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[1] We examine the response of summer precipitation to
mid-Holocene insolation forcing and insolation-induced
changes in sea surface temperature. Using a high-resolution
nested climate modeling system, we find that mid-Holocene
insolation forcing results in drier-than-present conditions
over the central continental United States (U.S.) and
northern Rocky Mountains, as well as wetter-than-present
conditions over the Atlantic seaboard and northwestern
Great Plains. We find that changes in summer precipitation
are dominated by changes in large-scale processes, with
similar patterns of change in the global and nested models.
We also find that insolation-induced changes in sea surface
temperature do not change the basic pattern of precipitation
response, primarily because the dynamical response is very
similar with and without sea surface temperature changes.
Notably, drier-than-present conditions over the central U.S.
are associated with enhanced anticyclonic circulation aloft
over the mid-continent and reduced low-level moisture
content over the Gulf of Mexico and south-central U.S.,
while wetter-than-present conditions over the Atlantic
seaboard are associated with enhanced low-level cyclonic
circulation and elevated low-level moisture content. The
simulated patterns of precipitation and soil moisture agree
with proxy moisture records from most regions, indicating
both that insolation was the strongest determinant of
mid-Holocene summer aridity in the continental U.S. and
that high-resolution nested climate modeling systems
are able to capture the basic response of midlatitude
warm-season aridity to changes in external climate
forcing. Citation: Diffenbaugh, N. S., M. Ashfaq, B. Shuman,

J. W. Williams, and P. J. Bartlein (2006), Summer aridity in the

United States: Response to mid-Holocene changes in insolation

and sea surface temperature, Geophys. Res. Lett., 33, L22712,

doi:10.1029/2006GL028012.

1. Introduction

[2] Global climate differed from present during the mid-
Holocene (approximately 8,000 to 3,000 years before pres-
ent), with proxy records indicating substantial alterations of

terrestrial moisture balance [e.g., Kohfeld and Harrison,
2000] and temperature [e.g., Thompson et al., 1993], as well
as ocean circulation [e.g., Findlay and Giraudeau, 2002]
and variability [e.g., Friddell et al., 2003]. The proxy record
from the continental United States (U.S.) indicates drier-
than-present conditions in the Pacific Northwest [Mock and
Brunelle-Daines, 1999], the central U.S. (e.g., summary by
Harrison et al. [2003], and the northeastern U.S. [e.g.,
Shuman et al., 2004], along with wetter-than-present con-
ditions in the southwestern U.S. [Harrison et al., 2003;
Mock and Brunelle-Daines, 1999] and the southeastern U.S.
[e.g., Shuman et al., 2002]. Proxy data also indicate that
changes in summer precipitation played a major role in
shaping mid-Holocene moisture balance in North America
[e.g., Bartlein et al., 1998; Grimm, 2001; Mock and
Brunelle-Daines, 1999; Thompson et al., 1993].
[3] Relative to the modern pre-industrial period, the

primary difference in external climate forcing during the
mid-Holocene was the seasonality and latitudinal distri-
bution of insolation [Kutzbach et al., 1998]. There is
dynamical evidence that enhancement of the summer
insolation maximum enhanced the Southwest summer
monsoon [Bartlein et al., 1998; Harrison et al., 2003],
and that this monsoon amplification suppressed summer
precipitation in the central U.S. [Harrison et al., 2003].
Additionally, modern climate analogues suggest that
changes in summer large-scale circulation, including an-
ticyclonic surface flow over the mid-continent and a
stronger subtropical ridge aloft, explain the mid-Holocene
pattern of effective moisture in the western U.S. [Mock
and Brunelle-Daines, 1999]. Atmosphere-ocean feedbacks
could also have played an important role in shaping mid-
Holocene moisture balance in North America [e.g.,
Harrison et al., 2003; Shin et al., 2006], particularly
given the critical role that sea surface temperature (SST)
variability plays in regulating terrestrial aridity at present
[e.g., Schubert et al., 2004].
[4] Dynamical investigations of mid-Holocene aridity in

the continental U.S. have focused on large-scale processes
[e.g., Bartlein et al., 1998; Harrison et al., 2003; Shin et al.,
2006]. Although considerable attention has been paid to the
potential role that complex topography, land cover, and
coastal interfaces could play in shaping the response of
precipitation to elevated greenhouse gas concentrations
[e.g., Diffenbaugh et al., 2005], the influence of fine-scale
processes on the response of precipitation to insolation
variability remains unconstrained. Thus, we use a high-
resolution nested climate modeling system to test the
relative roles of large- and fine-scale processes in shaping
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the response of summer aridity to mid-Holocene insolation
forcing and insolation-induced changes in SST.

2. Models and Methods

2.1. Nested Climate Modeling System

[5] We employ the Abdus Salam ICTP regional climate
model (RegCM3) [Pal et al., 2006] and the NCAR Com-
munity Climate System Model (CCSM3) [Collins et al.,
2006]. RegCM3 is a 3-dimensional, primitive equation,
sigma-coordinate, high-resolution nested regional climate
model (RCM). Our RegCM3 grid and physics parameter
values follow those of Pal et al. [2000]. The grid covers the
continental U.S. and surrounding areas with a horizontal
resolution of 55.589 km. There are 18 levels in the vertical.
[6] CCSM3 is a general circulation model (GCM) with

fully coupled atmosphere, ocean, land, and sea ice compo-
nents. Lateral atmospheric boundary conditions for the
RegCM3 integrations are supplied at 6-hourly time resolu-
tion by CAM3, the atmosphere component of CCSM3.
CAM3 is run at T42 resolution with 26 levels in the vertical.
SSTs for the RegCM3 integrations are supplied at monthly
time resolution by POP, the ocean component of CCSM3,
with POP SSTs interpolated to a 1-degree geographical grid.

2.2. Experimental Design

[7] We use 3 climate model cases: Control, Insolation,
and Insolation + SST (Table 1). Control uses 0 ka insolation
and 0 ka SSTs, and serves as the control simulation.
Insolation tests the climate response to mid-Holocene
(6 ka) insolation forcing of the atmosphere without insola-
tion-induced changes in SSTs. Insolation + SST tests the
climate response to 6 ka insolation with insolation-induced
changes in SSTs. For all cases, mean monthly 1-degree SST
data are taken from years 131 through 163 of the 0 ka or 6 ka
CCSM3 integration of [Otto-Bliesner et al., 2006]. Those
1-degree SST data are interpolated to the T42 CAM3 grid
and used as fixed SSTs in CAM3 to create 6-hourly large-
scale atmospheric boundary conditions in equilibrium with
each of the SST prescriptions. The 1-degree SST data are
also interpolated to a 1-degree geographical grid and used as
the SST boundary conditions in the respective RegCM3
integrations.
[8] Atmospheric greenhouse gas concentrations follow

[Otto-Bliesner et al., 2006]. Atmospheric CO2 and N2O
concentrations are set to 280 ppmv and 270 ppbv, respec-
tively, in all climate model integrations. Atmospheric CH4

concentrations are set to 650 ppbv in integrations with 6 ka
insolation, and to 760 ppbv in integrations with 0 ka
insolation. In order to allow for model equilibration, the
first 2 years of each CAM3 integration and the first year of
each RegCM3 integration are discarded, leaving 30 years of
each model integration available for data analysis. Because
these are continuous model integrations, changes in summer

climate incorporate changes in climate dynamics during all
parts of the annual cycle.

3. Results

3.1. Performance of the Nested Climate Modeling
System

[9] In order to test the performance of RegCM3 against
the instrumental record, we conduct two ‘‘validation’’
simulations covering the period 1983 through 1999. In the
first, RegCM3 is driven by NCEP/NCAR reanalysis data
(NNRP2) [Kalnay et al., 1996]. In the second, RegCM3 is
driven by CAM3 output, with the NNRP2 SSTs prescribed
in both CAM3 and RegCM3. In either case, RegCM3 is
able to capture the seasonal distributions of temperature
(Figure S1 of the auxiliary material1) and precipitation
(Figures 1 and S2) over the continental U.S. The key
temperature biases in the NNRP2-RegCM3 configuration
are a summer warm bias over the south-central U.S. and a
spring cold bias over the Rocky Mountains (Figure S1).
These biases are stronger and more seasonally persistent in
the CAM3-RegCM3 configuration. The primary precipita-
tion biases in both configurations are an autumn and winter
dry bias over the southeastern U.S., a spring, summer and
autumn wet bias over southeastern Canada and the Upper
Midwest, and a winter wet bias over the Rocky Mountains
(Figures 1 and S2). The CAM3-RegCM3 enhancement of
the winter wet bias over the Rocky Mountains likely
contributes to the CAM3-RegCM3 enhancement of the
seasonal cold bias over those same areas, with excess snow
persisting later in the year and artificially cooling the
surface through enhancement of surface albedo. Addition-
ally, the CAM3-RegCM3 configuration exhibits a number
of biases that are not seen in the NNRP2-RegCM3 config-
uration, including a spring and summer dry bias over the

Table 1. Climate Model Cases

Insolation,
ka

SST,
ka

CO2,
ppm

CH4,
ppb

N2O,
ppb

Control 0 0 280 760 270
Insolation 6 0 280 650 270
Insolation + SST 6 6 280 650 270

Figure 1. 1983–1999 summer (JJA) precipitation.
(a) Observed values from the Climate Research Unit [New
et al., 2000]. (b) Values calculated by CAM3 with observed
sea surface temperatures. (c) Values calculated by RegCM3
driven by the NCEP/NCAR reanalysis product [Kalnay et
al., 1996]. (d) Values calculated by RegCM3 driven by
CAM3 with observed sea surface temperatures.

1Auxiliary materials are available in the HTML. doi:10.1029/
2006GL028012.
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