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representation of the circulation patterns (i.e., wind fields) 
associated with the NASH western ridge substantially 
reduces the bias in the simulated SE US summer precipi-
tation. Our analysis of circulation dynamics indicates that 
the NASH western ridge in the WRF simulations is sig-
nificantly influenced by the simulated planetary bound-
ary layer (PBL) processes over the Gulf of Mexico. Spe-
cifically, a decrease (increase) in the simulated PBL height 
tends to stabilize (destabilize) the lower troposphere over 
the Gulf of Mexico, and thus inhibits (favors) the onset 
and/or development of convection. Such changes in tropical 
convection induce a tropical–extratropical teleconnection 
pattern, which modulates the circulation along the NASH 
western ridge in the WRF simulations and contributes to 
the modeled precipitation biases over the SE US. In conclu-
sion, our study demonstrates that the NASH western ridge 
is an important factor responsible for the RCM skill in 
simulating SE US summer precipitation. Furthermore, the 
improvements in the PBL parameterizations for the Gulf of 
Mexico might help advance RCM skill in representing the 
NASH western ridge circulation and summer precipitation 
over the SE US.

Keywords Southeastern US summer precipitation · 
North Atlantic subtropical high western ridge · North 
American Regional Climate Change Assessment Program 
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1 Introduction

Summer precipitation significantly influences the south-
eastern (SE) United States (US) in various aspects, includ-
ing agriculture, hydrology, and ecology (e.g., Riha et al. 
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the physical mechanisms responsible for the simulation 
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North American Regional Climate Change Assessment Pro-
gram indicates that the RCM simulations of summer pre-
cipitation show the largest biases and a remarkable spread 
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ous US. The causes of such a spread are investigated by 
performing simulations using the Weather Research and 
Forecasting (WRF) model, a next-generation RCM devel-
oped by the US National Center for Atmospheric Research. 
The results show that the simulated biases in SE US sum-
mer precipitation are due mainly to the misrepresentation 
of the modeled North Atlantic subtropical high (NASH) 
western ridge. In the WRF simulations, the NASH western 
ridge shifts 7° northwestward when compared to that in the 
reanalysis ensemble, leading to a dry bias in the simulated 
summer precipitation according to the relationship between 
the NASH western ridge and summer precipitation over the 
southeast. Experiments utilizing the four dimensional data 
assimilation technique further suggest that the improved 
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1996; Manuel 2008; Martinez et al. 2009). In recent dec-
ades, water supplies in the area have become increasingly 
stressed due to the population and economic growth (e.g., 
Manuel 2008; Seager et al. 2009; Wang et al. 2010). Accu-
rate summer rainfall simulation is thus increasingly impor-
tant, as it provides a scientific basis for climate prediction 
and water management for the region.

A common method in regional climate simulation and 
prediction is the application of regional climate models 
(RCMs; e.g., Giorgi and Mearns 1999; Leung et al. 2003, 
2012; Fu et al. 2005; Mearns et al. 2012). The RCMs show 
advantages over general circulation models (GCMs) in 
representing regional climate over various regions, due to 
their higher horizontal resolution and more sophisticated 
model physics at regional scales (e.g., Boberg et al. 2010; 
Rauscher et al. 2010). However, the RCM simulations of 
SE US summer precipitation show a large spread (e.g. Chen 
et al. 2003; Liang et al. 2006), limiting their applications in 
hydrology, water management, and climate change impact 
assessment (Wood et al. 2004). To date, no comprehensive 
study at a process level has been undertaken to explore the 
factors responsible for RCM performance in SE US sum-
mer precipitation simulations.

Multiple factors and processes contribute to SE US sum-
mer precipitation (e.g., Konrad 1997; Mearns et al. 2003; 
Kunkel et al. 2012; Li et al. 2013a). For example, summer 
rainfall is often generated from mesoscale convection cells 
(e.g., Baigorria et al. 2007), landfalling hurricanes (e.g., 
Hart and Evans 2001; Knight and Davis 2007; Kunkel et al. 
2010), passages of fronts (e.g., Kunkel et al. 2012), and plan-
etary-scale circulation systems (e.g., Henderson and Vega 
1996; Li et al. 2011, 2012a). Furthermore, both local and 
remote climate factors, such as soil moisture and sea surface 
temperatures (SSTs), can regulate SE US summer precipita-
tion by modulating the abovementioned rainfall generation 
systems (e.g., Anchukaitis et al. 2006; Wu et al. 2007; Wang 
et al. 2008, 2010; Xue et al. 2012; Li et al. 2012a).

Among those factors and processes affecting SE US sum-
mer precipitation, a planetary-scale atmospheric circulation 
system, the North Atlantic subtropical high (NASH), has been 
found to play a significant role at seasonal scales (e.g., Hen-
derson and Vega 1996; Li et al. 2013a). The NASH is a semi-
permanent high-pressure system in the lower troposphere 
over the North Atlantic (Davis et al. 1997; Li et al. 2012b). 
During summer, the NASH intensifies and expands, and its 
western ridge extends over the east coast of the US. The cir-
culation along its western ridge transports moisture into the 
SE US, sustaining regional precipitation (Henderson and 
Vega 1996; Davis et al. 1997; Li et al. 2011, 2012a). Previous 
observational studies have established a relationship between 
the NASH western ridge and SE US summer precipitation 
(Li et al. 2012a, 2013b; Carter et al. 2013), that is, when 
the NASH western ridge moves southwestward, intensified 

southerly winds enhance moisture convergence over the SE 
US, thus favoring heavy precipitation. In contrast, when the 
ridge extends northwestward over the continental US, mois-
ture is usually transported away from the SE US and sink-
ing motions associated with the NASH dominate the region, 
which results in a dry summer (Li et al. 2012a, 2013b; Carter 
et al. 2013). Such a “NASH western ridge—SE US summer 
precipitation” relationship provides the first-order dynamic 
control of SE US summer precipitation at the seasonal scale 
(Li et al. 2012a; Carter et al. 2013; Wuebbles et al. 2014).

Previous research has demonstrated that the skill of GCMs 
in simulating SE US summer precipitation is determined 
largely by the models’ ability to represent the NASH western 
ridge (Li et al. 2013b; Wuebbles et al. 2014). The RCMs dif-
fer from GCMs in various aspects, such as horizontal reso-
lution, lateral boundary conditions, and physical parameteri-
zations (e.g., Castro et al. 2005; Rummukainen 2010; Feser 
et al. 2011). It remains unclear whether and how the represen-
tation of the NASH western ridge in RCMs impacts their skill 
in simulating SE US summer precipitation.

This study aims to elucidate the role of the NASH west-
ern ridge in RCM simulations of SE US summer precipita-
tion by analyzing the output of the RCMs participating in 
the North American Regional Climate Change Assessment 
Program (NARCCAP) and performing simulations with 
the Weather Research and Forecasting (WRF) model. The 
specific objectives in this study are: (1) to evaluate RCM 
simulations for SE US summer rainfall and understand the 
role of the NASH in such simulations; and (2) to explore 
the factors and processes that are responsible for the repre-
sentation of the NASH circulation in RCMs.

The remainder of the manuscript is organized as follows: 
In Sect. 2, data and the configuration of the WRF model are 
described. In Sect. 3, the summer precipitation simulated 
by the NARCCAP RCMs is evaluated. The contribution of 
the NASH western ridge to RCM-simulated precipitation 
is further explored by performing WRF simulations, and 
is described in Sect. 4. In this section, the four dimensional 
data assimilation (FDDA) experiment is employed to ver-
ify the importance of the NASH western ridge to simulat-
ing SE US summer precipitation. The possible factors and 
processes responsible for the representation of the NASH 
western ridge in RCMs are discussed in Sect. 5. Conclud-
ing remarks are included in Sect. 6.

2  Data and model

2.1  Observed precipitation and atmospheric circulation 
from multiple reanalysis datasets

In this study, the observed precipitation data were obtained 
from the National Oceanic and Atmospheric Administration 
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(NOAA) Climate Prediction Center (CPC) unified daily 
precipitation archive (Higgins et al. 2000). The spatial reso-
lution of the CPC data is 0.25°, approximately 25 km in 
the study region. The CPC data were used to evaluate the 
performance of the NARCCAP RCMs and WRF in simu-
lating summer precipitation over the SE US, which covers 
the terrestrial domain over 91°W–76°W, 25°N–36.5°N and 
includes 7 states: Tennessee, Mississippi, Alabama, Geor-
gia, Florida, and North and South Carolina. The summer 
season is defined as June, July, and August (JJA); the sea-
sonal mean thus refers to daily precipitation averaged over 
JJA.

The large-scale circulation fields, including the 850 hPa 
geopotential height and horizontal wind, were analyzed 
from the perspective of atmospheric dynamics. This study 
used multiple available reanalysis datasets (Table 1) to 
derive these variables in order to reduce the potential 
uncertainties introduced by the choice of reanalysis data-
sets, and thus ensure the robustness of the analysis results. 
A reanalysis ensemble method was applied, and the ensem-
ble circulation fields were treated as an approximation of 
observed atmospheric circulation (Li et al. 2013b; Zhang 
et al. 2014). These variables simulated by the WRF were 
compared with the reanalysis ensemble to understand the 
causes of the precipitation bias in the WRF simulation. The 
NASH western ridge was defined using 850 hPa geopoten-
tial height and zonal wind, following previous studies (Li 
et al. 2011, 2012a). The NASH western ridge is located 
where tropical easterlies reverse to midlatitude westerlies, 
and thus the distribution of zonal wind (u) mathematically 
fulfills u = 0;

∂u
∂y

> 0 (Liu and Wu 2004). The intersecting 
point of the 850 hPa geopotential height 1,560 m isoline 
with the identified ridge line was calculated to quantify the 
location of the NASH western ridge (Li et al. 2011, 2012a).

2.2  NARCCAP datasets

SE US summer precipitation and the NASH western ridge 
circulation simulated by the six RCMs participating in 
the NARCCAP (Mearns et al. 2009) were analyzed. We 
focused on the simulations driven by lateral boundary 

conditions from the National Centers for Environmen-
tal Prediction (NCEP)—Department of Energy (DOE) 
Reanalysis 2 (NCEP-R2, Kanamitsu et al. 2002). The six 
RCMs are: the Canadian Regional Climate Model version 
4 (CRCM), the Experimental Climate Prediction Cent-
er’s Regional Spectral Model (ECP), the Hadley Centre 
Regional Model version 3 (HRM3), the fifth-generation 
Pennsylvania State University—NCAR Mesoscale Model 
(MM5), the Regional Climate Model version 3 (RCM3), 
and the Weather Research and Forecasting (WRF) Model. 
The models’ domain covers the entire CONtiguous United 
States (CONUS) and Canada, and the horizontal resolution 
is 50 km (Mearns et al. 2009, 2012).

2.3  WRF model and experiment design

The WRF model version 3.3 (Skamarock and Klemp 2008) 
was used in this study. The WRF is a non-hydrostatic, ter-
rain-following eta-coordinate mesoscale modeling system 
that has been widely used for regional weather and climate 
forecasting and research. The experiment domain was con-
figured over the CONUS, with a 36-km horizontal resolu-
tion. The domain boundary was set over the flat topography 
and ocean oceans in order to avoid the possible computa-
tional instability introduced by the steep terrain (Fig. 1). 
Such a CONUS domain configuration is commonly used 
in RCM simulations of US climate (e.g. Lo et al. 2008; 
Bowden et al. 2013). The lateral boundary was composed 
of a 1-point specified zone and a 4-point relaxation zone to 
smooth potential pseudo-disturbances caused by numerical 
calculation. The horizontal coordinates used the Lambert 
conformal conic projection with the standard parallels at 
30°N and 60°N. The model consisted of 38 vertical layers, 
and the top level was set to 50 hPa.

The physical parameterization schemes used in this 
study were the Dudhia shortwave radiation (Dudhia 
1989), Rapid Radiative Transfer Model (RRTM) long-
wave radiation (Mlawer et al. 1997), Thompson micro-
physics (Thompson et al. 2008), Yonsei Universtiy (YSU) 
planetary boundary layer physics (Noh et al. 2003), and 
Noah land surface model (Chen and Dudhia 2001). Four 

Table 1  Reanalysis datasets used in this study

Datasets Temporal coverage; resolution Horizontal resolution References

NCEP/NCAR 1948-present; 6-h 2.5° × 2.5° Kalnay et al. (1996)

ERA-40 1958-2002; 6-h 2.5° × 2.5° Uppala et al. (2005)

NCEP-R2 1979-present; 6-h 2.5° × 2.5° Kanamitsu et al. (2002)

JRA-25 1979-present; 6-h T106 Onogi et al. (2007)

NARR 1979-present; 3-h 32-km Mesinger et al. (2006)

ERI 1979-present; 6-h T255 Dee et al. (2011)

CFSR 1979-present; 6-h 0.5° × 0.5° Saha et al. (2010)
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different cumulus schemes were compared in this study, 
because the cumulus schemes are likely to introduce large 
uncertainties to the simulations of SE US summer pre-
cipitation (e.g., Jankov et al. 2005; Bukovsky and Karoly 
2009; Li et al. 2014). The four cumulus schemes are the 
Kain-Fritsch (K-F; Kain 2004), Betts-Miller-Janjic (BMJ; 
Janjic 1994; 2000), Grell-3 (Grell and Dévényi 2002), and 
Zhang-McFarlane (Zhang and McFarlane 1995) schemes, 
respectively.

NCEP-R2 (Kanamitsu et al. 2002) was adopted to pro-
vide initial and boundary conditions for the simulations. 
In our analysis, simulations driven by NCEP-R2 data 
were compared with those driven by European Centre for 
Medium-Range Weather Forecasts (ECMWF) Reanalysis 
(ERA)-Interim data (Dee et al. 2011). We found that the 
choice of driving reanalysis did not influence the summer 
rainfall simulation results in a discernible way (figures not 
shown).

The summer of 2001 was selected as our simulation 
period, according to a pattern recognition algorithm that 

synthesizes three score metrics to identify a summer pre-
cipitation case representative of the rainfall climatology 
over the SE US (“Appendix”). The WRF simulation was 
initialized on May 1, 2001, and run through August 31, 
2001. The first month was discarded as spin-up.

3  Performance of NARCCAP RCMs in simulating SE 
US summer precipitation

The skills of current RCMs in simulating SE US summer 
precipitation were evaluated by analyzing the output of 
all six RCMs participating in the NARCCAP. Figure 2a 
shows the spread of simulated summer precipitation cli-
matology (1980–2004) among the six RCMs over the 
CONUS domain. Here, the spread refers to the difference 
between the highest and lowest precipitation rate among 
the six RCMs. A larger difference indicates a higher uncer-
tainty in the skill of the RCM in simulating the summer 
precipitation.

Summer precipitation simulated by the NARC-
CAP RCMs shows a larger spread over the SE US com-
pared to other regions (Fig. 2a). The uncertainty exceeds 
3 mm day−1 (about 80 % of SE US rainfall climatology) 
for more than 60 % of the grid cells in the southeast, about 
2 mm day−1 higher than that over the Northeast and the 
Pacific Northwest (Fig. 2a).

The large spread in the RCM-simulated precipitation 
over the SE US is also reflected in the domain-averaged 
summer precipitation. Among the six RCMs, four mod-
els (CRCM, ECP, MM5, and RCM3) produce wet biases, 
while the other two generate dry biases (HRM3 and WRF; 
Fig. 2b). Both the dry and wet biases exceed one standard 
deviation of the observed summer precipitation over the 
SE US and are statistically significant at the α = 0.01 level 
(student t test).

Fig. 1  Domain for WRF experiment

(b)(a)

Fig. 2  a The spread of RCM-simulated US summer (JJA) precipi-
tation climatology (1980–2004) among the six NARCCAP RCMs 
driven by NCEP-2 reanalysis (shaded, unit: mm day−1); b bias (bars, 
unit: mm day−1) in SE US areal-averaged precipitation in each of the 

6 RCMs. The error bar represents the upper and lower bound of the 
bias as defined by one standard deviation of the interannual variation 
of precipitation
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The large spread and large bias in the NARCCAP RCM-
simulated SE US summer precipitation are consistent with 
individual RCM studies including Chen et al. (2003), Liang 
et al. (2006) and Mearns et al. (2012). The RCM-simulated 
biases in SE US summer precipitation may be caused by 
errors in the NASH western ridge pattern, according to the 
analysis of large-scale circulation simulated by the WRF 
and MM5. These two models are among the three that pro-
vide the variables required to determine the location of the 
NASH western ridge. Furthermore, these two models do not 
use the spectral nudging technique (Mearns et al. 2012), and 
thus reflects the real ability of RCMs to simulate the large-
scale circulation and precipitation. The WRF-simulated 
NASH western ridge is located at 92°W, 32°N (Fig. 3b), 
about 8° northwest of the location of the NASH ridge in 
the reanalysis ensemble (Fig. 3a). The erroneous northwest-
ward location of the NASH western ridge results in an arti-
ficial anticyclone over the SE US (not shown here). Previ-
ous observational studies demonstrate that the presence of 
the anticyclone will reduce nonlocal moisture supplies for 
the SE US (Li et al. 2013a), inhibit the onset of precipita-
tion (Li et al. 2012a), and causes the dry bias (Fig. 2b). The 
concurrence of the precipitation dry bias with the errone-
ously northwestward positioning of the NASH western 
ridge is consistent with the observed relationship between 
the NASH western ridge and SE US summer precipitation. 
In contrast, the NASH western ridge is located at 87°W, 
26°N as simulated by the MM5 (Fig. 3c), which is about 
1° southwest of that from the reanalysis ensemble (Fig. 3a). 
The relatively southwestward position of the NASH western 
ridge in the MM5 can explain the wet bias in SE US sum-
mer precipitation, to some extent (Fig. 2b).

The above analysis of WRF and MM5 simulated NASH 
western ridge circulation suggests that the SE US summer 
precipitation bias in these two RCMs can be explained 
by the “NASH western ridge—SE US summer precipita-
tion” relationship (Li et al. 2012a). A previous study has 
attributed the skill of GCMs in simulating SE US summer 
precipitation to their ability to represent the NASH west-
ern ridge dynamics (Li et al. 2013a). This study further 
suggests that the NASH circulation could also be respon-
sible for the skill of RCMs in simulating SE US summer 
precipitation, although the working mechanisms of RCMs 
and GCMs differ in various aspects, such as boundary con-
ditions, horizontal resolution, and model physics (Castro 
et al. 2005).

4  Dynamic contributions of the NASH western ridge 
to RCM biases in SE US summer precipitation: WRF 
simulations

Generally, factors contributing to rainfall simulations fall 
into two categories: large-scale circulation patterns and 
subgrid-scale parameterizations (e.g. Arakawa 2004). On 
one hand, large-scale circulation associated with the NASH 
controls SE US summer precipitation primarily at a sea-
sonal scale (e.g., Li et al. 2012a, 2013a; Carter et al. 2013; 
Wuebbles et al. 2014). Furthermore, the ability to rep-
resent the NASH western ridge contributes to the skill of 
GCMs in simulating SE US summer precipitation (Li et al. 
2013b). On the other hand, summer rainfall simulations 
over the SE US are also sensitive to the choice of physical 
parameterization schemes, especially the cumulus scheme 

Fig. 3  1980–2004 JJA clima-
tology of 850 hPa geopotential 
height (blue contours, unit: 
gpm) and u = 0 isoline (red 
contours) in: a Reanalysis 
ensemble; and b WRF and c 
MM5 simulations in NARC-
CAP. The NASH western ridge 
is defined as the intersecting 
points between the 1560-geo-
potential height isolines (bold 
contours) and the u = 0 isolines

(a) Reanalysis Ensemble 

(c) MM5  (b) WRF  
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(e.g. Jankov et al. 2005; Bukovsky and Karoly 2009; Li 
et al. 2014). In this study, we further assessed these two 
categories of factors in SE US summer precipitation simu-
lations using the WRF model. Specifically, we analyzed the 
simulated NASH western ridge circulation and performed 
sensitivity experiments with different cumulus schemes.

4.1  SE US dry bias and the northwestward movement 
of the NASH western ridge in WRF

Figure 4 shows the simulated summer precipitation in 2001 
by WRF and its comparison with observations. The precipi-
tation simulated with the four different cumulus schemes in 
WRF is ensembled so that the uncertainties due to cumulus 
scheme are minimized (Boberg et al. 2010). Figure 4 indi-
cates that the WRF model reasonably captures the spatial 
pattern of summer rainfall over the SE US (Fig. 4a, b), with 
a high pattern correlation coefficient (0.60) with observa-
tions. Specifically, the summer precipitation shows a south-
east–northwest oriented gradient across the SE US, with 
the highest precipitation rate occurring over the coastal 
regions. However, the WRF model substantially underesti-
mates the intensity of summer precipitation in the region. 
On average, the WRF simulations result in a net dry bias of 
1.3 mm day−1 over the terrestrial areas within the SE US 
domain (25°N–36.5°N, 91°W–76°W). The dry bias is more 
apparent over the coastal regions (more than 3 mm day−1), 

consistent with the WRF simulations in the NARCCAP 
(Mearns et al. 2012).

Figure 5 compares the simulated precipitation using 
different cumulus schemes in WRF, with the other param-
eterization schemes remaining the same as described in 
Sect. 2.3. The dry bias exists over the SE US among these 
four schemes (Fig. 5e–h), although the spatial distributions 
of precipitation differ slightly (Fig. 5). Averaged over the 
region, the net biases range from −0.92 mm day−1 (K-F 
scheme; Fig. 5e) to −1.52 mm day−1 (Zhang-McFarlane 
scheme; Fig. 5h), and all are statistically significant at the 
α = 0.01 level (student t test). Such a dry bias has also been 
noticed in previous WRF modeling studies, where different 
cumulus parameterization schemes have been implemented 
(e.g. Mearns et al. 2012; Sobolowski and Pavelsky 2012; 
Bowden et al. 2013). Thus, the WRF-simulated SE US dry 
biases (Figs. 4, 5) may not be caused only by the choice of 
cumulus scheme.

By contrast, errors in the NASH western ridge circula-
tion largely account for the bias. Consistent with the 
“NASH western ridge—SE US summer precipitation” rela-
tionship in observations, GCM simulations, and NARC-
CAP RCM simulations (Fig. 3; Li et al. 2011, 2012a; 
Carter et al. 2013; Wuebbles et al. 2014), the WRF dry bias 
in SE US summer precipitation also concurs with an erro-
neous northwestward position of the NASH western ridge. 
The ensemble of reanalysis datasets indicates that the 

(a) Observation (b)WRF

(c) WRF bias  

Fig. 4  2001 US summer (JJA) precipitation (shaded, unit: mm day−1): a observations; b WRF; c bias of summer precipitation (shaded, unit: 
mm day−1) in WRF simulations
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NASH western ridge is located over the Gulf of Mexico, 
about 87°W and 27°N (Fig. 6a) in 2001. Compared to the 
reanalysis ensemble (Fig. 6a), the modeled western ridge 
extends northwestward by more than 7° into Texas (around 
93°W and 31°N, Fig. 6b). The ridge locations simulated by 
each individual cumulus scheme differ to some extent. 
However, almost all of them are located northwest of the 
reanalysis ensemble, outside the uncertainty range defined 
by the seven reanalysis datasets (Fig. 6c). The multivariate-
paired Hotelling’s t-square test1 (Hotelling 1931) suggests 
that the erroneous northwestward extension of the NASH 
western ridge in the WRF simulation is statistically signifi-
cant at the α = 0.0001 level.

Corresponding to the biased northwestward location of 
the NASH western ridge, anticyclonic circulation along 
the ridge extends farther over the continental US (Fig. 6b). 
Consequently, the simulated southerly wind over the SE US 
weakens due to the erroneous northerly wind in the eastern 
portion of the anticyclone (Fig. 6b). The weakened south-
erly wind transports less moisture from the tropical oceans 
into the SE US, resulting in the dry bias in the simulated 
summer rainfall (Li et al. 2013a).

1 The null hypothesis for the Hotelling’s t square test is that the 
WRF-simulated NASH western ridge does not differ significantly 
from that in reanalysis datasets. According to the test, the null 
hypothesis can be rejected with a 99.99 % confidence level, suggest-
ing that the erroneous northwestward extension of the ridge is signifi-
cant.

4.2  Correction in the NASH western ridge circulation 
and its contribution to the reduced bias in SE US 
summer precipitation

The WRF simulations of the 2001 summer climate over 
the CONUS indicates that the precipitation biases over the 
SE US are most likely caused by the inaccurately simu-
lated circulation along the NASH western ridge. Thus, an 
improved simulation of large-scale circulation (especially 
the NASH western ridge) could potentially reduce the 
RCM bias in SE US summer precipitation.

To verify this, we performed experiments utilizing the 
FDDA. The FDDA is an interior grid-nudging technique 
that continuously nudges the modeled thermodynamic and 
dynamic variables toward the driving reanalysis during the 
simulations (Stauffer and Seaman 1990). Previous stud-
ies have applied FDDA to improve climate downscaling 
skills over the US (e.g., Lo et al. 2008; Otte et al. 2012; 
Bowden et al. 2013). In this study, however, the application 
of FDDA was for the purpose of identifying the potential 
sources of RCM skill in simulating SE US summer precipi-
tation. Specifically, two sets of FDDA experiments were 
designed: thermodynamic and dynamic FDDA. In the ther-
modynamic FDDA experiment, temperature and specific 
humidity were nudged toward NCEP-R2 at 6-h intervals 
during the simulation, while the wind fields were gener-
ated by WRF. In contrast, in the dynamic FDDA experi-
ment, the WRF-simulated three-dimensional wind fields 
were nudged while temperature and specific humidity were 
not. Thus, the improvement in the simulated precipitation 

(a) (b) (c) (d)

(h)(g)(f)(e)

Fig. 5  2001 US summer (JJA) precipitation (shaded, unit: mm day−1) as simulated by WRF with different cumulus schemes: a K-F; b BMJ; c 
Grell-3; and d Zhang-McFarlane; e–h show the precipitation bias simulated by each cumulus scheme compared with observations
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due to thermodynamic (dynamic) FDDA can be attributed 
to the correction of atmospheric thermodynamic (dynamic) 
structures. The experiment without FDDA was defined as 
the control experiment. We ran both thermodynamic and 
dynamic FDDA with the four different cumulus schemes as 
in the control experiment.

Figure 7 shows the CONUS JJA precipitation and pre-
cipitation bias after applying the dynamic and thermody-
namic FDDA. Compared with the control experiment, the 
dynamic FDDA experiment substantially reduces the bias 
in SE US summer precipitation. Over the SE US domain, 
summer precipitation increases to ~5 mm day−1 (Fig. 7a). 
The domain-averaged bias is reduced to −0.3 mm day−1, 
indicating that about 80 % of the original dry bias in the 
control experiment has been corrected (Fig. 7c). Further-
more, the spatial distribution of precipitation, especially 
the southeast–northwest gradient, is also reasonably simu-
lated in the dynamic FDDA (Fig. 7a). Thus, the dynamic 
FDDA suggests the importance of atmospheric dynamics in 
generating satisfactory skill in simulating SE US summer 
precipitation.

In contrast, the thermodynamic FDDA does not improve 
the simulation of SE US summer precipitation as signifi-
cantly as the dynamic FDDA. Specifically, in the thermo-
dynamic FDDA experiment, the SE US dry bias is not 

meaningfully reduced (Fig. 7b, d). The areal-averaged 
precipitation bias reaches −2.0 mm day−1 in the ther-
modynamic FDDA experiment, compared to the bias of 
−1.3 mm day−1 in the control experiment. In addition, the 
amount of rainfall decreases over the coastal regions, and 
the spatial gradient of rainfall further weakens (Fig. 7b). 
Thus, merely improving atmospheric thermodynamics can-
not improve RCM simulations of SE US summer precipita-
tion. The inability of the thermodynamic FDDA to improve 
the rainfall simulation further indicates that the reduced SE 
US summer precipitation bias in the dynamic FDDA more 
likely results from direct dynamic contributions rather than 
thermally driven circulation.

In summary, the experiments utilizing FDDA collec-
tively suggest that atmospheric dynamics play a direct and 
predominant role in regulating SE US summer precipita-
tion at seasonal scales. The results from the FDDA experi-
ments are consistent with previous observational results of 
SE US summer precipitation based on the regional mois-
ture budget (Li et al. 2013a). Over the SE US, large-scale 
circulation contributes to more than 90 % of the variance 
in moisture transport that is related to SE US summer pre-
cipitation, whereas thermodynamic (temperature and spe-
cific humidity) contribution accounts for less than 10 % 
(Li et al. 2013a). The observed characteristics of SE US 

Fig. 6  2001 JJA 850 hPa 
geopotential height (contour, 
unit: gpm) and wind (vector, 
unit: m s−1) in a the ensemble 
of seven reanalysis datasets, 
and b the WRF simulation. 
The contour interval is 20 
gpm, and the bold curves are 
1,560-gpm isolines. The bias 
of v-wind in WRF simula-
tions is shaded (unit: m s−1). 
The location of the NASH 
western ridge in 2001 sum-
mer as calculated from each of 
the seven reanalysis datasets 
(upper triangles) and the four 
WRF simulations (gray crosses) 
is shown in c. The red upper 
triangle represents the ensemble 
of 7 reanalysis datasets; the red 
cross represents the average of 4 
WRF simulations

 NASH western Ridge

(a) (b)

(c)
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hydrological cycle indicate that errors in large-scale circu-
lation could easily translate into summer precipitation bias 
due to its important role in atmospheric moisture budget 
(Li et al. 2013a). Thus, the distortion of the NASH west-
ern ridge and the associated circulation in the WRF sim-
ulations could result in the precipitation bias over the SE 
US (Figs. 4, 5, 6). This indicates that better representation 
of large-scale dynamics can improve the performance of 
RCMs in simulating the climate over the SE US.

5  Discussion: planetary boundary layer processes 
over the tropical oceans and their relationship 
with the NASH western ridge in RCM simulations

The above analysis identifies the inaccurate simulation of 
the NASH western ridge as an important factor in causing 
the RCM bias in simulating SE US summer precipitation. 
Thus, exploring the processes responsible for the simula-
tions of the NASH in RCMs is central to understanding the 
physical mechanisms that determine the skill of RCMs in 
simulating SE US summer precipitation.

Previous studies have shown that the NASH west-
ern ridge actively interacts with the tropical circulation 
over the Gulf of Mexico and the North Atlantic warm 

pool through tropical-extratropical teleconnection (e.g., 
Kosaka and Nakamura 2010; Kushnir et al. 2010; Kelly 
and Mapes 2011; Li et al. 2012a). In addition, previous 
RCM simulations of US climate suggested that the Gulf 
of Mexico is an important region that affects rainfall sim-
ulations over the SE US (e.g., Liang et al. 2001; Xue et al. 
2007). Thus, whether and how simulated tropical circula-
tion introduces the biases to the NASH western ridge was 
investigated.

Condensational heating over the tropical Atlantic has 
been identified as the primary forcing on the NASH west-
ern ridge and associated circulation (e.g., Kosaka and 
Nakamura 2010; Ji et al. 2014), mainly through the north-
eastward-propagating Rossby waves and the resultant trop-
ical-extratropical teleconnection (e.g., Gill 1980; Hoskins 
and Karoly 1981; Kosaka and Nakamura 2010). Over the 
Gulf of Mexico, excessive precipitation is usually associ-
ated with an anomalous low-pressure system in the tropics, 
inducing an anomalous high pressure in the subtropics (Ji 
et al. 2014). The anomalous high pressure reinforces the 
negative vorticity along the NASH western ridge, extend-
ing the ridge into the continental US (e.g., Kosaka and 
Nakamura 2010; Kushnir et al. 2010; Li et al. 2012a; Ji 
et al. 2014). Thus, the simulations of tropical precipitation 
and the associated condensational heat release might be 

(a) Dynamic FDDA (b) Thermodynamic FDDA 

(c) Dynamic FDDA (d) Thermodynamic FDDA 

Fig. 7  2001 JJA summer precipitation (shaded, unit: mm day−1) as simulated in the a thermodynamic FDDA, and b dynamic FDDA experi-
ment; and the precipitation bias in c thermodynamic and d dynamic FDDA. The results are shown as the average of the four cumulus schemes
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keys for representing the NASH western ridge in the WRF 
model.

In the tropics, the generation and development of con-
vective precipitation depends on the moisture and heat 
exchanges between the ocean surface and the free atmos-
phere. The planetary boundary layer (PBL) is an important 
atmospheric layer for such exchanges, and accurate PBL 
parameterizations in the WRF model are crucial to realis-
tic simulations of convective precipitation. Thus, we tested 
the influence of different PBL schemes on tropical circu-
lation, the NASH western ridge, and SE US summer pre-
cipitation. Four additional PBL schemes were tested, with 
the other physical parameterization schemes remaining the 
same as in the control experiment. The four schemes are 
the asymmetric convective model version 2 (ACM2), Mel-
lor-Yamada Nakanishi and Niino Level 2.5 (MYNN2.5), 
Bougeault-Lacarrère (BouLac), and University of Washing-
ton (UW) schemes.

According to the analysis, the changes in the PBL 
schemes result in the spread of the simulated precipitation 
bias over the SE US. Figure 8 shows the probability density 
function (PDF) of the WRF-simulated summer precipita-
tion bias over the terrestrial SE US domain using different 
PBL schemes. Among the five PBL schemes tested in this 
study, the modes2 of the YSU and ACM2 PDFs are −1.56 
and −0.7 mm day−1, respectively (Fig. 8), showing a dry 
bias over the SE US. Thus, these two schemes are catego-
rized as “dry” schemes. In contrast, the BouLac and UW 
schemes simulate precipitation bias by about 0.8 mm day−1 
(Fig. 8) and are characterized as “wet” schemes. The mode 
of MYNN2.5 PDF is close to zero. Thus, the MYNN2.5 is 
a “normal” scheme, according to the probability behavior 
of the precipitation bias over the SE US domain (Fig. 8).

Corresponding to the precipitation bias, the NASH west-
ern ridge in the “dry” schemes is located 6° northwest of 
that in the reanalysis ensemble, presenting a typical NW-
type ridge (Figs. 6a, 9a). By contrast, the ridge is located 
over the tropical oceans in the “wet” scheme simulations, 
slightly southwest of the observations (Fig. 9c). The cor-
respondence between the NASH western ridge patterns and 
the SE US summer precipitation bias in the PBL experi-
ments further emphasizes the importance of the NASH 
western ridge in the skill of RCMs in simulating SE US 
summer precipitation.

The PBL schemes likely impact the simulations of the 
NASH western ridge and SE US summer precipitation 
through the modeled PBL height and lower tropospheric 
stability over the tropical oceans. Figure 10a shows the dif-
ferent PBL heights between the “wet” and “dry” schemes. 
Generally, the “wet” schemes produce lower PBL heights 

2 The mode of a PDF curve is where the maximum density of prob-
ability is attained.

over the tropical oceans than the “dry” schemes, with 
the differences exceeding 100 m over the Gulf of Mex-
ico (Fig. 10a). The decrease of PBL height in the “wet” 
schemes weakens turbulent diffusion, which suppresses 
the heat and moisture fluxes from the ocean surface to the 
free atmosphere. Simulated atmospheric stability 

(

∂θe

∂z

)

 
increases in the lower troposphere (Fig. 10b), reducing con-
vective precipitation over the tropical oceans.

The stabilization of the lower troposphere in the Gulf of 
Mexico and the reduced local convection induces an anom-
alous high pressure over the ocean. Negative vorticity asso-
ciated with the anomalous high pressure propagates north-
eastward in the form of Rossby waves (Hoskins and Karoly 
1981), generating positive vorticity and an anomalous low 
pressure over the SE US (Kosaka and Nakamura 2010; Ji 
et al. 2014). Such a circulation pattern (Fig. 9c) favors the 
extension of the NASH western ridge into the Gulf of Mex-
ico, presenting a typical SW-type ridge (Li et al. 2012a). 
The circulation patterns in the “dry” schemes, in which 
high pressure is formed in the SE US due to excessive trop-
ical convection, are the opposite. Thus, the NASH western 
ridge moves into the southern US and presents as a typical 
NW-type ridge.

It is noteworthy that the impact of the PBL schemes on 
SE US summer precipitation is less likely through their 
influence on local convection. Our previous study on WRF 
rainfall simulation showed that SE US local precipitation 
is only moderately sensitive to the choices of the PBL 
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Fig. 8  Probability density function (PDF) curves constructed based 
on WRF-simulated 2001 summer precipitation bias over the SE 
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schemes (Li et al. 2014). Based on our further investiga-
tion, the spread of the simulated SE US summer precipita-
tion (Fig. 8) is attributable more to the PBL processes over 
the tropical oceans through the atmospheric teleconnec-
tions (Fig. 10).

In conclusion, the PBL sensitivity experiments based on 
the simulations of 2001 summer suggests that the WRF-
simulated differences in the NASH western ridge circula-
tion might be related to the simulated PBL processes over 
the Gulf of Mexico. Specifically, the modeled PBL height 
tends to influence the lower tropospheric stability and the 
associated tropical convection in the simulations. Since the 
condensational heating released with tropical convection is 
an important driver of meridional teleconnection patterns, 
the PBL processes over the Gulf of Mexico can influence 
the NASH western ridge circulation and SE US summer 
precipitation by modulating the Rossby wave propagation. 
Thus, it is likely that improved simulations of tropical PBL 

processes might help improve the simulations of SE US 
summer precipitation by WRF and other RCMs.

6  Concluding remarks

This study investigates RCM skill in simulating SE US 
summer precipitation at a process level. The simulations 
by RCMs participating in the NARCCAP are analyzed, and 
WRF simulations are performed for mechanistic study. The 
analysis of the NARCCAP output shows that large biases 
and spreads in SE US summer precipitation exist among 
the state-of-the-art RCMs. Further analysis of the MM5 
(wet bias model) and WRF (dry bias model) simulated 
large-scale circulation links such precipitation bias to the 
inaccurate simulations of the NASH western ridge.

By performing WRF simulations of the CONUS 2001 
summer climate, we find that the modeled precipitation 

(c)(b)(a)

Fig. 9  2001 JJA 850 hPa geopotential height (contour, unit: gpm) 
as simulated by a “dry”, b “normal”, and c “wet” PBL schemes, 
according to the PDF modes as shown in Fig. 8. The contour inter-

val is 20-gpm, and the bold curves are 1,560-gpm isolines, which are 
used to represent the NASH western ridge. The red crosses denote the 
location of the NASH western ridge

Fig. 10  Differences in a PBL 
height (shaded, unit: m), b 
equivalent potential tempera-
ture (θe; shaded, unit: K), and 
c 850 hPa geopotential height 
(shaded, unit: geopotential 
meter) between the simula-
tions by “wet” and “dry” PBL 
schemes (a) (b) 

(c) 
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biases may not result solely from the choice of cumu-
lus scheme. Instead, the distortion of the large-scale 
NASH western ridge circulation is likely the cause of 
the systematic precipitation bias. In the WRF simula-
tions, the NASH western ridge is located erroneously 
about 7° northwest of the observation. Such a ridge pat-
tern deflects moisture transport away from the SE US, 
resulting in the underestimated precipitation (Li et al. 
2011) in the WRF simulations. Thus, it is demonstrated 
that the NASH western ridge circulation is an important 
contributor to RCM skill in simulating SE US summer 
precipitation.

The importance of the NASH western ridge circulation 
to the simulated SE US precipitation is further supported 
by two FDDA experiments: dynamic and thermodynamic 
FDDA. In the dynamic (thermodynamic) FDDA experi-
ment, the WRF-simulated 3-dimensional wind (tempera-
ture and specific humidity) is nudged toward NCEP-R2 
at each 6-h interval. Correction of circulation dynamics 
through dynamic FDDA can substantially reduce the bias 
in SE US summer precipitation, while the correction of 
thermodynamics cannot significantly improve the rainfall 
simulations. Thus, the FDDA experiments suggest that an 
accurate simulation of large-scale dynamics, especially cir-
culation along the NASH western ridge, is needed in order 
to achieve a reasonable simulation of SE US summer pre-
cipitation by RCMs.

Processes responsible for the representation of the 
NASH circulation in the WRF are further investigated. 
Results suggest that the simulated PBL processes over the 
Gulf of Mexico might contribute to the biases in the WRF-
simulated NASH western ridge circulation and SE US 
summer precipitation. Among the five PBL schemes tested 
in this study, the schemes simulating lower (higher) PBL 
height over the Gulf of Mexico tend to simulate a more 
southwestward (northwestward)-located NASH western 
ridge, and thus wet (dry) biases in SE US summer pre-
cipitation. Furthermore, based on our modeling results, the 
influence of the tropical PBL height on the NASH western 
ridge circulation results from the changes in lower tropo-
spheric stability, a critical factor for the generation and 
development of convections. With the changes in convec-
tion over the Gulf of Mexico, a different tropical-extratrop-
ical teleconnection pattern in 850 hPa geopotential height 
is generated, which modulates the NASH western ridge cir-
culation and accounts for modeled biases in SE US summer 
precipitation.

In conclusion, our analysis, primarily based on the WRF 
simulations of 2001 summer and the analysis of NACCAP 
models output, suggests that an accurate regional climate 
simulation of SE US summer precipitation is determined 
largely by an accurate representation of the NASH west-
ern ridge and associated atmospheric circulation in RCMs. 

Furthermore, the correction of the NASH circulation 
dynamics through the FDDA significantly improves the 
simulation of SE US summer precipitation. Thus, improve-
ment in the simulation of the NASH and the related tropi-
cal PBL processes could potentially reduce the uncertain-
ties in RCM-simulated SE US summer precipitation, and 
thus increase the reliability in the projection of SE US 
summer climate.
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Appendix: Pattern recognition algorithm and its 
application to selecting a sample simulation period

To select a simulation period representative of SE US sum-
mer precipitation climatology, an optimization algorithm is 
designed. The procedure of the algorithm is as follows:

1st: select the years when the areal-averaged SE US 
summer precipitation anomaly is within one standard devi-
ation of the 1979–2010 sample (Fig. 11a). As shown in 
Fig. 11a, 22 out of 32 summers fulfill this criterion.

2nd: calculate the pattern correlation coefficient (PCC) 
and root mean square error (RMSE) between precipitation 
in each individual summer and the 32-year precipitation 
climatology (Fig. 11b). The PCC and RMSE are calculated 
as:

where x represents precipitation in a specific summer, 
and y represents the 1979–2010 summer precipitation 
climatology.

3rd: rank the PCCs (RMSEs) from high to low (low to 
high). Here, only the years that fulfill the criterion in the 
first step are considered. The final rank for each summer 
period is calculated by adding the PCC and RMSE ranks. 
The years with the highest combined rank are selected as 
the simulation period.

According to the algorithm, the summer of 2001 is 
selected, because the precipitation anomaly is within one 
standard deviation (Fig. 11a) and the combined rank is the 
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highest (Fig. 11b). Furthermore, the results are not sensi-
tive to the choice of simulation period, according to our 
analysis of the WRF output for NARCCAP.
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