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Mo'va'on	
  	
  

capability to represent the “NASH western ridge position-SE
U.S. summer precipitation relationship.”
[40] The 850 hPa geopotential height simulated by G1

models shows substantial changes along the NASH western
ridge in the future. As the uniform thermal expansion compo-
nent of the high system has been removed (Appendix A), the
results have mainly dynamical implications for future climate.
In a warming climate, G1 models suggest that the western
ridge would extend westward into the U.S. continent, dynam-
ically (Figure 9b). From Historical to RCP4.5 scenarios, the
western ridge extends westward by about 5! (Figure 9b) and
the westward extension is highly consistent among G1
models. The westward movement of the NASH western ridge

could alter the prevailing wind and moisture transport over the
SE U.S., indicating a more important influence of NASH on
SE U.S. summer precipitation in the future [Li et al., 2011;
L Li et al., 2012a].
[41] Accompanying the westward movement of the NASH

western ridge, the frequencies of both NW and SW-type
ridges would increase. From G1 model simulations, the
NW-type ridges are projected to increase by 10% and the
SW-type ridges triple under the RCP4.5 scenario compared
to Historical scenario (Figure 10). The northwestward
movement of the NASH western ridge could further
suppress upward motion over the SE U.S. due to the prevail-
ing descending motion south of the western ridge [Liu and

a)

b)

c)

d)

e)

f)

Figure 8. Changes of the standard deviation in SE U.S. summer precipitation from Historical to RCP4.5
scenarios (shaded, unit: mmd"1) according to (a) CMIP5 model ensemble; (b) G1 models; and (c) G2
models. Stippled are the areas with more than 70% models from each group suggesting the increase in
precipitation standard deviation. The PDF curves constructed based on the quantile normalized SE U.S.
summer precipitation under Historical (blue) and RCP4.5 (red) scenarios are shown as (d) CMIP5 model
ensemble; (e) G1 models; and (f) G2 models.
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Wu, 2004; L Li et al., 2012a]. In contrast, as the ridge
extends further southwestward, the moisture flux would
more likely converge into the SE U.S. and favor heavier
summer precipitation [L Li et al., 2012a]. Thus, the intensity
of abnormally dry and wet summers could increase over the
SE U.S.
[42] Collectively, the NASH western ridge pattern

changes could lead to the projected increase in SE U.S.
summer precipitation variability. In the future, as the NASH
western ridge moves westward (Figure 9b) and its occur-
rence in the NW and SW position increases more frequently
(Figure 10), more summers with enhanced flood/drought
intensity would likely occur over this region.

5. Conclusions

[43] The SE U.S. hydrology, ecology, and economy are
strongly impacted by extremely dry and wet summers, indicat-
ing the importance of understanding summer precipitation
variability in the region. In this study, CMIP5 model simula-
tions of SEU.S. summer precipitation variability in the current

and future climate are analyzed using the Historical run and
the future projection under the RCP4.5 scenario.
[44] Compared with observations, most CMIP5 models

have bias in simulating the spatially heterogeneous features
of SE U.S. summer precipitation. However, the interannual
variation of SE U.S. summer precipitation is dominated by
the leading EOF pattern, which is reasonably captured by
CMIP5 models. This pattern of summer precipitation and its
variance can largely be explained by the areal averaged precip-
itation. Thus, the simulated regional mean precipitation and its
interannual variation pattern are comparable to observations.
[45] Among 24 CMIP5 models analyzed in this study,

50% simulate a magnitude of SE U.S. summer precipitation
variability comparable to observations. In contrast, the other
50% fail to simulate summer precipitation variability well.
According to model performance in SE U.S. summer
precipitation variability, CMIP5 models can be categorized
into two groups: G1 models which reasonably simulate
summer precipitation variability and G2 models which need
certain improvement.
[46] The relatively high simulation skills of G1 models are

largely attributable to their capability in representing the
dynamical linkage between precipitation and NASH western
ridge. When the western ridge is in NW (SW) position, the
SE U.S. tends to undergo abnormally dry (wet) summers;
conversely, when the ridge is located in NE or SE position,
SE U.S. summer precipitation deviates little from its
climatology. However, G2 models fail to capture this
relationship and thus exhibit lower simulation skills. Our anal-
ysis suggests that accurate simulations of SE U.S. summer
precipitation variability rely largely on the representation of
this dynamical linkage.
[47] Ensemble projection using all 24 models and G1

models suggests that SE U.S. summer precipitation variabil-
ity will intensify as GHG concentrations increase in the
future. As MME generally provides a more statistically
reliable projection of future climate than a single model,
and G1 models’ projections are more trustworthy given their
better capture of the underlying mechanisms, the projected
intensification in precipitation variability can be both statis-
tically and dynamically robust. Thus, the SE U.S. will likely
experience more frequent occurrences of abnormally dry and
wet summers in the future.
[48] The projected precipitation changes are linked to the

pattern shifts of the NASH western ridge in a warming

a)

b)

Figure 9. Climatolgy of NASH western ridge (a) calculated
from NCEP/NCAR reanalysis data, with light (dark) gray
curve represents the 1948–1977 (1978–2007) period and (b)
simulated by the G1 models under Historical (blue curve,
1950–1999) and RCP4.5 (red curve, 2050–2099) scenarios.
The geopotential height isoline straddling 86!W under the
Historical scenario is chosen to represent the NASH western
ridge in each model. Shaded areas represent the 95%
confidence interval of the western ridge climatology.
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Figure 10. Occurrence rate of the four ridge types under
Historical (blue bar) and RCP4.5 (red bar) scenarios as
suggested by G1 models.
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Representa'on	
  of	
  convec've	
  processes	
  and	
  model	
  horizontal	
  
resolu'on	
  affect	
  the	
  rela'onship	
  between	
  land-­‐surface	
  
proper'es	
  and	
  precipita'on	
  

•  Hohenegger	
  et	
  al.	
  2009:	
  
–  In	
  the	
  Alpine	
  region	
  the	
  posi%ve	
  soil-­‐moisture	
  precipita'on	
  feedback	
  

simulated	
  by	
  a	
  low-­‐resolu'on,	
  parameterized	
  convec%on	
  model	
  
became	
  nega%ve	
  in	
  the	
  high-­‐resolu'on,	
  resolved	
  convec%on	
  version	
  
of	
  the	
  model	
  

•  Taylor	
  et	
  al.,	
  2013:	
  
–  Low-­‐resolu'on	
  models	
  with	
  parameterized	
  convec'on	
  tend	
  to	
  be	
  

biased	
  towards	
  a	
  posi've	
  soil-­‐moisture	
  precipita'on	
  feedback	
  and	
  the	
  
increase	
  in	
  resolu'on	
  does	
  not	
  change	
  the	
  biases	
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•  Evaluate	
  the	
  change	
  in	
  precipita'on	
  at	
  the	
  
end	
  of	
  21st	
  century	
  projected	
  by	
  SP-­‐CCSM4	
  
under	
  the	
  RCP8.5	
  scenario	
  

•  Compare	
  the	
  SP-­‐CCSM4	
  projec'on	
  to	
  the	
  
conven'onally-­‐parameterized	
  CCSM4	
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Wu, 2004; L Li et al., 2012a]. In contrast, as the ridge
extends further southwestward, the moisture flux would
more likely converge into the SE U.S. and favor heavier
summer precipitation [L Li et al., 2012a]. Thus, the intensity
of abnormally dry and wet summers could increase over the
SE U.S.
[42] Collectively, the NASH western ridge pattern

changes could lead to the projected increase in SE U.S.
summer precipitation variability. In the future, as the NASH
western ridge moves westward (Figure 9b) and its occur-
rence in the NW and SW position increases more frequently
(Figure 10), more summers with enhanced flood/drought
intensity would likely occur over this region.

5. Conclusions

[43] The SE U.S. hydrology, ecology, and economy are
strongly impacted by extremely dry and wet summers, indicat-
ing the importance of understanding summer precipitation
variability in the region. In this study, CMIP5 model simula-
tions of SEU.S. summer precipitation variability in the current

and future climate are analyzed using the Historical run and
the future projection under the RCP4.5 scenario.
[44] Compared with observations, most CMIP5 models

have bias in simulating the spatially heterogeneous features
of SE U.S. summer precipitation. However, the interannual
variation of SE U.S. summer precipitation is dominated by
the leading EOF pattern, which is reasonably captured by
CMIP5 models. This pattern of summer precipitation and its
variance can largely be explained by the areal averaged precip-
itation. Thus, the simulated regional mean precipitation and its
interannual variation pattern are comparable to observations.
[45] Among 24 CMIP5 models analyzed in this study,

50% simulate a magnitude of SE U.S. summer precipitation
variability comparable to observations. In contrast, the other
50% fail to simulate summer precipitation variability well.
According to model performance in SE U.S. summer
precipitation variability, CMIP5 models can be categorized
into two groups: G1 models which reasonably simulate
summer precipitation variability and G2 models which need
certain improvement.
[46] The relatively high simulation skills of G1 models are

largely attributable to their capability in representing the
dynamical linkage between precipitation and NASH western
ridge. When the western ridge is in NW (SW) position, the
SE U.S. tends to undergo abnormally dry (wet) summers;
conversely, when the ridge is located in NE or SE position,
SE U.S. summer precipitation deviates little from its
climatology. However, G2 models fail to capture this
relationship and thus exhibit lower simulation skills. Our anal-
ysis suggests that accurate simulations of SE U.S. summer
precipitation variability rely largely on the representation of
this dynamical linkage.
[47] Ensemble projection using all 24 models and G1

models suggests that SE U.S. summer precipitation variabil-
ity will intensify as GHG concentrations increase in the
future. As MME generally provides a more statistically
reliable projection of future climate than a single model,
and G1 models’ projections are more trustworthy given their
better capture of the underlying mechanisms, the projected
intensification in precipitation variability can be both statis-
tically and dynamically robust. Thus, the SE U.S. will likely
experience more frequent occurrences of abnormally dry and
wet summers in the future.
[48] The projected precipitation changes are linked to the

pattern shifts of the NASH western ridge in a warming

a)

b)

Figure 9. Climatolgy of NASH western ridge (a) calculated
from NCEP/NCAR reanalysis data, with light (dark) gray
curve represents the 1948–1977 (1978–2007) period and (b)
simulated by the G1 models under Historical (blue curve,
1950–1999) and RCP4.5 (red curve, 2050–2099) scenarios.
The geopotential height isoline straddling 86!W under the
Historical scenario is chosen to represent the NASH western
ridge in each model. Shaded areas represent the 95%
confidence interval of the western ridge climatology.

Northwest Southwest Northeast Southeast
0

0.1

0.2

0.3

0.4

0.5 Historical
RCP4.5

Figure 10. Occurrence rate of the four ridge types under
Historical (blue bar) and RCP4.5 (red bar) scenarios as
suggested by G1 models.
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(d) Change in Soil Moisture (CCSM4)
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(a) Correlation (SP−CCSM4)
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(b) Correlation (CCSM4)
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(c) Change in Soil Moisture (SP−CCSM4)

−100

−50

0

50

100

 

 

−8
0

−70
−60
−50
−40
−30

−30

−20

−20 −20

−2
0

−10

−1
0

−10

0

0

0

0

0
0

0

0

0

−8
0

−70
−60
−50
−40
−30

−30

−20

−20 −20

−2
0

−10

−1
0

−10

0

0

0

0

0
0

0

0

0

 100oW   95oW   90oW   85oW   80oW   75oW   70oW 
  25oN 

  30oN 

  35oN 

  40oN 

  45oN 
(d) Change in Soil Moisture (CCSM4)

−100

−50

0

50

100



Land-­‐atmosphere	
  interac'ons	
  

Changes	
  in	
  surface	
  fluxes,	
  RCP8.5	
  

 

 

−20

−1
5

−1
5

−15

−15

−10

−1
0−1
0

−1
0

−10

−5

−5
−5

−5

−5

−5 −5
0

0

0

0
0

0 0

 100oW   95oW   90oW   85oW   80oW   75oW   70oW 
  25oN 

  30oN 

  35oN 

  40oN 

  45oN 
(a) Latent heat flux (SP−CCSM4)
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(b) Sensible heat flux (SP−CCSM4)
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(c) Latent heat flux (CCSM4)
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(d) Sensible heat flux (CCSM4)
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(a) RCP8.5 (SP−CCSM4)
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(b) RCP8.5 (CCSM4)
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(c) Control (SP−CCSM4)
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(d) Control (CCSM4)
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Large	
  scale	
  effects	
  vs.	
  local	
  feedbacks	
  

Control	
  Experiment	
   RCP8.5	
  	
  

Model	
   Correla'on	
  with	
  PC1	
  of	
  
precipita'on	
  

Correla'on	
  with	
  PC1	
  of	
  
precipita'on	
  

LH	
   SLP	
   LH	
   SLP	
  

SP-­‐CCSM4	
   0.71(0.01)	
   0.35(0.02)	
   0.80(0.01)	
   0.47(0.01)	
  

CCSM4	
   0.62(0.01)	
   0.59(0.01)	
   0.75(0.01)	
   0.40(0.01)	
  

Mul'-­‐variate	
  EOF	
  analysis	
  of	
  precipita'on,	
  latent	
  heat	
  flux,	
  and	
  sea	
  level	
  pressure	
  

Number	
  in	
  parenthesis	
  represents	
  the	
  p-­‐value	
  of	
  the	
  correla'on	
  coefficient.	
  	
  



Conclusions	
  
•  In	
  control	
  simula'ons	
  the	
  conven'onally-­‐parameterized	
  model	
  and	
  super-­‐

parameterized	
  model	
  show	
  systema'c	
  biases:	
  CCSM4	
  overes'mates	
  the	
  summer	
  
precipita'on	
  in	
  the	
  Southeast	
  U.S.	
  whereas	
  SP-­‐CCSM4	
  is	
  drier.	
  

•  In	
  CCSM4	
  the	
  precipita'on	
  distribu'on	
  is	
  equally	
  influenced	
  by	
  the	
  NASH	
  and	
  local	
  
effects,	
  whereas	
  in	
  SP-­‐CCSM4	
  local	
  effects	
  dominate.	
  

•  Under	
  the	
  global	
  warming,	
  SP-­‐CCSM4	
  projects	
  a	
  decrease	
  of	
  summer	
  precipita'on	
  
whereas	
  CCSM4	
  projects	
  an	
  increase	
  of	
  summer	
  precipita'on	
  by	
  the	
  end	
  of	
  21st	
  
century.	
  

•  In	
  SP-­‐CCSM4	
  the	
  PDF	
  of	
  precipita'on	
  shies	
  towards	
  more	
  frequent	
  occurrence	
  of	
  
precipita'on	
  with	
  weaker	
  intensity	
  whereas	
  in	
  CCSM4	
  the	
  PDF	
  shies	
  towards	
  more	
  
frequent	
  occurrence	
  of	
  intense	
  precipita'on.	
  

•  SP-­‐CCSM4	
  projects	
  a	
  westward	
  and	
  northward	
  displacement	
  of	
  NASH	
  whereas	
  CCSM4	
  
projects	
  mostly	
  a	
  westward	
  displacement.	
  

•  SP-­‐CCSM4	
  projects	
  a	
  decrease	
  of	
  soil	
  moisture	
  content	
  whereas	
  CCSM4	
  projects	
  an	
  
increase	
  of	
  soil	
  moisture	
  content.	
  	
  

•  SP-­‐CCSM4	
  projects	
  a	
  significant	
  decrease	
  in	
  the	
  latent	
  heat	
  flux	
  whereas	
  CCSM4	
  does	
  
not	
  project	
  a	
  change	
  in	
  the	
  latent	
  heat	
  flux.	
  

•  SP-­‐CCSM4	
  is	
  dominated	
  by	
  a	
  posi've	
  feedback	
  between	
  latent	
  heat	
  flux	
  and	
  
precipita'on	
  whereas	
  CCSM4	
  is	
  dominated	
  by	
  a	
  nega've	
  feedback.	
  	
  

•  Both	
  models	
  show	
  that	
  under	
  the	
  global	
  warming	
  scenario	
  the	
  distribu'on	
  of	
  
precipita'on	
  is	
  strongly	
  influenced	
  by	
  the	
  local	
  land-­‐atmosphere	
  interac'ons.	
  	
  


