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[1] Hydrological years 2006 (HY06; October 2005 to September 2006) and 2007
(HYO07; October 2006 to September 2007) provide a unique opportunity to examine
hydrological extremes in the central United States because there are no other examples of
two such highly contrasting precipitation extremes occurring in consecutive years at the
Southern Great Plains (SGP) in recorded history. The HY06 annual precipitation in the
state of Oklahoma, as observed by the Oklahoma Mesonet, is around 61% of the
normal (92.84 c¢m, based on the 1921-2008 climatology), which results in HY06 as the
second-driest year in the record. In particular, the total precipitation during the winter
0f' 2005-2006 is only 27% of the normal, and this winter ranks as the driest season. On the
other hand, the HYO07 annual precipitation amount is 121% of the normal, and HYO07
ranks as the seventh-wettest year for the entire state and the wettest year for the

central region of the state. Summer 2007 is the second-wettest season for the state.
Large-scale dynamics play a key role in these extreme events. During the extreme dry
period (11/2005-02/2006), a dipole pattern in the 500 hPa geopotential height

anomaly existed where an anomalous high was over the southwestern U.S. region and an
anomalous low was over the Great Lakes. This pattern is associated with inhibited
moisture transport from the Gulf of Mexico and strong sinking motion over the SGP, both
contributing to the extreme dryness. The precipitation deficit over the SGP during the
extreme dry period is clearly linked to significantly suppressed cyclonic activity over the
southwestern United States, which shows a robust relationship with the western Pacific
teleconnection pattern. The precipitation events during the extreme wet period (May—July
2007) were initially generated by active synoptic weather patterns, linked with moisture
transport from the Gulf of Mexico by the northward low-level jet, and enhanced the
frequency of thunderstorms and their associated latent heat release. Although the drought
and pluvial conditions are dominated by large-scale dynamic patterns, we have found
two possible positive feedback processes during the extreme dry and wet periods in this
study that play key certain roles to maintain and reinforce the length and severity of
existing drought and flood events. For example, during the extreme dry period, with less
clouds, liquid water path, precipitable water vapor, precipitation, and thinner Cu cloud
thickness, more net radiation was absorbed and used to evaporate water from the ground.
The evaporated moisture, however, was removed by low-level divergence. Thus, with
less precipitation and removed atmospheric moisture, more absorbed incoming solar
radiation was used to increase surface temperature and to make the ground drier.
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1. Introduction

[2] Drought is the number one weather-related cause of
death worldwide and ranks second in the weather-related
causes of property damage within the United States during
the past three decades [Rauber et al., 2008] (see also UCAR
COMET® data at http://meted.ucar.edu/). Drought is defined
as “a persistent and abnormal moisture deficiency having
adverse impacts on vegetation, animals, or people” by the
National Drought Policy Commission and is one of the most
complicated but least understood natural hazards. Although
quite a few researchers [e.g., Namias, 1978; Trenberth and
Branstator, 1992; Trenberth and Guillemot, 1996; Schubert
et al., 2004a, 2004b; Seager et al., 2005] have investigated
the fundamental causes of persistent droughts and linked the
U.S. droughts with strong La Nifia conditions in the tropical
Pacific, our understanding of drought mechanisms is still
limited. These include the physical “triggers” of a drought,
dynamics in maintaining drought, and the processes that
terminate a drought. Therefore, it remains a challenge for us
to predict the onset and demise of a drought.

[3] In contrast to persistent drought, flooding is a natural
hazard characterized by heavy precipitation during short
time periods. Flooding ranks first among the weather-related
causes of property damage in the United States, and it is also
the second largest weather-related cause of death worldwide
[Rauber et al., 2008; see also UCAR COMET® data at
http://meted.ucar.edu/]. During recent years, floods, in par-
ticular flash floods (heavy rain in a few hours), have caused
billions of dollars in property damage within the United
States. While floods may be better understood compared to
droughts, there are still challenges in their predictability
because many factors contribute to the occurrences of
floods. Flash floods are often triggered by frontal squall
lines in spring and mesoscale convective systems (MCSs) in
summer [Rauber et al., 2008]. Therefore, it is necessary to
collect both in situ and remotely sensed data with high
spatial and temporal resolutions to investigate these intense
and short-lived storm complexes. Similar to the La Nifia
effect on the U.S. droughts, some studies have suggested
teleconnections between the U.S. floods and El Niflo events
in the tropical East Pacific (TEP) [e.g., Trenberth and
Branstator, 1992; Trenberth and Guillemot, 1996; Seager
et al., 2005]. While considerable efforts have been made
to study the droughts and floods, the mechanisms by which
extremes can be maintained over multiple years have yet to
be established, and relationships between the remote forcing
(e.g., TEP sea surface temperatures (SSTs)) and the
response (U.S. extremes) have not been well understood
[Schubert et al., 2004a, 2004b; Seager et al., 2005].

[4] The U.S. Great Plains experienced a number of major
droughts and floods during the last century, most notably the
droughts of the 1930s, the 1950s, and 1988 and the floods of
1993 [Rauber et al., 2008; Schubert et al., 2004a, 2004b;
Seager et al., 2005]. During hydrological years 2006
(HYO06; 1 October 2005 to 30 September 2006) and 2007
(HYO07; 1 October 2006 to 30 September 2007), droughts
and floods occurred in the U.S. Southern Great Plains (SGP),

respectively. The annual and seasonal precipitation amounts
and their severities during HY06 and HYO07 from the
Oklahoma Climatological Survey are listed in Table 1 and
are discussed in section 3.1. There are no other examples of
two such highly contrasting hydrological extremes occurring
in consecutive years, i.c., a dry year followed by a wet year,
and no other more comprehensive data set available in
history concerning the droughts and floods at the SGP.
There is tremendous diversity of observations that provide a
great opportunity for researchers to investigate the causes of
the HY06 drought and HYO07 pluvial, and their transitional
mechanisms over the SGP region.

[5] To investigate the causes and feedback of the two
highly contrasting hydrological years and the impacts of
large-scale dynamic and moisture transports from the Gulf of
Mexico on these extreme events, we have collected multiple
data sets from surface and satellite observations, as well as
reanalyses. These observational results can serve as a base-
line for future modeling studies that aim at simulating the
onsets/demises of droughts and floods and the multiple
feedback processes involved in the formation of these
hydrological extremes. The ground-based observations can
also serve as ground truth to validate the satellite retrievals,
which will promote broad studies of hydrological extremes
using satellite retrievals over the regions without the ground-
based observations. Through an integrative analysis of
observed extremes, we attempt to answer the following four
scientific questions in this study: (1) Are HY06 and HYO07
representative of significant drought and pluvial conditions
and, if so, how severe and widespread are the effects? (2)
How do large-scale dynamics play a role in these extreme
events? (3) To what extent are the severities of the drought
and flood affected by cloud and surface energy feedback? (4)
How are these extreme events linked to the moisture trans-
port from the Gulf of Mexico and cyclonic activity?

2. Data

[6] The data sets listed in Table 2 consist mainly of the
Department of Energy Atmospheric Radiation Measurement
(ARM) [Ackerman and Stokes, 2003] observations at the
SGP Central Facility (SCF) (36.6°N, 97.5°W) from January
1997 to December 2007. Other data sets, such as the Okla-
homa Mesonet, Version 2 Global Precipitation Climatology
Project (GPCP) [Adler et al, 2003], Tropical Rainfall
Measuring Mission (TRMM) satellite, National Centers for
Environmental Prediction (NCEP) global reanalysis data set,
NCEP North American Regional Reanalysis (NARR), and
NASA Modern Era Retrospective-Analysis for Research and
Applications (MERRA), are also included in this study.

2.1. ARM SCF Ground-Based Observations

[7] The ARM observations used in this study include
cloud fraction, cumulus (Cu) cloud thickness, cloud liquid
water path (LWP), atmospheric column precipitable water
vapor (PWYV), precipitation, net radiation, sensible (SH) and
latent heat (LH) fluxes, and surface air temperature (T,;)
collected at the ARM SCF during the period 1997-2007.
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Table 1. Seasonal Statistics of Precipitation and Their Severities
During 2006-2007 From the Oklahoma Climatological Survey®

Percentage of Normal  Severities in Oklahoma

Seasons Precipitation® (%) Historical Record

HYO06 (October 2005 61 2nd driest

to September 2006)
HYO07 (October 2006 121 7th wettest for OK state,

to September 2007) 1st wettest for central OK
2005 SON 44 13th driest
2005-2006 DJF 27 1st driest
2006 MAM 80 23rd driest
2006 JJA 75 21st driest
2006 SON 73 32nd driest
20062007 DJF 123 19th wettest
2007 MAM 117 13th wettest
2007 JJA 168 2nd wettest
2007 SON 63 21st driest

?Oklahoma Climatological Survey data are available at http://climate.
mesonet.org/. OK, Oklahoma; SON, September, October, November;
DJF, December, January, February; MAM, March, April, May; JJA,
June, July, August.

"Normal precipitation is the average precipitation (92.84 cm) for the
period 1921-2008.

Cloud fraction (CF) is defined by the percentage of returns
that are cloudy within a specified sampling period (e.g., a
month), i.e., the ratio of the number of hours when radar,
lidar, and ceilometer all detected clouds simultaneously to
the total number of hours when all measurements were
available [Dong et al., 2005, 2006]. Cloud top height (Z,,,)
is derived from millimeter wavelength cloud radar (MMCR)
[Moran et al., 1998] reflectivity profiles with the uncertainty
of 90 m. Cloud base height (Z;.) is a composite result of
Belfort laser ceilometer, micropluse lidar, and MMCR data
[Clothiaux et al., 2000]. Cloud physical thickness (AZ) is
simply the difference between Z,,, and Z,,,. The atmo-
spheric PWV and cloud LWP values are retrieved from the
microwave radiometer brightness temperatures measured at
23.8 and 31.4 GHz using a statistical retrieval method
[Liljegren et al., 2001]. The RMS errors of LWP retrievals
are about 20 g m 2 and 10% for cloud LWP below and
above 200 g m 2, respectively [Dong et al., 2000; Liljegren
et al., 2001].
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[8] The surface precipitation is measured by tipping
bucket rain gauge at the ARM SCF. T,;, is measured by the
conventional in situ sensors (2 m above ground) mounted on
a 10 m tower at the ARM SCF site. The SH, LH, and net
radiation fluxes are measured by the ARM SCF energy
balance Bowen ratio system. The SH and LH fluxes are
calculated from observations of net radiation, soil surface
heat flux, and vertical gradients of temperature and relative
humidity (RH).

2.2. Other Data Sets

[s] To investigate the spatial variations of precipitation,
we have also collected the data sets from the Oklahoma
Mesonet system, GPCP, and TRMM over the SGP region.
Both GPCP and TRMM data are averaged over a 5° x 5°
grid box centered on the ARM SCF site. The Oklahoma
Mesonet is a statewide monitoring network and consists of
over 110 automated weather stations covering the entire
state of Oklahoma [Brock et al., 1995]. The Oklahoma
Mesonet is a system designed to measure the environment at
the size and duration of mesoscale weather events.

[10] The monthly GPCP Version 2 precipitation product is
used in this study. This product is produced by merging a
variety of satellite and ground precipitation measurements,
including passive microwave retrievals from Special Sensor
Microwave Imager (SSM/I), infrared-based estimates from
geostationary satellites, and gauge observations gridded on a
2.5° x 2.5° latitude-longitude scale [Adler et al., 2003]. All
of the measurements are combined with inverse error vari-
ance weighting to produce the merged analysis. In this
study, the monthly GPCP data are averaged over a grid
box of 5° x 5° latitude-longitude covering 32.5°-37.5°N,
100°W-95°W during 1997-2007. The TRMM cloud and
precipitation products are also averaged over the same grid
box as GPCP during 1998-2007.

[11] Cloud fraction is derived from a combination of
measurements from the TRMM Microwave Imager (TMI)
and Visible and Infrared Scanner (VIRS), and precipitation
product is the TMI-based TRMM 2A12 rainfall product
[Kummerow et al., 2000].

[12] Estimates of radiative heating are obtained from the
Hydrologic Cycle and Earth’s Radiation Budget (HERB)

Table 2. The Department of Energy ARM SCF Observations and Other Data Sets Used in This Study

Parameter Instruments/Methods

Used in the Paper References

Drought index
Surface precipitation

Palmer Drought Severity Index

GPCP Version 2
Oklahoma Mesonet
TRMM TMI/VIRS and 2A12
rainfall product
NCEP reanalysis

Surface precipitation
Surface precipitation
CF, moisture flux, and
surface precipitation
500 hPa GH, 925 hPa RH,
and low level jet
Cloud fraction
Cumulus cloud thickness
Cloud LWP and atmospheric PWV

Radar-lidar observations
Radar-lidar observations
Microwave radiometer

Latent heat, sensible heat,
and net radiation
Surface air temperature
instrumentation

CAI, PNA, and WP index NASA MERRA reanalysis

ARM SCF tipping bucket rain gauge

Energy balance Bowen ratio station

ARM SCF surface meteorological

Section 3.1; Figure 1
Section 3.1; Figure 1

Alley [1984]
ARM Web site
(http://www.arm.gov)
Adler et al. [2003]
Brock et al. [1995]
Kummerow et al. [2000]

Section 3.1; Figure 1
Section 3.1; Figures 1 and 2
Sections 3.1, 3.3, and 3.4;
Figures 1, 7, and 8
Section 3.2; Figures 3, 4, and 9 Kalnay et al. [1996]
Section 3.3; Figure 5
Section 3.3; Figure 5
Section 3.3; Figure 5

Dong et al. [2006]
Clothiaux et al. [2000]
Dong et al. [2000];
Liljegren et al. [2001]
ARM Web site
(http://www.arm.gov)
ARM Web site
(http://www.arm.gov)
Wallace and Gutzler [1981]

Section 3.3; Figure 6
Section 3.3; Figure 6

Section 3.4; Figures 10 and 11
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data set [L Ecuyer and Stephens, 2003, 2007]. HERB syn-
thesizes ice cloud microphysical property information from
VIRS, liquid cloud properties, precipitation profiles, SST,
water vapor retrievals from the TRMM TMI, and vertical
profiles of temperature and humidity from European Centre
for Medium-Range Weather Forecasts reanalysis to char-
acterize the three-dimensional structure of clouds and pre-
cipitation in the atmosphere. Vertical profiles of SW and
longwave (LW) radiative heating rates are calculated by a
broadband radiative transfer model with the input of this
data set [L Ecuyer and McGarragh, 2010].

[13] The NCEP reanalysis is used to investigate the
impact of large-scale dynamics on the two extreme periods.
It contains outputs of atmospheric variables and fluxes with
4 times daily temporal resolution, 2.5° X 2.5° horizontal
resolution, and 28 vertical levels [Kalnay et al., 1996]. To
study the low-level jet (LLJ), the NARR reanalysis is used
because it has a higher spatial (~32 km, 45 layers) and
temporal (3 h) resolution [Messinger et al., 2006] than
NCEP global reanalysis. The NASA MERRA reanalysis is
also used to quantify the winter cyclonic activity in this
study. It contains various 6 hourly atmospheric variables on
1/3° x 2/3° grids. Together with the NCEP reanalysis, it
provides a comprehensive database for diagnosing synoptic
conditions over the SGP and examining their variability on
seasonal to longer time scales.

[14] With these ground and satellite observations, the
moisture conditions of the two hydrological years can be
quantified. The Palmer Drought Severity Index (PDSI) is a
popular drought-monitoring tool used by scientists and
government agencies to determine extreme weather condi-
tions, such as abnormally wet or abnormally dry periods, as
well as their onset and demise [Alley, 1984]. This index is
based on the principle of a balance between moisture supply
and demand and takes into account precipitation, evapo-
transpiration, and soil moisture conditions. That is, the PDSI
uses a simple water balance model as basis for developing a
regional drought severity index and does not work for snow
or frozen ground. Therefore, caution must be taken when
using the PDSI during the snow and frozen months of the
year. The PDSI generally ranges from —6 to +6, with neg-
ative values denoting dry spells and positive values indi-
cating wet spells.

3. Results and Discussion

[15] In this section, we attempt to address the four sci-
entific questions posed in the beginning. In particular, we
will answer question 1 using the NOAA PDSI and four
precipitation data sets from ARM, Oklahoma Mesonet,
GPCP, and TRMM; question 2 using NCEP; and question 3
using ARM SCF observations. Finally, by diagnosing both
the NASA MERRA and NARR reanalyses and TRMM
retrievals, we will investigate the linkages between the SGP
extremes and the moisture transport from the Gulf Mexico
and the winter cyclonic activity.

3.1. Are HY06 and HY07 Representative of Significant
Drought and Pluvial Conditions and, If So, How Severe
and Widespread Are the Effects?

[16] To study the hydrological extreme events, it is
important to have a “benchmark,” or the so-called normal
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precipitation. The normal precipitation can be a long-term
average over a particular area during a certain period. The
precipitation anomalies and relative amounts are then cal-
culated against their corresponding normal values. For
example, the total of the Oklahoma state mean precipitation
during spring 2006 is 23.47 cm, which is about 80% of its
normal precipitation. The normal precipitation in this study
is the averaged precipitation during 1997-2007 for ARM,
Oklahoma Mesonet, and GPCP and during 1998-2007 for
TRMM over different grid boxes, such as the point for ARM
SCF, the entire Oklahoma state for Oklahoma Mesonet, and
5° x 5° for GPCP and TRMM.

[17] Figure 1 shows the monthly state (Oklahoma) mean
PDSI, four precipitation products, and their anomalies and
percentages relative to their corresponding averages during
the period 1997-2007 (except for TRMM from 1998 to
2007). Notice that the PDSI lags the precipitation by 1—
2 months because it has taken into account precipitation,
evapotranspiration, and soil moisture conditions. As dem-
onstrated in Figure 1, moderate drought occurred during the
period February—June 2005, which is about 40% (the
average value from four precipitation data sets) below
the normal precipitation, and was then terminated by mod-
erate precipitation during August 2005 (77% above normal).
Severe drought started in November 2005 and lasted until
February 2006, which is indicated by the roughly 65%
below normal precipitation with a maximum deficit of
100%. Thus, we define the period November 2005 to Feb-
ruary 2006 as the extreme dry period in this study. Most of
2006 was characterized by persistent dry conditions, slightly
below the normal precipitation during fall 2006, and finally
changed to a moisture surplus at the end of 2006. In contrast
to year 2006, year 2007 was mostly under wet conditions.
The period May—July was extremely wet (84% above nor-
mal), and a precipitation deficit did not occur until
November—December 2007. In this study, the two extreme
periods (November 2005 to February 2006 for extreme dry
and May—July 2007 for extreme wet) are selected from four
data sets based on the following two criteria: (1) their pre-
cipitations were either below or above 50% of their corre-
sponding normal precipitations, and (2) the events lasted at
least 3—4 months.

[18] Despite the large spatial and temporal differences
among four precipitation products, they all captured the
HYO06 drought and subsequent HY07 pluvial. Figure 1 also
demonstrates that the four precipitation products and their
anomalies agree well in both magnitude and sign. This
agreement is very encouraging considering that these mea-
surements are made independently by different instruments
and the mean precipitations are averaged over different grid
boxes and handled by different groups. The good agreement
in precipitation between the ARM SCF observations and
other three data sets indicates that the point ARM SCF
observations can represent a large grid box of observations,
at least, up to the size of a 5° grid box during the studied
periods. This result is consistent with those of the cloud
fraction comparisons at the ARM SGP site [Xi ef al., 2010;
Kennedy et al., 2010].

[19] To further investigate the severity and spatial vari-
ability of precipitation, we present annual state precipitation
anomalies observed by the Oklahoma Mesonet for HY06
and HYO07 in Figure 2. As shown in Figure 2, the annual
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PDSI and Precipitation over US Oklahoma State during 2005-2007

OK State mean PDSI
o
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Figure 1. (a) Monthly mean PDSI over Oklahoma state. (b) Monthly accumulated precipitations
measured at the Department of Energy ARM SCF site, over the entire state measured by the
Oklahoma Mesonet system and over a 5° x 5° grid box (32.5°-37.5°N, 100°-95°W) derived from
GPCP and TRMM observations. (¢ and d) Same as Figure 1b but for the monthly anomaly values
and percentages (relative to corresponding averages for the period 1997-2007 except for TRMM from

1998 to 2007).

state precipitation in HY06 is 31.6 cm below normal, while
in HYO07 it is 25.1 cm above the 11 year averaged state
precipitation. Oklahoma state experienced statewide drought
conditions with a precipitation deficit (>40 cm) over its
eastern region during HY06 and pluvial conditions with a
precipitation surplus (>40 ¢cm) over its central region during
HYO07. Therefore, the brief answer to question 1 is that
HYO06 and HYO07 are indeed significant climatic dry and wet
years, respectively. Their severities and ranks are listed in
Table 1.

3.2. How Do Large-Scale Dynamics Play a Role in
These Extreme Events?

[20] Rauber et al. [2008] discussed the causes of droughts
and floods and the role of large-scale dynamics played in

controlling these extremes. They found that droughts are
normally associated with persistent large-scale flow
anomalies, such as those in the subtropical high-pressure
system, jet stream, and upper level waves. On the other
hand, floods, especially flash floods, are often associated
with short time scale features, such as frontal squall lines
and MCSs. To demonstrate the impact of the large-scale
dynamical processes on the HY06 and HY 07, especially for
the two extreme periods, we plot Figures 3 and 4 using the
NCERP reanalysis data set.

[21] Figure 3 illustrates the means and anomalies (relative
to corresponding averages for the period 1979-2007) of
500 hPa geopotential height (GH) during the extreme dry
and wet periods. The most prominent feature in Figure 3a is
a strong ridge over the Rocky Mountains and a trough over
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Oklahoma Mesonet 2005-Oct to 2006-Sep Anomaly Rainfall
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Figure 2. Annual Oklahoma state precipitation anomalies (relative to the 11 year mean from 1997 to 2007)
for HY 06 (top; October 2005 to September 2009) and HY07 (bottom; October 2006 to September 2007).

the Great Lakes. Figure 3¢ shows a dipole pattern in which
an anomalous high is centered over the southwestern United
States and an anomalous low is over the Great Lakes. This
anomalous pattern is favorable for the movement of dry air
from Canada southward into the central United States and
restrains the transport of low-level moisture from the Gulf
of Mexico. In other words, the northward transport of moist
air from the Gulf of Mexico is inhibited. Large-scale ver-
tical motion of air is also a major factor in the occurrence of
precipitation where ascending air over a large region favors
precipitation and descending air suppresses precipitation.
The descending air is adiabatically compressed, which
increases the temperature (decreasing RH) and static sta-
bility of the atmosphere. The increased static stability and
the decreased RH tend to suppress precipitation and lead to
drought (A. L. McNab and T. R. Karl, Climate and
droughts, 2003, available at http://geochange.er.usgs.gov/
sw/changes/natural/drought/). The patterns in Figures 3a
and 3c are associated with a stronger sinking motion over
the SGP relative to the climatology and contribute to the
extreme dryness. The extreme dry period ended during
spring 2006 when the large-scale flow pattern over the
western United States returned to normal (data not shown).

[22] For the extreme wet period, Figure 3d illustrates the
anomalous high over the northern central United States.
This anomaly is associated with a strong ridge over the
midwestern United States and is typically indicative of dry
conditions there. South of this ridge, several anomalous
lows exist. Inspection of daily synoptic charts revealed that
the anomalous low over the Texas/Oklahoma region was
associated with the passage of numerous short-wave troughs
in the lee of the Rocky Mountains and a persistent upper
level low. These patterns were associated with rising motion
and were conducive to thunderstorm development. Thus, the
precipitation events during the extreme wet period were
initially generated by active weather patterns and enhanced
by the mesoscale convective systems. Local evaporation and
feedback processes may help maintain the persistent
extremes and enhance their severities, as will be discussed in
section 3.3.

[23] The 925 hPa RH means and anomalies during the
extreme dry and wet periods are plotted in Figure 4. The RH
mean over the SGP during the extreme dry period is about
50%—60% (Figure 4a), which is about 10% below the corre-
sponding climatological mean RH (Figure 4c). The largest
negative RH anomaly (approximately —20%) is located over
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Figure 3. The 500 hPa mean GH derived from NCEP reanalysis during (a) the extreme dry period
(November 2005 to February 2006) and (b) the extreme wet period (May—July 2007) and (¢ and d) their
anomalies (relative to corresponding averages for the period 1979-2007).

the southwestern United States, which corresponds well with
the anomalous high shown in Figure 3c. The RH mean over the
SGP during the extreme wet period is 80% (Figure 4b), which
is approximately 10%—20% above the corresponding clima-
tological mean RH (Figure 4d). The region covered by pos-
itive RH anomalies (Figure 4d) is much smaller than
that covered by negative RH anomalies (Figure 4c), which
indicates that the dry area is much larger than the wet area.
[24] As illustrated in Figures 3 and 4, the large-scale
dynamical patterns were the major factors that lead to per-
sistent drought during the extreme dry period. The precipi-
tation events during the extreme wet period, however, were
initially generated by active weather patterns and enhanced
by frequent convection. These scattered thunderstorms
appeared to enhance and deepen the upper level low and
induce surface low pressure toward the end of June through
diabatic processes. As a result, more thunderstorms ensued,
and heavy precipitation events persisted for 1 week at the
end of June. The total of Oklahoma state mean precipitation
during the extreme wet period is approximately 50 cm,

including 17 multiple organized convective events and 34
scattered thunderstorms.

3.3. To What Extent Are the Severities of the Drought
and Flood Affected by Cloud and Surface Energy
Feedback?

[25] In previous sections, we have demonstrated that
HYO06 and HYO07 are indeed under significant drought and
pluvial conditions, respectively, and dominated by large-
scale dynamic patterns. However, it is unclear to what
extent these extreme events are associated with the seasonal
variations of cloud properties and surface energy and
affected by cloud and surface energy feedback. Further-
more, what phase relationships exist between the cloud and
surface properties? For variables that have either leading or
lagging relationships to each other, what does this imply
about maintaining and reinforcing drought and pluvial
conditions?

[26] To answer these questions, we present the monthly
means (Figures 5 and 6) of CF, cumulus cloud thickness
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Figure 4. Same as Figure 3, except for the 925 hPa RH (a and b) means and (¢ and d) anomalies during

the extreme dry and wet periods.

(contiguous clouds, cloud base <3 km, and cloud top >6 km),
cloud LWP, atmospheric PWV, precipitation, net radiation,
SH, LH, and Ty,;, at the ARM SCF during the HY06, HY07,
and 11 year climatological periods. To investigate the phase
relationships among the variables, we list their correlations
(in phase, 1 month lead, and 1 month lag) in Tables 3a and
3b based on their monthly means and anomalies, respec-
tively, during the period October 2005 to September 2007.
Finally, we discuss to what extent the extreme events are
enhanced by the cloud and surface energy feedback at the
end of this section.

[27] As illustrated in Figure 5, the CFs in HY06 and HY07
are 0.056 lower and 0.032 higher than the 11 year mean,
respectively. The CFs during the two extreme periods are
0.138 below and 0.203 above their corresponding 11 year
averages, respectively. The average Cu cloud thickness in
HYO06 is about 0.44 km thinner than the 11 year mean and is
0.93 km thinner for the extreme dry period. The average Cu
cloud thickness in HY07, however, is 1.32 km thicker than
the 11 year mean and is 1.946 km thicker for the extreme wet
period. The monthly mean LWPs during HY06 are consis-

tently lower than the 11 year means, and the annual average
LWP in HYO06 is only 43% of the 11 year mean LWP. While
the average LWP in HYO7 is slightly larger than the 11 year
mean, the average LWP during the extreme wet period is
double the 11 year average (628 versus 306 g m ). The total
precipitation is 2.32 cm (versus 21.68 cm of 11 year average)
during the extreme dry period and is 58 cm (versus 32 cm of
11 year average) for the extreme wet period. The precipita-
tion has moderate correlations with CF and PWV (0.6 and
0.49) and relatively high correlations with Cu thickness and
LWP (0.74 and 0.844). As listed in Table 3a, these correla-
tions are significant at a 99% confidence interval (CL) except
for PWV at a 95% confidence level.

[28] Figures 5d, 6a, and 6d demonstrate that there are
strong seasonal variations in atmospheric PWV, net radiation,
and T,;, that increase monotonically from winter to summer
from 11 year averages. More solar radiation absorbed by the
ground during summer results in increased T,; and atmo-
spheric PWV, which is supported by the high correlations
between Ty and net radiation (0.893) and PWV (0.916) in
Table 3a. The seasonal variation of SH mirrors the variations
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Monthly Means of Cloud Properties and Precipitation at the ARM SGP site
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Figure 5. Monthly means of (a) cloud fraction and (b) Cu cloud thickness (contiguous clouds, cloud
base <3 km, and cloud top >6 km) derived from ARM radar-lidar observations, (c) LWP and (d) atmo-
spheric column PWYV retrieved from microwave radiometer, and (e) surface precipitation measured from
rain gauge during HY06, HYO07, and 11 year periods at the ARM SCF.

in PWV, net radiation, and T,; (correlations of —0.681,
—0.851, and —0.723), but it peaks (negative values represent
that the ground is warmer than the air above and heat is
transferred upward into the air) 1 month earlier (in June) than
those of PWV, net radiation, and T,;. This result suggests
that most of the net radiation (129.5/163.5 = 79.2%) was
transferred upward into the air from the ground in June.
These correlations are significant at a 99% confidence
interval. There is also seasonal variation in LH, but it is not as
strong as other variables. The LH values are comparable to
the SH values from late fall to early spring but are much
smaller than the SH values from late spring to early fall (30%
LH versus 70% SH).

[20] Surface air temperature T,;, is determined by the sum
of the net radiative (SW and LW fluxes) and nonradiative
(SH and LH, ground heat is much smaller than SH and LH)
fluxes [Wild et al., 2004]. Although the sum of annual mean
SH, LH, and net radiation is nearly zero (+1.6 Wm ?) during

the 11 year period, the sums of their monthly means are
negative from October to February (the ground lost energy)
and positive from April to September (the ground gained
energy). This is consistent with the seasonal variation of Ty;,
with a minimum of 276 K in January—February, and a
maximum of 300 K in July—August, as shown in Figure 6d.
The sum of annual mean SH, LH, and net radiation is nearly
balanced (2.1 Wm?) in HY06, while it is 9.1 Wm ? in
HYO07, indicating that the ground lost more energy during
HYO07. During the extreme wet period, the averaged net
radiation, SH, and LH are 141.4, —127.2, and —30.2 Wm
(the sum is —16 Wm 2), respectively, while their corre-
sponding averages durin% the 11 year period are 161.4,
—118.6, and —32.1 Wm ~ (the sum is 10.7 Wm 2). The
26.7 Wm 2 energy loss results in a —1.1 K T,; decrease. The
SW flux absorbed at the surface is 29 Wm ~ lower than its
corresponding average because of more CF, LWP, and
precipitation.
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Monthly Means of Net radiation, SH, LH at the ARM SGP site
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Figure 6. Monthly means of (a) net radiation, (b) sensible heat flux, (c) latent heat flux, and (d) surface
air temperature (T,;;) during HY06, HYO07, and 11 year periods measured by the ARM SCF energy

balance Bowen ratio system.

[30] As listed in Table 3a, the correlations between pre-
cipitation and cloud properties for phase differences of
1 month lead and lag are much smaller than those for the same
month, indicating that precipitation and cloud properties are,
generally, in phase. However, there are some phase delays
between surface properties and atmospheric PWV as
reflected by their higher correlations for 1 month earlier/late
than those in the same month. For example, the correlations
between PWV and net radiation/SH in 1 month late and
between net radiation/SH and T, in 1 month earlier are
higher than those in the same month, suggesting that the net
radiation and SH in the previous month play a key role for the
following month of atmospheric PWV and surface air tem-
perature. Generally, monthly temperature change lags that of
net radiation, especially solar radiation, about 1 month.

[31] The correlations calculated from monthly means may
represent both the seasonal variations of variables and the
relationships among the variables. The correlations calcu-
lated from the monthly anomalies that removed the seasonal

variations may represent the true relationships and are pro-
vided in Table 3b. Comparing the two tables, we find that
the correlations between precipitation and cloud property
anomalies are close to or slightly lower than those from
monthly means, and the correlations between precipitation
and PWV anomalies are higher. This comparison demon-
strates that there are indeed some relationships between the
precipitation and cloud properties from October 2005 to
September 2007 with CL >99%. For the surface property
anomalies, most of their correlations are much lower than
those from monthly means with CL <95%, indicating that
these variables basically follow the seasonal variations. We
also calculated the correlations from the 11 year monthly
anomalies (data not shown) and found that their correlations
and confidence levels are much lower than those from the
2 year period. This comparison suggests that the relation-
ships among the variables and feedback processes during
HYO06 and HY07 were much stronger than those from the
11 year period.
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Figure 7. (top) Monthly anomalies (relative to the averages
during the period 1998-2007) of raining (red), low (blue),
high (green), and total (black) cloud fractions derived from
TRMM observations over the broader region of anomalous
precipitation (33°-38°N and 100°-95°W). (bottom) Corre-
sponding anomalies in net, SW, and LW heating rate pro-
files. The labels on the abscissa consist of the first letter
of the month followed by the last digit of the year and run
from October 2005 (O5) through December 2007 (D7).

[32] Radiative flux anomalies derived from TRMM ob-
servations tend to agree very well with those presented in
Figure 6. The HERB data set can therefore be used to extend
the localized SGP measurements to the larger domain from
33°-38°N and 95°-100°W encompassing the area of
strongest precipitation anomalies in Figure 2. These data are
used to explore the response of atmospheric radiative heat-
ing rates (>0 for heating and <0 for cooling) to drought/
flood events in the SGP region in Figure 7. Monthly
anomalies from October 2005 through December 2007
(relative to the averages for 1998-2007) of raining, low,
high, and total cloud fractions, as well as the net, SW, and
LW heating profile anomalies over the broader SGP region,
suggest that, similar to their precipitation counterpart, fewer
clouds occurred over the SGP during HY06 whereas clouds
were more prevalent than normal in subsequent HY07.
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[33] During the extreme wet period, increased high clouds
led to a marked increase in SW heating from 6 to 12 km and
a reduction in SW radiation that reached lower levels rela-
tive to the 11 year mean for the region, consistent with SW
fluxes measured at the ARM SCF. This reduction offsets the
increased SW heating caused by increased low-level clouds.
In the meantime, increased high clouds lead to enhanced
LW heating at cloud base and LW cooling near cloud top.
The increased downward LW heating warms low and
middle clouds and offsets the increased LW cooling attrib-
uted to the increased low and middle clouds. Therefore, the
overall net (SW+LW) effect caused by the increased clouds
during the extreme wet period is the heating of the atmo-
sphere from the surface up to 10 km.

[34] Although not as strong as the extreme wet period, an
opposite signature was found during the 2006 drought
period with reduced SW heating aloft, increased SW heating
near the surface, and anomalously strong LW cooling from
the surface to 6 km (allowing more emission from the lower
atmosphere to escape to space) with a net effect of cooling
the atmosphere. Thus, changes in cloudiness act to decrease
atmospheric stability locally during the wet period while
stabilizing the atmosphere during the dry period. While it is
very unlikely that these local effects play a first-order role in
the persistence of droughts or floods, they have the potential
to impact future precipitation development in the region in a
way that would tend to reinforce existing drought or pluvial
conditions.

[35] In Figures 5-7, we have demonstrated that there are
strong seasonal variations in atmospheric PWV, net radiation,
SH, and T,; and that precipitation is positively correlated
with CF, cumulus cloud thickness, and LWP. However, it is
unclear to what extent the extreme events are enhanced by the
cloud and surface energy feedback during the two extreme
periods. Based on the previous studies [e.g., Rauber et al.,
2008], the feedback is normally positive, i.e., reinforcing or
enhancing an existing drought or flood event, or making dry
areas drier and wet areas wetter. In this study, we have found
two possible positive feedback processes during the extreme
dry and wet periods based on the ARM SCF observations.

[36] During the extreme dry period, more net radiation
(compared to 11 year mean) was absorbed by the ground
(+4.1 Wm ?), which resulted from less clouds (—0.138),
cloud LWP (-193 g m™?), and precipitation (—4.59 cm), as well
as thinner Cu cloud thickness (—0.929 km). The absorbed net
radiation by the ground is mostly (LH =—27.9 versus 11 year
mean = —23.3 Wm 2; 62.3% versus 55.2% for the 11 year
mean) used to evaporate water from the ground. Because of
the favorite large-scale dynamic conditions, the evaporated
moisture was removed from the dry region by low-level
divergence, as demonstrated in Figure 3c, and weakly
southward low-level jet (see section 3.4). Thus, with less
precipitation during the extreme dry period and removed
atmospheric moisture, more absorbed incoming solar radia-
tion was used to increase T, (0.92 K) and to make the
ground drier. As T,;, increases and water vapor decreases, the
thermal thickness of the atmosphere will increase and
enhance the existing upper air ridge. A stronger ridge may
then aid in deflecting low-pressure systems away from the
drought-stricken region and prolong the drought. Under-
standing to what extent the ridge is enhanced by this local
feedback, however, is currently impossible to do with
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observations alone. Modeling work must be conducted to
verify and quantify the suggested feedback mechanisms.
These observational results are consistent with such a posi-
tive feedback mechanism, which provides a physical basis
for interpreting the observed tendency of a drought to “feed
upon itself” as mentioned by Rauber et al. [2008].

[37] During the extreme wet period, more precipitation
(+8.66 cm) is strongly associated with increased PWV
(+0.426 cm), CF (+0.203), cloud LWP (+322 g m %), and
thicker Cu cloud thickness (+1.946 km), but with decreased
net radiation (—20 Wm'?) and surface temperature (—1.11 K).
The averaged sum of net radiation, SH, and LH is =16 Wm -,
indicating that more heat (SH) is transferred upward from the
ground to warm the lower atmosphere. This result is consis-
tent with the positive heating rate anomalies of the atmosphere
during the extreme wet period, as illustrated in Figure 7.
The averaged LH value during the extreme wet period is
nearly the same as that of the 11 year period, varying from
below (more negative) to above (less negative) the 11 year
averages for the period of May to July. With more precipi-
tation in May 2007, more surface energy is transferred upward
as evaporation, which is one of the reasons of increased
PWV. This process could make local convection much
easier and result in more precipitation later on (in June).

[38] However, this positive feedback process is not as
straightforward as the extreme dry period (a persistent and
abnormal moisture deficiency over a particular area)
because one heavy precipitation event could destroy the
previous balance. The increased PWV may be attributed to
local evaporation (LH values) and moisture transports,
especially from the Gulf of Mexico by the LLJ. As shown in
Table 3a, the atmospheric PWV has a strong positive cor-
relation with net radiation (0.844) and moderate negative
correlations with SH and LH fluxes (—0.681 and —0.435);
however, PWYV lags the net radiation and SH per month as
demonstrated in their higher correlations (0.924 and
—0.834). This makes physical sense because increased net
radiation results in high temperature and SH and thereafter
leads to the increases in saturated vapor pressure of the
atmosphere. Later on, when local meteorological conditions
transfer to state-favorable rainfalls like the extreme wet
events, the atmospheric moisture and local convection
increase, which enhances the precipitation.

[39] Although the drought and pluvial conditions are
dominated by large-scale dynamic patterns, we have found
two possible positive feedback processes during the extreme
dry and wet periods in this study that play certain roles to
maintain and reinforce the length and severity of existing
drought and flood events. More detailed modeling studies
and extensive analyses of multiple events would be required
to validate these feedback processes and further understand
their maintenance mechanisms. In the meantime, moisture
transport from the Gulf of Mexico by LLJ and the western
Pacific (WP) teleconnection pattern are still likely the most
important factors governing the length and severity of the
SGP droughts and/or floods.

3.4. How Are These Extreme Events Linked to the
Moisture Transport From the Gulf of Mexico and
Cyclonic Activity?

[40] As discussed in section 3.3, the PWV over the ARM
SCF may be attributed to both local evaporation and
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moisture transport from the Gulf of Mexico by LLJ. To
demonstrate the relationships between these extreme events
and moisture transport from the Gulf of Mexico, we show a
time series of the meridional component of the vertically
integrated moisture transport from the Gulf of Mexico
(positive for northward) and the 900 hPa mean meridional
wind over the greater SGP (SGPLLJ) during HY06, HYO07,
and the 9 year period (Figure 8). The moisture transport
averaged over 97°—90°W across 28°N in the Gulf of Mexico
was derived from the surface wind vector from NASA
QuikSCAT, NOAA cloud drift winds, and integrated water
vapor from SSM/I, using a statistical model [Xie et al.,
2008]. The 900 hPa mean meridional wind over the
greater SGP (2° x 2.5°) was derived from NARR because
the Great Plains low-level jet (GPLJJ) is well known for its
importance of northward moisture transport from the Gulf of
Mexico and provides both the thermodynamic and dynamic
environment to aid in precipitation formation over the Great
Plains. Although the LLJ is typically nocturnal, its strength
and frequency are large enough for it to manifest itself
during the spring and summer on a monthly scale [Stensrud,
1996]. Weaver and Nigam [2008] found that GPLIJJ
variability can be reasonably characterized by the averaged
900 hPa meridional wind from NARR reanalysis.

[41] As illustrated in Figure 8, there are strong seasonal
variations in both 9 year averaged moisture transport from
the Gulf of Mexico and SGPLLJ, i.e., increasing from
October—December to the following May—June. These sea-
sonal variations correlate well with the 11 year averaged
ARM SCF precipitation (Figure 5e), especially for SGPLLJ
(0.764). These seasonal variations also correlate with the
ARM SCF PWV (Figure 3d), but the correlation is relatively
low (0.38) and the ARM SCF PWV peaks around July—
August, indicating more local evaporation contributed to the
ARM SCF PWYV during this period.

[42] Figure 8 also shows that while there is substantial
month-to-month variability, on average, there is less mois-
ture transport and weaker SGPLLJ in HYO06 than the
averages of 1999-2007. During the extreme dry period, both
averaged moisture transport and SGPLLJ are much lower
than their corresponding 9 year averages, which results in
significantly less precipitation over the SGP as shown in
Figures 1 and 5e. While the impact of the averaged moisture
transport and SGPLLJ on precipitation may not be important
by themselves, their integrated effect on precipitation over
the SGP is significant (the driest season over Oklahoma)
during this period. The peak (March—April) and dip (June)
in both moisture transport and SGPLLJ also associate well
with the ARM SCF precipitation and PWV, but their impact
on precipitation is not as large as that during the extreme dry
period. This suggests that other factors, such as local
evaporation and convection, may play an important role
over the SGP during spring and summer seasons.

[43] For HYO07, there are relatively large seasonal varia-
tions in both moisture transport from the Gulf of Mexico and
SGPLLJ. When both moisture transport and SGPLLIJ are in
phase, they correlate with the ARM SCF precipitation and
PWYV very well, such as peaks in March and June and a dip
in April. Otherwise, their contribution to the ARM SCF
precipitation is not significant, such as the period October
2006 to February 2007. To further explore the contribution
of 900 hPa mean meridional wind to the SGP precipitation,
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Figure 8. Monthly means (and standard deviation for the 9 year period) of the meridional component of
the vertically integrated (a) moisture transports from the Gulf of Mexico (positive for northward, 28°N,
97°-90°W) and (b) 900 hPa mean meridional wind over the SGP region (a grid box of 2° x 2.5° centered
on the ARM SCF) during HY06, HY07, and 1999-2007 periods.

we plot the monthly LLJ means and anomalies during the
extreme wet period in Figure 9. For all three months, the
GPLJJ means appeared as the ribbon of southerly winds
extending from the Gulf of Mexico to the Dakotas with
peaks of ~10 ms ' in the monthly mean during June. During
May (Figure 9d), the LLJ anomaly was slightly stronger
(2 ms ') than the average of 1979-2007 over the ARM
SCF; however, the moisture source of the Gulf of Mexico
was weaker. Instead, the LLJ could be characterized as
being shifted north with much stronger anomalies in the
northern Great Plains. During June, the LLJ anomaly was
also slightly stronger with a dipole of ~2 ms™' meridional
wind existing over southwest Oklahoma (Figure 9¢). This
dipole pattern is in agreement with the persistent low-
pressure system over the SGP region during this month as
discussed at the end of section 3.2. For July (Figures 9c
and 9f), both GPLJJ mean and anomaly were weaker with
negative anomalies on the order of —1 to —2 ms '
throughout the SGP region.

[44] Based on the results of Figures 8 and 9, we draw the
following conclusion for moisture transport from May to
July 2007. During May, the LLJ was primarily strongest over
the northern Great Plains, and its moisture transport from the
Gulf of Mexico to the SGP is below normal (Figure 8a). For
July, the transported moisture is near or just below normal at
the SGP because of a weaker LLJ, despite high values of
moisture transport at 28°N. During June, however, the
transported moisture is higher than normal because of the
strong LLJ and/or persistent low-pressure system. This
conclusion provides a strong support to the findings of
Figures 5 and 6 at the ARM SCF, such as the heaviest pre-
cipitation during June 2007.

[45] The extreme dry period is characterized by a large
precipitation deficit during the 2005-2006 winter months
(Table 1). Since the SGP winter precipitation is typically
associated with the passage of extratropical cyclones
[Rauber et al., 2008], it is important to examine the
anomalous activity of these synoptic-scale, precipitation-
producing systems during winter months. Understanding the
connection between this anomalous cyclonic activity and
large-scale teleconnection patterns helps to infer potential
predictability of winter hydrological extremes over the SGP
region. Here we quantified the cyclonic activity in 30 win-
ters (November—February 1979/1980-2008/2009) by com-
puting the accumulated daily negative 300 hPa GH
anomalies (i.e., 300 hPa short-wave troughs) based on the
NASA MERRA data. The “feature tracking” method of
Hoskins and Hodges [2002] was adopted to detect and track
the synoptic-scale GH anomalies over 6 h intervals.

[46] Figure 10a shows the correlation between the
monthly cyclonic activity over the continental United States
and the precipitation over a grid box of 30°~40°N and 105°—
95°W representing the broader SGP region during the
period November—February 1979/1980-2008/2009 (note
that the sign of precipitation was reversed in the calculation
to reflect the drought condition). The winter precipitation
deficit over the SGP is clearly linked to significantly sup-
pressed cyclonic activity (i.e., negative anomalies) over the
southwestern United States. This result is consistent with a
winter cyclone’s westward tilt with height, thus the fact that
the surface precipitation zone tends to be located to the east
of the upper level (300 hPa) trough. The suppressed
cyclonic activity (Figure 10b) and positive 500 hPa GH
anomalies (Figure 3c) over the southwestern United States
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Figure 9. Monthly mean 900 hPa meridional wind (LLJ) from NARR for (a) May, (b) June, and
(c) July. (d—f) Monthly anomalies (relative to corresponding averages for 1979-2007).

have demonstrated that large-scale flow anomalies play a
key role in leading to the extreme dry period.

[47] To find out what teleconnection patterns can modu-
late the cyclonic activity over the southwestern United
States and therefore drive the winter precipitation variability

in the SGP, we first defined a Cyclonic Activity Index (CAI)
by integrating anomalies of the cyclonic activity over 30°—
37°N and 120°-100°W representing the southwestern
United States. The correlation coefficients between this
index and the Northern Hemisphere 500 hPa GH are given
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Figure 10. (a) Correlation between the monthly cyclonic activity over the continental United States and the
precipitation (from the MERRA precipitation) over a grid box of 30°—40°N and 105°-95°W during the period
November to February 1979/1980-2008/2009 (sign of the precipitation is reversed to reflect the drought
condition). (b) Anomalies of the cyclonic activity during the extreme dry period (November 2005 to Feb-
ruary 2006) relative to the 1979/1980-2008/2009 climatology (color shadings in meters per day). Thick

(thin) contours in Figure 10a correspond to the 99%

in Figure 11a, where enhanced cyclonic activity in winter is
generally associated with positive (negative) height anoma-
lies over the western Pacific regions south (north) of Japan
and with negative height anomalies over the southwestern
United States. The suppressed cyclonic activity during the
extreme dry period thus corresponds to the exact opposite of
the anomalous pattern shown in Figure 1la. This triple-
action-center pattern clearly resembles the loading pattern
of the WP teleconnection, a primary low-frequency mode
over the North Pacific [Wallace and Gutzler, 1981; Barston
and Livezey, 1987]. In fact, the correlation between the
November—February averaged CAI and the WP index is 0.43
and statistically significant at the 99% level (Figure 11c).
The southwestern CAI is also slightly correlated with the
Pacific-North America (PNA) index on monthly time scales

(95%) level of statistical significance.

with a correlation coefficient of 0.21 statistically significant
at the 95% level (Figure 11b). Since positive phases of WP
and PNA are characterized by negative GH anomalies over
western North America and the North Pacific, respectively,
and such anomalies tend to push westerly jets southward
and enhance upper level divergence downstream of the GH
anomalies, the positive phases of WP and PNA can con-
tribute to increased cyclonic activity over the Southwest.
This is consistent with the positive correlations between the
CAI and WP/PNA identified above. Given the linkages
between the CAI (therefore, the SGP precipitation) and the
WP and PNA index on, respectively, seasonal and monthly
time scales, improved understanding and simulation of the
WP and PNA variability have strong implications for future
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Figure 11. Correlation between the (a) November—February averaged 500 hPa GH and the CAI, (b)
monthly CAI (blue line) and the corresponding NOAA PNA index (red line) during November—February

1979/1980-2008/2009, and (c) November—February

averaged CAI and the corresponding NOAA WP

index during November—February 1979/1980-2008/2009. Thick (thin) contours in Figure 11a correspond
to the 99% (95%) level of statistical significance. The source of the PNA and WP index is http://www.

cpc.noaa.gov/data/teledoc/telecontents.
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studies that explore the predictability of the SGP winter
hydrological extremes.

4. Summary and Conclusions

[48] In this study, we analyze the comprehensive data sets
collected at the ARM SCF site during HY06 and HY07, the
two most highly contrasting extreme hydrologic years
occurring consecutively in the SGP in history. The tremen-
dous diversity of observations during these two years pro-
vides a great opportunity for researchers to investigate the
contrast between drought and flood and the transitional
mechanisms at the SGP region, which may lead to new
insights into the factors that lead to persistent drought
and flooding. Through an integrative analysis of observed
extremes, we briefly answer the four scientific questions
posed in the beginning as follows.

[49] 1. HY06 and HYO07 are indeed significant climato-
logical dry and wet years, respectively. The HY06 annual
precipitation (over the entire state of Oklahoma) observed by
the Oklahoma Mesonet is only 61% of the normal (92.84 cm,
average, from 1921 to 2008), and HY 06 ranks as the second-
driest year on record since 1921. For the seasonal variation,
the state mean precipitation (3.7 cm) during the winter of
2005-2006 is only 27% of the normal, and this winter ranks
as the driest season in the record. The HY07 annual precip-
itation is 21% above the normal, and HY07 ranks as the
seventh-wettest year for the entire state and the wettest year
for the central region. Summer 2007 is the second-wettest
season for the entire state with a total precipitation of 40.8 cm
(68% higher than the normal).

[s0] 2. Large-scale dynamics play a key role in these
extreme events. During the extreme dry period, a dipole
pattern in the 500 hPa GH anomaly existed where an
anomalous high was over the southwestern U.S. region and
an anomalous low was over the Great Lakes. This pattern
was associated with inhibited moisture transport from the
Gulf of Mexico and strong sinking motion over the SGP,
both contributing to the extreme dryness. The precipitation
events during the extreme wet period were initially gener-
ated by the passages of short-wave troughs in the lee of the
Rocky Mountains and a persistent upper low and enhanced
by the frequency of thunderstorms and their associated
latent heat release.

[5s1] 3. The ARM SCF observations show that the pre-
cipitation has moderate correlations with CF and PWV and
relatively high correlations with Cu thickness and LWP.
There are strong seasonal variations in atmospheric PWV,
net radiation, and T,;; where they increase monotonically
from winter to summer. The seasonal variation of SH mir-
rors the variations in PWV, net radiation, and T, but it
peaks 1 month earlier than those of PWV, net radiation, and
Tair» The LH values are comparable to the SH values from
late fall to early spring but much smaller than the SH values
from late spring to early fall (30% LH versus 70% SH).
Generally, precipitation and cloud properties are in phase;
however, temperature change lags that of net radiation,
especially solar radiation, about 1 month.

[52] Although the drought and pluvial conditions are
dominated by large-scale dynamic patterns, we have found
two possible positive feedback processes during the extreme
dry and wet periods that play certain roles to maintain and
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reinforce the length and severity of existing drought and
flood events. During the extreme dry period, with less
clouds, LWP, PWV, precipitation, and thinner Cu cloud
thickness, more net radiation was absorbed and used to
evaporate water from the ground. The evaporated moisture,
however, was removed by low-level divergence. Thus, with
less precipitation and removed atmospheric moisture, more
absorbed incoming solar radiation was used to increase
surface temperature and to make the ground drier. During
the extreme wet period, more precipitation is strongly
associated with increased CF, LWP, PWV, and thicker Cu
cloud thickness, but with decreased net radiation and surface
temperature.

[53] 4. The transported moisture from the Gulf of Mexico
and the cyclonic activity are certainly important to these
extreme events. There were less and more moisture trans-
ports during HY06 and HYO7, respectively. The droughts
during the extreme dry period were associated with more
northerly winds, on average, and reduced moisture transport
from the Gulf of Mexico. During the extreme wet period,
however, the monthly LLJ means and anomalies were much
larger, and their values of moisture transport were higher.
These results have demonstrated that the precipitation events
over the SGP region, especially in June 2007, are definitely
linked with strong LLJ and high moisture transport from the
Gulf of Mexico. From the synoptic perspective, the winter
precipitation deficit over the SGP is clearly linked to sig-
nificantly suppressed cyclonic activity over the southwest-
ern United States where it is modulated by winter
atmospheric low-frequency modes over the Pacific such as
the WP and PNA teleconnection patterns.

[s4] By contrasting HY06 drought with HY07 flooding
and highlighting their major difference in terms of precipi-
tation statistics, cloud properties, surface energy, and large-
scale flow patterns, this investigation provides an integrated
data set for hydrological studies over the U.S. SGP during
the period 1997-2007. These observational results can
provide constraints and ground truth for modelers to
improve their simulations. For example, we use two
Weather Research and Forecasting microphysical schemes
for a case study with and without grauple, and their simu-
lated precipitations are close to and higher than observa-
tions, respectively. Although we have quite successfully
answered the posed four questions, many overlying issues
still remain. For example, how can we build upon this SGP
study and devise observational strategy and a diagnostic tool
to explore hydrological extremes in other climatic regions
and on different spatial and temporal scales? How can we
link the regional extreme events with continental and global
scale processes? To what extent are these extremes and
processes predictable and on what time scales? Ongoing and
future modeling work will lead to more insights into the
factors that control the persistence and intensity of droughts
and floods and explore the predictability of these extremes
over the SGP and other climate regimes.

[55] Acknowledgments. Surface data and Oklahoma Mesonet pre-
cipitation were obtained from the Atmospheric Radiation Measurement
Program sponsored by the U.S. Department of Energy Office of Energy
Research, Office of Health and Environmental Research, Environmental
Sciences Division. This research was primarily supported by the NASA
Energy and Water Cycle Study (NEWS) project managed by Jared Entin.

17 of 18



D03204

Authors from the University of North Dakota were supported by the NEWS
project under grant NNX07AWO0S5G and supported by the NASA CERES
project under grant NNLO4AA11G. Authors from the Georgia Institute
of Technology were supported by NASA NEWS under grant
NNXO09AJ36G.

References

Ackerman, T. P., and G. M. Stokes (2003), The Atmospheric Radiation
Measurement Program, Phys. Today, 56, 38—44, doi:10.1063/1.1554135.

Adler, R. F., et al. (2003), The Version 2 Global Precipitation Climatology
Project (GPCP) monthly precipitation analysis (1979—present), J. Hydro-
meteorol., 4, 1147-1167, doi:10.1175/1525-7541(2003)004<1147:
TVGPCP>2.0.CO;2.

Alley, W. M. (1984), The Palmer Drought Severity Index: Limitations and
assumptions, J. Clim. Appl. Meteorol., 23, 1100-1109, doi:10.1175/
1520-0450(1984)023<1100: TPDSIL>2.0.CO;2.

Barston, A. G., and R. E. Livezey (1987), Classification, seasonality and
persistence of low-frequency atmospheric circulation patterns, Mon
Weather Rev., 115, 1083—-1126.

Brock, F. V., K. C. Crawford, R. L. Elliott, G. W. Cuperus, S. J. Stadler,
H. L. Johnson, and M. D. Eilts (1995), The Oklahoma Mesonet: A technical
overview, J. Atmos. Oceanic Technol., 12, 5-19, doi:10.1175/1520-0426
(1995)012<0005: TOMATO>2.0.CO;2.

Clothiaux, E. E., T. P. Ackerman, G. G. Mace, K. P. Moran, R. T. Marchand,
M. A. Miller, and B. E. Martner (2000), Objective determination of cloud
heights and radar reflectivities using a combination of active remote
sensors at the Atmospheric Radiation Measurement Program Cloud and
Radiation Test Bed (ARM CART) sites, J. Appl. Meteorol., 39, 645—
665, doi:10.1175/1520-0450(2000)039<0645:0DOCHA>2.0.CO;2.

Dong, X., P. Minnis, T. P. Ackerman, E. E. Clothiaux, G. G. Mace, C. N.
Long, and J. C. Liljegren (2000), A 25-month database of stratus cloud
properties generated from ground-based measurements at the ARM SGP
site, J. Geophys. Res., 105, 45294537, doi:10.1029/1999JD901159.

Dong, X., P. Minnis, and B. Xi (2005), A climatology of midlatitude con-
tinental clouds from ARM SGP site. Part I: Low-level cloud macrophy-
sical, microphysical and radiative properties, J. Clim., 18, 1391-1410,
doi:10.1175/JCLI3342.1.

Dong, X., B. Xi, and P. Minnis (2006), A climatology of midlatitude con-
tinental clouds from the ARM SGP Central Facility. Part II: Cloud frac-
tion and surface radiative forcing, J. Clim., 19, 1765-1783.

Hoskins, B. J., and K. I. Hodges (2002), New perspectives on the northern
hemisphere winter storm tracks, J. Atmos. Sci., 59, 1041-1061,
doi:10.1175/1520-0469(2002)059<1041:NPOTNH>2.0.CO;2.

Kalnay, E., et al. (1996), The NCEP/NCAR 40-year reanalysis project,
Bull. Am. Meteorol. Soc., 77, 437-470, 1996, doi:10.1175/1520-0477
(1996)077<0437:TNYRP>2.0.CO;2.

Kennedy, A., X. Dong, B. Xi, P. Minnis, A. D. Del Genio, and A. B. Wolf
(2010), Evaluation of the NASA GISS Single Column Model simulated
clouds using combined surface and satellite observations, J. Clim., 23,
5175-5192, doi:10.1175/2010JCLI3353.1.

Kummerow, C. D., et al. (2000), The status of the Tropical Rainfall Mea-
suring Mission (TRMM) after two years in orbit, J. Appl. Meteorol., 39,
1965-1982, doi:10.1175/1520-0450(2001)040<1965:TSOTTR>2.0.
CO:;2.

L’Ecuyer, T. S., and G. McGarragh (2010), A 10-year climatology of trop-
ical radiative heating and its vertical structure from TRMM observations,
J. Clim., 23, 519-541.

L’Ecuyer, T. S., and G. L. Stephens (2003), The Tropical Oceanic Energy
Budget from the TRMM Perspective. Part I: Algorithm and uncertainties,
J. Clim., 16, 1967—-1985.

L’Ecuyer, T. S., and G. L. Stephens (2007), The tropical atmospheric
energy budget from the TRMM perspective. Part II: Evaluating GCM
representations of the sensitivity of regional energy and water cycles to
the 1998-99 ENSO cycle, J. Clim., 20, 4548-4571, doi:10.1175/
JCLI4207.1.

Liljegren, J. C., E. E. Clothiaux, G. G. Mace, S. Kato, and X. Dong (2001),
A new retrieval for cloud liquid water path using a ground-based micro-
wave radiometer and measurements of cloud temperature, J. Geophys.
Res., 106, 14,485-14,500, doi:10.1029/2000JD900817.

DONG ET AL.: EXTREME, LARGE-SCALE DYNAMICS AND FEEDBACK

D03204

Mesinger, F., et al. (2006), North American Regional Reanalysis, Bull. Am.
Meteorol. Soc., 87, 343-360, doi:10.1175/BAMS-87-3-343.

Moran, K. P., B. E. Martner, M. J. Post, R. A. Kropfli, D. C. Welsh, and
K. B. Widener (1998), An unattended cloud-profiling radar for use in
climate research, Bull. Am. Meteorol. Soc., 79, 443-455, doi:10.1175/
1520-0477(1998)079<0443:AUCPRF>2.0.CO;2.

Namias, J. (1978), Multiple causes of the North American abnormal winter
1976-77, Mon. Weather Rev., 106, 279-295, doi:10.1175/1520-0493
(1978)106<0279:MCOTNA>2.0.CO;2.

Rauber, R. M., J. H. Walsh, and D. J. Charlevoix (2008), Severe and Haz-
ardous Weather, 3rd ed., 642 pp., Kendall/Hunt Publishing Company,
Dubuque, Towa.

Schubert, S. D., M. J. Suarez, P. J. Pegion, R. D. Koster, and J. T. Bacmerister
(2004a), Causes of long-term drought in the U.S. Great Plains, J. Clim., 17,
485-503, doi:10.1175/1520-0442(2004)017<0485:COLDIT>2.0.CO:;2.

Schubert, S. D., M. J. Suarez, P. J. Pegion, R. D. Koster, and J. T. Bacmerister
(2004b), On the cause of the 1930s Dust Bowl, Science, 303, 1855-1859,
doi:10.1126/science.1095048.

Seager, R., Y. Kushnir, C. Herweijer, N. Naik, and J. Velez (2005), Modeling
of tropical forcing of persistent droughts and floods over western North
America: 18562000, J. Clim., 18, 4065-4088, doi:10.1175/JCLI3522.1.

Stensrud, D. J. (1996), Importance of low-level jets to climate: A review,
J. Clim., 9, 1698-1711, doi:10.1175/1520-0442(1996)009<1698:
IOLLJT>2.0.CO;2.

Trenberth, K. E., and G. W. Branstator (1992), Issues in establishing
causes of the 1988 drought over North America, J. Clim., 5, 159-172,
doi:10.1175/1520-0442(1992)005<0159:1IECOT>2.0.CO;2.

Trenberth, K. E., and C. J. Guillemot (1996), Physical processes involved
in the 1988 drought and 1993 floods in North America, J. Clim., 9, 1288—
1298, doi:10.1175/1520-0442(1996)009<1288:PPIITD>2.0.CO;2.

Wallace, J. M., and D. S. Gutzler (1981), Teleconnections in the geopoten-
tial height field during the Northern Hemisphere winter, Mon. Weather
Rev., 109, 784-812, doi:10.1175/1520-0493(1981)109<0784:
TITGHF>2.0.CO;2.

Weaver, S. J., and S. Nigam (2008), Variability of the Great Plains low-
level jet: Large-scale circulation context and hydroclimate impacts,
J. Clim., 21, 1532-1551, doi:10.1175/2007JCLI1586.1.

Wild, M., A. Ohmura, H. Gilgen, and D. Rosenfeld (2004), On the consis-
tency of trends in radiation and temperature records and implications
for the global hydrological cycle, Geophys. Res. Lett., 31, L11201,
doi:10.1029/2003GL0O19188.

Xi, B., X. Dong, P. Minnis, and M. Khaiyer (2010), A 10 year climatology
of cloud fraction and vertical distribution derived from both surface and
GOES observations over the DOE ARM SGP site, J. Geophys. Res., 115,
D12124, doi:10.1029/2009JD012800.

Xie, X., W. T. Liu, and B. Tang (2008), Spacebased estimation of moisture
transport in marine atmosphere using support vector regression, Remote
Sens. Environ., 112, 1846-1855.

Y. Deng, and T. Jiang, School of Earth and Atmospheric Sciences,
Georgia Institute of Technology, Rm. 3248, 311 Ferst Dr., Atlanta, GA
30332, USA.

X. Dong, Z. Feng, A. Kennedy, and B. Xi, Department of Atmospheric
Sciences, University of North Dakota, 4149 University Ave., Stop 9006,
Grand Forks, ND 58202-9006, USA. (dong@aero.und.edu)

J. K. Entin, Science Mission Directorate, Earth Science Division, NASA
Headquarters, 300 E St. SW, Washington, DC 20546, USA.

P. R. Houser, Department of Geography and Geoinformation Science,
George Mason University, 4400 University Dr., MS 6C3, Fairfax, VA
22030-4444, USA.

K. Hsu, CHRS, University California, Irvine, CA 92697-2175, USA.

T. L’Ecuyer, Department of Atmospheric Science, Colorado State
University, 1371 Campus Delivery, Fort Collins, CO 80523-1371, USA.

B. Lin, NASA Langley Research Center, MS 420, Hampton, VA 23681-
2199, USA.

W. T. Liu, Jet Propulsion Laboratory, 300-323, 4800 Oak Grove Dr.,
Pasadena, CA 91109-8099, USA.

W. S. Olson and R. A. Schiffer, GEST Center, University of Maryland,
Baltimore County, 5523 Research Park Dr., Ste. 320, Baltimore, MD
21250, USA.

18 of 18




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


