods with rainfall accounts for the overall decrease in
average precipitation. The WRF also shows an increase in the frequency of very heavy to extreme 6-h average
events, but a decrease in the frequency of all events lighter than those over the central United States. Overall,
projections from this study suggest an increase in the frequency of both floods and droughts during the warm

season in the central United States.

1. Introduction

Many of the potential consequences of climate change
on water-related issues are based on predicted changes
in the characteristics of precipitation; yet, on a global scale,
precipitation prediction is still lacking, despite simulated
trends that generally match observed trends in precip-
itation (Dai 2006). Warm-season deep convection is the
main cause of precipitation in many parts of the United
States, yet climate model simulations of warm-season,
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continental convection and associated precipitation do
not compare well with observations. Errors in the distri-
bution, frequency, intensity, and diurnal cycle of simulated
precipitation are common.

Much of the uncertainty involved in predictions of
precipitation under climate change scenarios is rooted in
model resolution and dependence on convective param-
eterization (Duffy et al. 2003; Leung et al. 2003; Liang
et al. 2004b; Sun et al. 2006). Uncertainty compounds in
the simulation of precipitation at regional scales owing to
resolution issues; coarse-resolution climate models have
problems with topography, eddy processes, and subgrid
parameterizations, giving them little predictive ability at
regional scales (Duffy et al. 2003). This creates additional
error that will propagate through to the projection of
precipitation. Unfortunately, higher-resolution models
have problems reproducing regional-scale precipitation
features as well, again due to their dependence on con-
vective parameterization (Liang et al. 2006). Commonly
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noted problems include a failure to represent the noc-
turnal maximum in convection that exists over the U.S.
Great Plains, precipitation that is too early, too frequent,
and too light; and an unrealistic diurnal cycle (Randall
et al. 1991; Garratt et al. 1993; Dai 1999; Lin et al. 2000;
Groisman et al. 2000; Zhang et al. 2003; Davis et al. 2003;
Liang et al. 2004b).

In the central United States, convective schemes have
problems with the main mode of convection, but at
coarse resolutions, the necessary mesoscale processes
that produce favorable conditions for mesoscale convec-
tive systems (MCSs) may not be captured as well. That is,
processes that converge moisture into the central United
States produce a low-level jet and, then, convert that
converged moisture into precipitation near the northern
terminus of the low-level jet (LLJ) must be simulated
(Augustine and Caracena 1994).

Nested regional modeling allows for higher-resolution
orography, land-sea contrasts, land surface character-
istics, and for the regional model to develop local and
mesoscale flows (depending on its resolution) that can
then interact with the large-scale circulation induced by
the initial and boundary condition sources. It also al-
lows regional climate features and extreme events to be
more realistically simulated and has been shown to pro-
duce results that are more accurate than those from the
driving GCM or reanalysis (Takle et al. 1999; Pan et al.
2001; Liang et al. 2001; Anderson et al. 2003; Leung
et al. 2003; Liang et al. 2004a; Fowler et al. 2005; Frei
et al. 2006; Liang et al. 2006; Salathé et al. 2008; Leung
and Qian 2009).

This study aims to circumvent some of the issues in-
volved in simulating warm-season precipitation in the
United States in global climate models by using the
Weather Research and Forecasting (WRF) model as a
nested regional climate model (RCM). Because the use of
the WRF for dynamic downscaling is not as well docu-
mented as the use of other regional models, there is much
that still needs to be explored with regard to its ability
to simulate regional climate. Thus, its ability to realisti-
cally simulate warm-season precipitation over the United
States is presented in section 3. As with the other sections,
section 3 will focus on the central United States, where
the simulation of warm-season precipitation is particu-
larly challenging, as discussed above.

Projections from the WRF are given in section 4. The last
parts of sections 3 and 4 contain a more in-depth expla-
nation of the simulations presented. The latter is included
because a more detailed projection does not automati-
cally justify increased confidence in that simulation. Ex-
amining some of the underlying processes responsible
for the projected changes and differences between the
model simulations in the present helps quantify part of
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the uncertainty involved in climate simulation and pro-
jection. The final section provides a summary and final
discussion of the results presented.

2. Methods

Version 3.0.1 of the Advanced Research version of the
WRF (ARW) was used in this study. Simulations were
produced with a 30-km horizontal-resolution domain
nested inside of a larger 90-km horizontal-resolution
domain with 28 vertical levels. For all simulations, the
WRF was initialized on 23 April of each simulated year
and run through 31 August. Feedback between the nest
and its parent domain is off (i.e., one-way nesting is used).
There are many options available in the WREF, and nu-
merous combinations were tested to find an optimal setup
for this particular study. Part of this process is docu-
mented in Bukovsky and Karoly (2009), as varying WRF
options had, in some cases, large and unexpected impacts
on the simulations. The physical parameterizations cho-
sen for use in this case are the following:

o a Kain-Fritsch convective parameterization scheme
(KF CPS; Kain and Fritsch 1992; Kain 2004),

e WREF single-moment five-class microphysics (Hong
et al. 2004),

e the Community Atmosphere Model 3.0 (CAM) long-
and shortwave radiation package (Kiehl et al. 1998,
Collins 2001, Collins et al. 2002),

e the Monin—Obukhov surface layer scheme (Skamarock
et al. 2005),

o the Noah land surface model (Ek et al. 2003), and

o the Yonsei University (YSU) planetary boundary layer
scheme (Hong et al. 2006).

Initial and boundary conditions were derived from two
sources. To start, the first version of the NCEP-NCAR
global reanalysis project (NNRP; Kalnay et al.1996) was
used in order to facilitate a direct comparison with reality
from 1990 to 1999. The NNRP has a horizontal resolu-
tion of 2.5° with 17 pressure levels (excluding the surface)
and is available in 6-h increments. This combination
of the WRF and NNRP is hereafter referred to as the
WRF-NNRP.

Initial and boundary conditions were also derived from
CCSM 3.0 runs b030.030e and b030.042¢, from 1990 to
1999 and 2090 to 2099, respectively, produced in support
of the Intergovernmental Panel on Climate Change’s
(IPCC) Fourth Assessment Report (AR4), the combi-
nation of which is referred to hereafter as WRF-CCSM.
Simulation b030.030e used the Special Report on Emis-
sions Scenario (SRES; Nakicenovic et al. 2000) climate of
the twentieth-century (20C3M) emissions scenario, while
b030.042¢ used the high-level A2 emissions scenario. For
reference, a time series of average 2-m temperature for
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FIG. 1. MJJA average 2-m temperature from the CCSM for the
region shown in Fig. 2d from 1900 to 1999 using the 20C3M emis-
sion scenario and from 2000 to 2099 from the A2 emission scenario.
The two decades utilized in this study are emphasized in black.

May-August from the CCSM 3.0 over the 90-km WRF
domain region is shown in Fig. 1. The CCSM 3.0 has a tri-
angular spectral truncation at T85 (approximately 1.4°)
and 26 sigma-hybrid vertical layers (Collins et al. 2006).

Significance testing

Some of the differences presented in this paper are
tested for statistical significance. Due to the limited num-
ber of years simulated in each century and the unknown
distribution of some of the variables to be tested, boot-
strapping with bias correction and acceleration was used
to estimate confidence intervals following von Storch
and Zwiers (1999) and Efron and Tibshirani (1993). In
every application of this method, the same number of
seasons from the present and the future were pooled
as if drawn from the same distribution [10 May—August
(MJJA) seasons from both the 1990s and the 2090s].
From this pool, two lots of x number of cases were ran-
domly selected (where x is the number of seasons used
from a given decade in the pooling), with replacement,
and the difference between the two randomly sampled
lots was estimated. Monte Carlo simulation was used to
generate 1000 bootstrap samples of each difference be-
tween the present and the future in this manner, giving a
distribution from which the lower- and upper-tail critical
values were estimated (0.05 and 0.95, respectively) and
then corrected.

3. Evaluation of present climate
a. Average precipitation

Figure 2 shows average MJJA precipitation from the
North American Regional Reanalysis (NARR), NNRP,
CCSM, WRF-NNRP, and WRF-CCSM. The NARR data
used in Fig. 2a have a horizontal resolution of 32 km (close
to the resolution of the inner WRF nest), and the average
warm-season precipitation in the NARR and its diurnal
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cycle over the continental United States are superior to
those found in other widely used reanalyses and are com-
parable to those in the Climate Prediction Center’s hourly,
observationally based precipitation dataset, and other
observation-based precipitation estimates (Bukovsky
and Karoly 2007; Higgins et al. 1996; Ruane 2010). It does
have some problems over oceans, islands, and at country
boundaries, but is conveniently gridded and is available
for the 1990-99 period used in this study, facilitating an
easy comparison with the simulations.

The average precipitation from the WRF-NNRP in
Figs. 2c and 2d is not perfect, but as shown in Bukovsky
and Karoly (2009), it agrees better with the NARR than
does the NNRP precipitation, the source of the initial
and boundary conditions for this simulation. There is a
slight low bias toward average precipitation in the south-
central United States, and a high bias in the northeast, but
it does capture both the maximum in the southeast and
also the Great Plains. In contrast to the plethora of pre-
cipitation over the Southeast in the NNRP (Fig. 2b) and
the lack of the secondary plains maximum, the WRF-
NNRP simulated precipitation is a definite improvement.

Given the differences in the initial and boundary con-
ditions, the average precipitation from the WRF-CCSM
in Figs. 2f and 2g for the 1990s was not expected to exactly
match that from the WRF-NNRP, but as shown, it does
exhibit some of the same basic characteristics that mark
average warm-season precipitation in the United States.
There is a dry bias in the WRF-CCSM compared to the
WRF-NNRP, especially throughout the central part of
the United States, but it does produce a relative max-
imum in the Great Plains/Midwest region, unlike the
CCSM (Figs. 2e—g). As illustrated in Fig. 2e, the CCSM
does not produce this maximum and, instead, produces
too much precipitation in the southern and high plains
that is possibly orographic in nature.

A few simple comparison metrics for the differences
in average precipitation in Fig. 2 are described in Table 1
for the 90-km domain over U.S. land only, and the 30-km
domain for the central U.S. region (defined by the box in
Fig. 2d). To facilitate this comparison, all values were
interpolated onto an intermediate, matching, 1° X 1°
latitude—longitude grid. Overall, these metrics confirm
the improvement in the magnitude of the average pre-
cipitation in the WRF-NNRP versus the NNRP and the
dry bias in the WRF-CCSM. The Pearson correlation of
the spatial pattern (which is insensitive to the bias) in-
dicates that the WRF-CCSM does provide a significantly
better pattern of precipitation over the central United
States than does the CCSM 3.0, and both WRF simula-
tions correlate better with the NARR than with their
driver in this region. The lower value of this correlation
between the NARR and the WRF-NNRP, versus the
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FIG. 2. MJJA average precipitation (mm day ') for 1990-99 from (a) NARR, (b) NNRP, (c) WRF-NNRP (90-km parent domain), (d)
WRF-NNRP (30-km nest), (¢) CCSM, (f) WRF-CCSM (90-km parent domain), and (g) WRF-CCSM (30-km nest).

NARR and the NNRP, are likely due to the northward
displacement of the Great Plains maximum in the WRF-
NNRP, which would reverse the precipitation gradient
in the northern half of the central U.S. region and de-
crease its pattern correlation. Values of RMSEs in Table 1
are clearly lower between both WRF simulations and the
NARR, than between the NARR and the drivers in the
central United States.

b. Precipitation diurnal cycle and extremes

Many reanalyses, climate models, and mesoscale fore-
cast models have difficulties capturing the diurnal cycle of
precipitation, especially in the Great Plains during the
warm season (e.g., Davis et al. 2003; Bechtold et al. 2004;
Bukovsky and Karoly 2007). As illustrated in Fig. 3, both
30-km WREF simulations capture the timing and the lon-
gitudinally bounded corridor of warm-season precipita-
tion in the central United States in a much more realistic
manner than either the NNRP or the CCSM. The precip-
itation in the 90-km WRF simulations suffers from prob-
lems similar to those in the NNRP and the CCSM: there
is no eastward propagation from late afternoon through
evening shown at the coarser resolution. Even with a
30-km horizontal resolution, it is not expected that this

occurs for the “right” reason. However, it does indicate
that heavier precipitation events are occurring and not
only at the time of maximum solar heating for the day;
thus, there must be other mechanisms in play that the
WREF and its CPS are picking up on to produce pre-
cipitation in the late afternoon, evening, and overnight
in the Great Plains.”

One of the greatest benefits to using the WRF as an
RCM, in terms of the simulated precipitation, emerges
in the frequency distribution of precipitation rates. As
mentioned in the introduction, climate models generally
produce too much light precipitation and too little heavy
precipitation. As shown in Fig. 4, dynamically down-
scaling the CCSM greatly improves the distribution of

! Convective systems would not be realistically structured MCSs
at either 30- or 90-km resolution, after all. In this case, they more
closely resemble the convective “blobs” of forecasting models that
were previously run near this resolution.

% To complement this discussion, MJJA precipitation animations
from 1991 WRF-NNRP and WRF-CCSM 30-km simulations have
been included as supplemental online material at the Journals
Online Web site (http://dx.doi.org/10.1175/2010JCLI3447.s1). The
features and differences presented in the text are apparent in the
animations of this one arbitrarily chosen season.
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TABLE 1. Comparisons between the NARR, the WRF simulations, and their drivers using area averages, pattern correlations, and RMSEs.
To facilitate this comparison, all sets of data were interpolated to an intermediate 1° X 1° latitude-longitude grid.

Area average

Region difference Pattern
Set 1 Set 2 (WRF domain) (Setl - Set2) corr RMSE
2-m temp (K) NARR NNRP U.S. land (90 km) 1.14 092 214
NARR  WRF-NNRP -1.39 0.92 243
NNRP WRF-NNRP —2.53 0.95 3.04
NARR CCSM -0.25 0.88 225
NARR  WRF-CCSM -1.67 0.90 2.74
CCSM  WRF-CCSM —1.42 0.95 2.16
NARR NNRP CUS (30 km) 1.07 0.96 1.38
NARR  WRF-NNRP —2.54 0.96 2.94
NNRP WRF-NNRP -3.61 0.96 3.90
NARR CCSM -0.74 0.89 1.89
NARR  WRF-CCSM —2.63 0.94 3.11
CCSM  WRF-CCSM —1.88 0.92 2.63
Precipitation rate (mm day ") NARR NNRP U.S. land (90 km) —1.06 0.82 1.85
NARR  WRF-NNRP —0.48 0.54 1.04
NNRP WRF-NNRP 0.58 0.53 2.27
NARR CCSM 0.27 0.77 0.81
NARR  WRF-CCSM 0.46 0.74 0.94
CCSM  WRF-CCSM 0.19 0.70 0.86
NARR NNRP CUS (30 km) -1.16 0.62 1.91
NARR  WRF-NNRP 0.27 0.45 0.86
NNRP WRF-NNRP 1.43 0.28 231
NARR CCSM 0.54 0.26 0.98
NARR  WRF-CCSM 0.58 0.69 0.83
CCSM  WRF-CCSM 0.04 -0.02 0.96
850-hPa specific humidity (g kg 1) NARR NNRP CUS (30 km) 0.13 0.93 0.46
NARR  WRF-NNRP 0.91 0.69 1.28
NNRP WRF-NNRP 0.78 0.57 1.24
NARR CCSM 2.74 0.77 2.85
NARR  WRF-CCSM 2.00 0.83 212
CCSM WRF-CCSM —0.74 0.65 1.08
850-hPa north-south wind component (ms~') NARR  NNRP CUSLLJ (30 km) -0.07 0.97 0.48
NARR  WRF-NNRP 0.48 0.92 1.19
NNRP WRF-NNRP 0.56 0.94 1.11
NARR CCSM —0.07 0.89 1.08
NARR  WRF-CCSM -1.33 0.90 212
CCSM WRF-CCSM —-0.93 0.96 1.42

CUS = central United States, a region shown in Fig. 2d.

precipitation. There is now a more realistic tail of
heavy precipitation rates and fewer light precipitation
events [at both 30 km (Fig. 4c) and 90 km (not shown)].
Furthermore, the majority of the precipitation is pro-
duced by the convective parameterization and is not
large scale in nature (Fig. 4d). The WRF-CCSM for this
region may contain more extreme precipitation rates than
the NARR, but the NARR may not contain a good rep-
resentation of these extreme events either since they may

also be constrained by the modeling system used to pro-
duce the NARR and, specifically, its CPS. Unfortunately,
there is no better way to verify this distribution.
Similarly, the simulations from the WRF-CCSM also
improve the magnitude of heavy precipitation rates as well
as the proportion of precipitation they are responsible for
in the central United States, as illustrated in Fig. 5 for 99th
percentile events. This can also be said for other extreme
percentile values. Given that the values calculated in Fig. 5
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F1G. 3. Hovmoller diagrams of the 1990-99 MJJA average of the precipitation rate for the central United States (the region outlined in
Fig. 2d), for the 6-hourly times shown. The contour interval and values used in (c) (the NNRP) are twice those in the other panels; they
range from 3.2 to 8.0 by 0.4 mm day ™! instead of 1.6 to 4.0 by 0.2 mm day ™ '. The time axis has been repeated twice for ease of com-
parison given the nocturnal nature of the precipitation in this region. Note that because of the different map projections and original grid
structure of the data, the regions over which the averages are completed may vary slightly, and the x axes in the center and right column
panels are in kilometers instead of degrees of longitude. The Climate Prediction Center (CPC) gauge-based analysis, though at a coarse
2.5°resolution, has been included in this comparison because the corridor of nocturnal precipitation in the NARR is too broad compared

to other observations.

used only precipitation rates above a trace, the 99th per-
centile is equivalent to a return period of approximately
one 6-hourly event at the rate shown per year per grid
point. As expected, the 99th percentile values of precip-
itation in the CCSM are approximately half those from the
NARR and the WRF-CCSM (note the difference in scale
between Figs. 5d and 5a—). However, the axis of greatest
magnitude between the NARR and the WRF-CCSM is
different, and is suggestive of cold-frontal forcing for
most of the events that produce these values in the WRF-
CCSM. A similar improvement over the CCSM is also
seen in the proportion of precipitation from heavy events,
even though this particular metric would not necessarily
be subject to the same bias.

¢. Near-surface temperature

Using the WRF as an RCM allows for much more de-
tail in the spatial distribution of near-surface temperature.
This, of course, improves regions of cooler average tem-
perature at higher elevations. Despite this, the WRF does

inherit and modify bias from its drivers, and this is ap-
parent in near-surface temperature. This is illustrated in
Fig. 6 and through Table 1 for 2-m temperature. The bias
added by the WREF is particularly visible in the Great
Plains, where temperatures run up to about 5° warmer
than the driving system in the southern plains (with the
greatest bias over Oklahoma or the Texas Panhandle,
depending on which driver is considered). Over the
central United States, the WRF-NNRP is about 3.6°
warmer than the NNRP and the WRF-CCSM is about
1.9° warmer than the CCSM 3.0 on average (see Table 1).
This warm bias could be rooted in the model setup or
any number of feedbacks. For instance, the dry bias
in the plains, particularly the southern plains, could
be contributing to the temperature bias via a positive
radiative feedback from insufficient cloud cover related to
the insubstantial precipitation in this region. Further di-
agnostics related to the differences between the WRF
simulations and observations are discussed in the next
subsection, starting again with precipitation.
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FIG. 4. The 1990-1999 MIJJA frequency distribution for 6-h average precipitation rates (mm day ') from (a)
NARR, (b) CCSM, (c) WRF-CCSM (30-km nest) for the central U.S. region shown in Fig. 2d. (d) As in (c), but for
the convective precipitation rate (PRC). The number under a given bar is the starting point value for that bin.
Frequency is shown as the percent of 6-h periods with an average rate that falls into a given bin from all possible 6-h
periods and grid points in the given region. Thick black lines included in (a) and (c) indicate the value that the
distributions would have in a given bin if the included number of grid points was limited to the number available in
the CCSM 3.0 (points nearest those in the CCSM 3.0 were used).

d. Twentieth-century differences discussed

As expected, the WRF driven by the NNRP is different
from that using the CCSM. Although warm-season
precipitation simulated by the WRF-CCSM is more re-
alistic than that from the CCSM in many ways, the mag-
nitude of the average MJJA precipitation is low. The
WRF-CCSM is much drier than the WRF-NNRP over
most large bodies of water and the western United States
(though the latter is not particularly apparent in Fig. 2 since
the west does not receive much warm-season rainfall).
Over land east of the continental divide, the differences are
generally smaller and less significant. However, the region

that is particularly noteworthy in this domain is the northern
plains, where the WRF-CCSM is significantly drier than the
WREF-NNRP. This is reflected in the weak magnitude of the
secondary maximum in Figs. 2f and 2g.

Given the identical model setup, these differences are
clearly due to differences in initial and boundary conditions.
It was found that the CCSM and the WRF-CCSM are
deficient in low-to-midlevel moisture through most of the
domain. For the central United States, this is clearly seen
in the differences in average 850-hPa specific humidity in
Table 1. The lack of atmospheric moisture likely plays
a substantial role in the lower-than-average precipita-
tion simulated by the WRF-CCSM. Inadequate low-level
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and (f) WRF-CCSM (90-km domain), with contours every 4°. (d) The (f) — (e) difference, with contours every 1° positive values are
stippled, and shading indicates that the difference is statistically significant at the 10% level.

moisture also implies lower CAPE, which in turn would
suggest less convective activity.

There are also issues related to the strength and di-
rection of the LLJ in the WRF. However, the northward
flow from the Gulf of Mexico in the WRF-CCSM is
stronger than that in the WRF-NNRP (see Table 1,
CUSLLY statistics, for the central U.S. region expanded
southward to 25°N.), likely aiding its improvement over
the CCSM in the magnitude of average 850-hPa specific
humidity in the central United States. Nonetheless, both
versions of the WRF simulate an LLJ that weakens and
curves off to the east before reaching the full magnitude
of its northward extent.? This tendency is stronger in the
WRF-NNRP, leading to the weak area-average 850-hPa
north-south wind component evident in Table 1.

The average precipitation values over the Southeast,
Gulf of Mexico, Caribbean, and part of the Atlantic are
also insufficient in the WRF-CCSM. Once again, the lack
of low-level moisture in the WRF-CCSM likely facilitates
this deficiency. While also influencing the moisture trans-
port into the Great Plains, here, cool SSTs inherited from
the CCSM probably have an influence as well. Figure 6d
illustrates that the WRF simulations of near-surface tem-
perature are similar, except over water. Through the At-
lantic and Gulf of Mexico, the WRF-CCSM is too cool,
and off of the Pacific Coast and the NE coast, there are
areas that are 2°- 6° warmer than in the WRF-NNRP.*
These differences in temperature over water are the result
of well-known biases in the CCSM-simulated SST's, which

3 This, in turn, may contribute to the excessive rainfall in the northeast
as more moisture is transported out of the central United States.
4 This could also be contributing to the wet bias in the Northeast.

are inherited in the WRF-CCSM as a lower boundary
condition. Collins et al. (2006) show that on an annual
average basis, CCSM SSTs in the Gulf are 0.5-2 K too
cold, and up to 3 K too cold in the Caribbean, compared
to observations. Collins et al. also discuss some of the
related impacts this has on the atmosphere. As the NNRP
system takes into account observed SSTs (Kalnay et al.
1996), the WRF-NNRP SSTs are likely to be a reasonable
representation of actual SSTs, as they are updated every
6 h in the WRF from the NNRP.

Both WREF simulations also contain a dry bias in the
southern plains that extends to the Texas—Louisiana Gulf
Coast. This bias is similar to one seen in Diffenbaugh
et al. (2006), using the third-generation Regional Climate
Model (RegCM3) driven by the NNRP or the Commu-
nity Atmosphere Model, version 3 (CAM3), though it is
not necessarily caused by the same processes. While the
WRF-CCSM is lacking in low-level moisture, the WRF-
NNRP is not; thus, this does not explain the lack of pre-
cipitation in this case. However, both WRF simulations
are warmer than the NNRP suggests they should be in the
south-central plains at the surface and at 850 hPa. The
WRF-NNRP also generates a stronger anticyclonic cir-
culation aloft over the southern plains than the NNRP.
The same is true in the WRF-CCSM. The increased sub-
sidence in this region, combined with the warmer low-
level temperatures, would act to inhibit convection in this
region, explaining the deficiency in precipitation here.

Additionally, the warm and dry bias may be exac-
erbated through interactions with the land surface. In
the WRF-NNRP, soil moisture decreases more quickly
through the MJJA season than it does in the NNRP, for
example. Over the 30-km domain, the fractional water
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F1G. 7. The NNRP —WRF-NNRP difference for 1990-99 MJJA
average 300-hPa U (shaded contours, negative contours dashed) and
V wind components (contours only, every 2.5 kt, negative dashed).

content of the 0-10-cm soil layer decreases by 1.9%
month ! in the WRF-NNRP, while it decreases by 0.8%
month ! in the NNRP, on average. This could be due to
the low bias in precipitation, but through land—atmosphere
feedback mechanisms, it could also be contributing to the
warm and dry bias.

However, the low bias in precipitation and the related
model biases in temperature and pressure may be due to
more than just errors in the representation of various
physical processes in the WRF. As shown in Fig. 7, there
appears to be a bias in the large-scale wave pattern be-
tween the NNRP and the WRF-NNRP. At most levels,
this manifests itself as the excessive ridging near the
center of the domain mentioned previously. It is possible
that this bias is due to the accumulation of errors at the
boundaries, especially the eastern exit boundary, and
then the propagation of those errors back into the domain.
This would not likely be a problem with short-term sim-
ulations, or if the simulations were initialized more fre-
quently, but this large-scale bias does grow over time in the
WREF and is clearly visible at the end of each 4-month
simulation period. This problem is similar to one described
by Miguez-Macho et al. (2005) in their month-long simu-
lations using the Regional Atmospheric Modeling System
(RAMYS) forced by the NNRP.

There is no easy solution to this problem; thus, it re-
mains unresolved in these experiments.’ However, it is
most likely similar and internally consistent between the

> Applying some form of internal nudging may alleviate this
problem, but could also have an undesirable impact on pre-
cipitation extremes (Alexandru et al. 2009). Variable resolution
global models, such as OLAM (Walko and Avissar 2008), are also
intended to reduce this problem.
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twentieth- and twenty-first-century simulations. That is,
while there are biases likely caused by this problem, they are
contained in all of the WRF simulations, present and future.

4. Regional climate projections

Since it was demonstrated that the WRF is an effective
tool for dynamically downscaling CCSM output from the
twentieth century in order to obtain a better represen-
tation of precipitation, it was used to produce regional
simulations of the later part of the twenty-first century.
This section presents differences between the 1990s and
the 2090s.

a. Temperature

The difference in 2-m temperature between these
periods from the WRF-CCSM and the CCSM is shown in
Fig. 8. At no point in either the 90- or the 30-km domains
does either the WRF-CCSM or the CCSM simulations
show average cooling for the MJJ A season. Both indicate
an increase in average 2-m temperature of over 4 K for
nearly the entire continental United States. This warming
was found to be statistically significant at the 10% level at
every grid point in both models and domains.

b. Precipitation

The WRF-CCSM projects a decrease in mean MJJA
precipitation between the 1990s and the 2090s, as indi-
cated in Figs. 9a and 9b. While there is a decrease of 10%
or greater over most of the continental United States, this
difference is only statistically significant (at the 10% level)
in certain regions; specifically, in the southeast, along the
Gulf Coast into eastern Texas, and in parts of the central
plains, certain Rocky Mountain states, and along the West
Coast. This decrease in average precipitation over most of
the continental United States for the summertime is
consistent with projections from most climate models run
in support of the IPCC AR4 (Christensen et al. 2007a);
however, it is not consistent with the change in average
MIJJA precipitation in the CCSM between these two de-
cades (Fig. 9c). The CCSM projects an increase of over
10% in mean MJJA precipitation in almost all continental
regions of the United States except the northwest and
Gulf Coast. Where the CCSM projects increases in aver-
age precipitation through the Southwest and Great Plains,
the WRF-CCSM does produce less of a decrease or only a
very slight increase. It is still interesting, however, that
given the initial and boundary conditions from the CCSM,
the WRF indicates a much drier summertime climate than
its parent model for the future.

The decrease in mean MJJA precipitation in both
domains is not accompanied by a decrease in the entire
distribution of precipitation. It is mainly caused by
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FiG. 8. Difference between the 2090-99 and 1990-99 MIJJA average 2-m temperatures from (a) CCSM
3.0 and (b) WRF-CCSM (90-km domain). Gray-shaded areas indicate that the difference is significant at the

10% level.

a decrease in the occurrence of the light to moderate, but
most frequent, rainfall events. This is illustrated for the
central United States in Fig. 10. The change in the distri-
bution of precipitation rates also indicates an increase in
the much less frequent, but most intense precipitation
events. For example, in Fig. 10a, we see that increases in
frequency are statistically significant at the 10% level
starting in the 264-284 mm day ' bin. Occurrences of 6-
h average precipitation rates in this bin anywhere in the
central United States increase by about 55% between
the 1990s and the 2090s. However, in this region, the
shift to more frequent extreme precipitation rates is
obviously not enough to compensate for the decrease in
lighter rates, resulting in the overall decrease in average
precipitation.

The convective component of the precipitation distri-
bution is included as Fig. 10b. It is clear that the changes
in the distribution projected for the future are manifested
mainly through convective precipitation, but not com-
pletely. The shift to increasing frequencies occurs at a
much lower rate in the convective-only component, in-
dicating that the resolved component does have an im-
portant influence on the overall projected frequency of
total precipitation here. The differences between the
total and convective precipitation distributions suggest
a decrease in the frequency of the resolved precipitation
component throughout most of the distribution.

There is also a slight overall increase projected in
the magnitude of intense precipitation over the central
United States. The average 99th percentile value for the
30-km domain in the central United States increases
from 88.1 mm day ' in the 1990s to 94.41 mm day ' in
the 2090s, an increase of 7.21%. For more common, yet
still heavy, precipitation events, the WRF-CCSM also
shows slight increases in magnitude in the central United
States. The regional average increase in the 90th percen-
tile 6-h average precipitation rate is 1.11% in the central
United States using the 30-km nest simulations. For less
common events, the increase in magnitude is greater. The

upper 0.3th percentile is projected to increase by 14.3%
and the upper 0.1 percentile by 20.8% (defined as very
heavy and extreme, respectively, by Groisman et al. (2005),
who also defined the upper 10th percentile as heavy).

Using the entire distribution of 6-hourly average rates
from every point in the central United States (i.e., those
used in Fig. 10a and excluding values less than a trace), we
can more easily illustrate that although the magnitude of
heavy to very heavy events might increase, the frequency
of those events may still decrease. This is the case for
the 90th percentile value as well as the 99th percentile
value. The latter, for example, increases from 94.8 to
103.0 mm day ', but these values are located in a part of
the distribution that exhibits a decrease in frequency of
about 25%. Ultimately, it is only the very heavy to extreme
events that increase in both magnitude and frequency. The
99.7th percentile value increases in magnitude from 149
to 178 mm dayfl, and this is the point in the distribution
where values begin to show an increase in frequency. The
99.9th percentile value increases in magnitude from 208 to
258 mm day ', or 24.1%, and spans bins that exhibit clear
increases in frequency.

Thus, even though there are increases in the magnitude
of heavy precipitation rates, there is no increase in the
frequency of those events until they reach a rate that might
be defined as very heavy. Either way, these are events that
are more likely to be disruptive and have a greater impact.

Another, more simplistic way to look at what happens
to precipitation in the future is to examine the change in the
number of wet and dry periods (or the number of periods
contributing to the total precipitation for a given time span,
or not), the number of consecutive wet and dry periods,
and the average intensity of precipitation when it does
rain (Frich et al. 2002; Sun et al. 2006). Both are usually
calculated from daily precipitation data, and the latter
are known as the simple daily intensity index (SDII): the
total precipitation from wet days over a period of time
divided by the number of wet days in that period [where
wet days are defined as having precipitation greater than
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A) WRF-CCSM (90-km)

FIG. 9. Percent difference between 2090-99 and 1990-99 MJJA
average precipitation results from (a) WRF-CCSM (90-km domain),
(b) WRF-CCSM (30-km nest), and (¢) CCSM (20% contour interval;
positive areas stippled, negative contours dashed). Gray-shaded
areas indicate that the difference is significant at the 10% level.

1 mm day'; Frich et al. (2002)]. Here, these metrics
are applied to 6-h-average precipitation rates to better
understand the changes in the frequency and intensity
of precipitation seen above. Wet periods are defined at
every grid point as 6-h rates greater than a trace (pre-
viously defined at 0.25 mm day ); all others are defined
as dry periods.

In the 30-km WRF-CCSM simulation over the central
U.S. region, there is a decrease in MJJA average pre-
cipitation, as illustrated in Fig. 9. The total percent decrease
in this region is approximately 18.2%. As summarized in
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Table 2, between the 1990s and 2090s, the number of wet
periods (NW6) decreases by 22.7% while the number
dry periods (ND6) increases by 5.8%. The simple in-
tensity index for 6-h periods (S61II) increases by approx-
imately 6.2%. This indicates that periods of rain are fewer
and farther between, but that when it does rain, it is more
intense. The slight increase in intensity when it does
precipitate is not enough to compensate for the decrease
in the number of rain periods, leading to an overall de-
crease in average precipitation for the region.

The increase in the number of dry periods and the
decrease in the number of wet periods also suggest an
increase in the number of consecutive dry periods and/or
dry days. Accordingly, there is a 23.7% increase in the
average number of consecutive dry 6-h periods (CD6
avg), and a 9.5% decrease in the average number of
consecutive wet 6-h periods (CW6 avg). The increases
and decreases in consecutive dry and wet periods are
even more pronounced at more extreme lengths, as in-
dicated in Table 2 for 99th percentile events (CD6 99th
and CW6 99th). In short, dry spells are projected to
be around 32.7% longer and wet spells to be 12.5%
shorter. Therefore, the overall results from the WREF-
CCSM suggest for the central United States an increase
in the frequency of droughts and floods, associated with
longer dry spells and the increased frequency of heavy
precipitation.

A similar analysis can be completed for the CCSM
and is included in Table 2. In the central United States,
the CCSM simulates an increase in average precipitation
of about 15%. The direction of change in the number of
wet and dry periods is the same as in the WRF-CCSM, but
lesser in magnitude, at —2.3% and +0.7%, respectively.
However, combined with an increase in S6II of about
17.9%, it may be raining slightly less often, but the in-
crease in the intensity of precipitation when it does rain is
enough to compensate for this, leading to an overall in-
crease in precipitation between the 1990s and the 2090s in
MIJJA. Changes in the number of consecutive dry and wet
days are much smaller than those projected by the WRF-
CCSM for this region, at 6.2% and 1.5%, respectively.
Changes in the 99th percentile CD6 and CW6 are, as ex-
pected, larger, but do not necessarily agree in sign with the
projections from the WRF-CCSM. The CCSM instead
projects that when there are wet spells of extreme length
that they will be longer, with the same applying to dry
spells, as shown in Table 2.

LimITs

In theory, the changes projected for the magnitude of
heavy to extreme precipitation events during the cen-
tral U.S. warm season may be constrained. Following
the Clausius—Clapeyron relationship, for every degree of
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FIG. 10. Percent difference between the 2090-99 and 1990-99 MJJ A (left) 6-h average precipitation rate and (right)
convective precipitation rate frequency distribution from the WRF-CCSM 30-km nest for the central United States.
Hatching indicates that the difference is significant at the 10% level.

temperature rise, the saturated vapor pressure rises by
6.5% [for a global mean temperature of 14.2°C; Boer
(1993)]. This presents an approximate upper bound on
changes in the uppermost quantile of precipitation globally,
though exceeding it would be possible with positive
feedbacks, such as those that might occur with latent
heating. For the central United States, with a 5.3-K in-
crease in average projected temperature, the magnitude
of increases in precipitation would be limited to ap-
proximately 34.5%. Given the results presented in Fig.
11, projections from the WRF-CCSM for intense pre-
cipitation in this region do appear to be constrained by
the global Clausius—Clapeyron-derived limit.

c¢. Understanding the WRF projections

As with temperature, the results from the WRF-CCSM
for MJJA average precipitation are consistent with those
from the TPCC AR4 (Christensen et al. 2007a, section
11.5.3.2, Fig. 11.12), in that there is an average decrease
over most of the country. As mentioned, however, this
result is not consistent with that from the CCSM. This is
not the first study to show a change in an average quantity
from a regional model that is in a direction opposition to
that from the parent GCM. Han and Roads (2004) and
Pan et al. (2004) both encountered this in simulations
over the United States using different RCMs (and forcing
GCMs) in precipitation or temperature, respectively, and
both show increased skill in the regional model over that
from the driving global model or reanalysis. However,
understanding these differences is important.

The decrease in average precipitation rate projected
by the WRF-CCSM occurs despite an increase in average

mixing ratio and vertically integrated moisture content
(not shown) in both the CCSM and the WRF-CCSM.
Discrepancies similar to those seen in the precipitation
projection occur in evaporation rate and precipitation
minus evaporation (P-E) though. To demonstrate why
this could occur, the central United States was examined
in more detail.

For the central U.S. region, the CCSM shows an ap-
proximately 14.3% increase in average precipitation rate,
a 13.9% increase in average evaporation rate, and an
increase in P-E from —0.090 to —0.071 mm day~'.° The
WRF-CCSM, on the other hand, shows a decrease in
average precipitation rate of about 19.5%, a decrease in
evaporation rate of 10.0%, and a decrease in P-E from
—0.211 to —0.388 mm day~'.” The area of significant
decrease (increase) in the central plains in precipitation
and evaporation in the WRF-CCSM (CCSM) is located
near the northern terminus of the southerly LLJ at

® The P-E in the CCSM is positive over almost all of the central
U.S. region. It is slightly negative in the quoted regional average
because P-E over the Great Lakes is strongly negative relative to
the rest of the region; this is because the CCSM simulations pro-
duce a large amount of surface latent heat flux over the Great
Lakes and, therefore, a large amount of evaporation since it is
calculated from the surface latent heat flux. The WRF-CCSM, on
the other hand, simulates a relative minimum in evaporation over
the Great Lakes, and while P-E is positive over the Great Lakes, it
is overcome by negative values in P-E of relatively the same
magnitude over the majority of the central United States in the
regional average. This does not impact the increase in P-E pro-
jected by the CCSM; the change is positive over most of the region.

7 WRF-CCSM values given were calculated using the 30-km
simulations.
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TABLE 2. Simple precipitation statistics for the central United States from the WRF-CCSM 30-km domain, CCSM, and the NARR for

MIJJA 1990-99, and the percent change in those statistics in MJJA of 2090-99.

Avg NW6 ND6 Sell CD6 avg CW6 avg CD6 99th CW6 99th

Current (mm day ') (Fractional) (Fractional) (mm day ') (No.) (No.) (No.) (No.)
NARR 2.9 0.35 0.65 8.3 4.1 22 9.0 5.0
CCSM 2.5 0.23 0.77 10.6 7.7 2.5 62.0 13.0
WRF-CCSM 23 0.20 0.80 11.2 8.0 21 49.0 8.0
Future (Percent difference. . .)

CCSM 15.1 -23 0.7 17.9 6.2 1.5 12.9 15.4
WRF-CCSM —18.2 —22.7 5.8 6.2 23.7 =95 32.7 —12.5

850 hPa. Given an increase in SSTs in the Gulf of Mexico
in the 2090s, it is not illogical for precipitation to increase
in this region. An increase in Gulf of Mexico SSTs
would likely lead to an increase in precipitable water
over the Gulf, promoting low-level moisture convergence
in the central United States, which, in turn, is favorable
for convection. The increase in moisture convergence in
this region is where the CCSM and the WRF-CCSM
differ, however.

The vertically integrated transport of moisture in-
dicates an increase in moisture transport in both the
CCSM and the WRF-CCSM in the central United States
(Fig. 12). However, the net moisture convergence—
divergence for this region differs. According to observa-
tions and several reanalyses, including the NNRP, the
central United States should exhibit summertime moisture
flux convergence (Roads et al. 1994; Ruiz-Barradas and
Nigam 2005, 2006). The CCSM does, and, as is necessary
considering the positive change in P-E, it also projects an
increase in moisture convergence for this region of ap-
proximately 47%. The WRF-CCSM, on the other hand,
simulates net moisture divergence for the central United
States and an increase in future moisture divergence of
about 152%.8 consistent with its decrease in P-E. The
WREF-NNRP also simulates the net moisture divergence
for the central United States, despite the NNRP contain-
ing the opposite. The net transport of moisture out of the
eastern boundary of the central U.S. region is larger in
the WRF-CCSM than in the CCSM, relative to the net
transport into the region at the southern boundary. This
difference increases in the future in the WRF-CCSM.
Furthermore, the net transport from the south increases in
both, but that increase is greater in the CCSM, leading to
the differences between the two. The root cause of this
problem has not been established, and is outside the scope
of this project. There could be a number of contributing

8 Values of divergence were calculated using Gauss’s divergence
theorem around the entire central U.S. region using data from the
30-km nest for the WRF simulations.

factors, but this is likely related to the issues mentioned
previously with the LLJ in the WRF.

5. Summary and final discussion

An analysis of late-twentieth- and late-twenty-first-
century warm-season precipitation patterns simulated
by the WREF run as a nested regional climate model has
been presented. In summary, these are some of the main
findings and questions that have been answered by this
work:

o The WRF was found to improve upon some of the
characteristics of U.S. warm-season precipitation over
that from its driving reanalysis and global climate
model. Specifically, the WRF improved the realism of
the diurnal cycle (in the 30-km nest only), the spatial
distribution, the magnitude of heavy 6-h events, and
the frequency distribution of precipitation over the
central United States.

Overall, decreases in average MJJA precipitation were
projected over most of the United States by the end of
the twenty-first century. Significant decreases in the
frequency of all but the very heavy 6-h precipitation
events (those over the 99.7th percentile), significant
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FIG. 11. Percent change in MJJA precipitation rate percentiles
from the 90th to the 99.95th between 1990 and 1999 and 2090 and
2099 for the central U.S. region. Empty circles are placed every
five-hundredths of a percentile.
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increases in the frequency of those extreme events,
increases in the intensity of both heavy precipitation
events and in the general intensity of rain when it does
fall, decreases in the number of 6-h periods with
rainfall, and an increase in the number of 6-h periods
without rainfall were also projected by the WRF-
CCSM for the central United States. This suggests an
increase in the frequency of both flooding and drought

or GCM were also discussed. It was explained that the
WRF-CCSM is subject to biases from the CCSM, like
SSTs that are too cold and insufficient low-level moisture.
Both the WRF-CCSM and the WRF-NNRP are also
subject to internal biases, which will hopefully be im-
proved upon in the future. Despite this, they still produce
reasonable warm-season climate simulations.

for the late twenty-first century.
o Issues regarding the differences between the WREF-
NNRP and the WRF-CCSM and their forcing reanalysis

The ability of the WRF to simulate some aspects of
warm-season precipitation over the United States at a
30-km resolution better than most current global climate
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models may be expected given its increase in resolution
and the less simplistic nature of some of its parameteri-
zations, but this may not have been the result. There is still
room for improvement, and simulation of warm-season
precipitation remains a challenge. As noted in Christensen
et al. (2007a, p. 889), using a regional model for the U.S.
warm season does not guarantee a better response just
because it has a higher resolution.

Though it did produce precipitation simulations that
were more realistic than those from a GCM in many
ways, further work will be required to remove some of
the internally rooted model bias found in the version of
the WREF applied herein. There is also a potential error in
radiation not previously mentioned in the simulations of
the future. That is, the simulations for the future indirectly
receive the impacts of changes in the concentration of
various atmospheric constituents (e.g., greenhouse gases)
through the initial and boundary conditions from the
CCSM. Direct changes in these quantities in the WRF
model are not included; that is, the concentrations are the
same in the present as in the future in the WRF. This would
lead to a gradual and slight cooling of the troposphere over
time in the late-twenty-first century simulations. However,
this is likely balanced by the continual advection of a large-
scale environment that includes the change in concentra-
tions via the boundary conditions. Further work will be
needed to examine the degree to which this is balanced or
not and to which the tropospheric warming in the WRF
may be underestimated because of this.

More simulated years per century would also help
strengthen the analysis of average and extreme precip-
itation events completed in this study, particularly since
the latter are rare and relatively few are produced per grid
point per decade; they are even subject to uncertainty in
observational studies. Additionally, this study produces
quantitative results regarding the impacts of climate
change on precipitation in the central United States, but
the results are only from one version of one regional
model given conditions from one global model. A
greater ensemble of nested regional simulations based
on changes in WRF physics, the use of other regional
models, other driving models, and/or other emission
scenarios would help quantify more of the uncertainty
in the projections presented and provide a greater
range of expected outcomes. Coordinated projects that are
addressing a number of these issues through an ensemble
approach have been completed or are under way; such as
the North American Regional Climate Change Assessment
Program (NARCCAP; Mearns et al. 2009), a Coordinated
Regional Climate Downscaling Experiment (CORDEX;
Giorgi et al. 2009), the Prediction of Regional Sce-
narios and Uncertainties for Defining European Cli-
mate Change Risks and Effects project (PRUDENCE;
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Christensen et al. 2007b), and the ENSEMBLES project
(van der Linden and Mitchell 2009). It will be especially
interesting to see if the NARCCAP simulations driven by
the CCSM3.0 using three different regional models pro-
duce similar results to those shown here for future pre-
cipitation, and if so, why. However, this is all beyond the
range of the current study.

Despite its limitations, this current work is a signifi-
cant contribution to a growing number of regional cli-
mate studies; it provides a well-scrutinized ensemble
member that can more completely address the impacts
of climate change on warm-season precipitation over the
United States. It is planned to continue further in-
vestigation along these lines.
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