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ABSTRACT17 

The dominant pattern of annual mean SST variability in the Pacific (in its cold phase) produces 18 

pronounced precipitation deficits over the continental United States (U.S.) throughout the annual 19 

cycle. This study investigates the physical and dynamical processes through which the cold 20 

Pacific pattern affects the U.S. precipitation, particularly the causes for the peak dry impacts in 21 

fall, as well as the nature of the differences between the summer and fall responses.  22 

Results, based on observations and reanalyses, show that the peak precipitation deficit over the 23 

U.S. during fall is primarily due to reduced atmospheric moisture transport from the Gulf of 24 

Mexico into the central and eastern U.S., and secondarily due to a reduction in local evaporation 25 

from land-atmosphere feedback. The former is associated with a strong and systematic low-level 26 

northeasterly flow anomaly over the southeastern U.S. that counteracts the northwest branch of 27 

the climatological flow associated with the north Atlantic subtropical high. The above 28 

northeasterly anomaly is maintained by both diabatic heating anomalies in the nearby Intra-29 

American Seas and diabatic cooling anomalies in the tropical Pacific.  In contrast, the modest 30 

summertime precipitation deficit over the U.S. is mainly the result of local land-atmosphere 31 

feedback; the rather weak and disorganized atmospheric circulation anomalies over and to the 32 

south of the U.S. make little contribution. An evaluation of NSIPP-1 AGCM simulations shows 33 

it to be deficient in simulating the warm season tropical convection responses over the Intra-34 

American Seas to the cold Pacific pattern and thereby the precipitation responses over the U.S., a 35 

problem that appears to be common to many AGCMs.36 

37 
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38 

1. Introduction 39 

The leading annual mean Sea Surface Temperature (SST) patterns, obtained as the three leading 40 

Rotated Empirical Orthogonal Functions (REOFs) of annual mean SST over the period 1901-41 

2004, consist of a global trend pattern, a Pacific pattern, and an Atlantic pattern (Schubert et al. 42 

2009).  Among these, the Pacific pattern (Figure 1) has the most pronounced influence over the 43 

U.S. throughout the annual cycle, with the other two SST patterns playing secondary roles (e.g. 44 

Mo et al. 2009; Schubert et al. 2009).  The Pacific pattern contains signals from both the El 45 

Niño–Southern Oscillation (ENSO) and Pacific Decadal Variability (PDV); its cold phase is 46 

characterized by cold SST anomalies along the central and eastern tropical Pacific, and warm 47 

SST anomalies along 40ºN in the north Pacific.  The associated Principal Component (PC) shows 48 

the ENSO signals superimposed upon a negative PDV prior to mid-1920s, during 1947-1976,49 

and after the late 1990s, and a positive PDV during 1925-1946 and from 1977 to the mid-1990s.50 

Figure 2 shows that the cold (negative) phase of the Pacific pattern is generally associated with 51 

precipitation deficits over the U.S.1 throughout the annual cycle. Such precipitation deficits are 52 

more prominent during the transition seasons compared with winter and summer. In particular, 53 

the peak deficits occur during fall.  Figure 2 also shows that, during winter, the precipitation 54 

anomalies resemble those associated with La Nina, with deficits along the southeastern and 55 

southwestern U.S., and positive anomalies along the Ohio Valley and the northwestern U.S. The 56 

springtime precipitation anomalies show distinct dry anomalies over the central U.S. as well as 57 

1 The observed precipitation anomalies over the U.S. associated with the cold Pacific SST pattern in Figure 2 is 
obtained by compositing the HadCRU TS3.0 precipitation data (Mitchell and Jones 2005) for years that exceed one 
standard deviation of the PC of the cold Pacific pattern over the period 1901-2004.  
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along the southeastern and southwestern coasts of the U.S., with some wet anomalies further 58 

north. During summer, the dry anomalies mainly occur over the Great Plains with moderate 59 

amplitude; there is an increase in precipitation over the southeastern U.S. except for central and 60 

southern Florida where there are strong precipitation decreases. During fall, there are pronounced 61 

deficits over the entire central U.S., with precipitation increases occurring only along the eastern 62 

coastal states. The strong precipitation deficit during fall stands out among the four seasons.63 

While the effects of Pacific SST over the U.S. during winter and summer have been extensively 64 

studied using observations (e.g., Trenberth et al 1998; Ting and Wang 1998; Dai 2012), the 65 

overall seasonality of the effects, particularly the peak in fall, has received far less attention. Past 66 

observational studies that investigate the U.S. precipitation during fall mainly focused on its 67 

trend and leading variability. The largest precipitation trend over the U.S. during fall has been68 

associated with more frequent rain occurrence in that season (Small and Islam 2008; 2009). The 69 

leading mode of fall precipitation variability over the North America has been linked to a 70 

hemispheric-scale circulation pattern that stretches from the western Pacific to the north Atlantic 71 

(Small et al. 2010). The nature of the relatively large fall precipitation anomalies associated with 72 

the cold Pacific pattern, however, has not been addressed in any previous studies.73 

The seasonal effects of the cold Pacific SST over the U.S. have been investigated using GCM 74 

simulations (e.g. Wang et al 2010), with the caution that model-based findings are subject to 75 

possible model deficiencies. Using National Aeronautics and Space Administration (NASA) 76 

Seasonal to Inter-annual Prediction Project (NSIPP-1) Atmospheric GCM (AGCM) simulations, 77 

Wang et al (2010) has investigated the physical mechanisms by which the cold Pacific pattern 78 

impacts U.S. precipitation throughout the annual cycle. Compared with the observations (Figure 79 
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2), which have the peak deficit in fall, the model shows the peak response in summer (Figure 2, 80 

Wang et al 2010). The strong summertime precipitation deficit in the model is caused by reduced 81 

moisture transport into the central U.S. associated with an anomalous low-level cyclonic flow 82 

over the Gulf of Mexico, and further amplification by strong soil moisture feedback over the 83 

U.S. The circulation anomalies are maintained by diabatic heating anomalies over the Gulf of 84 

Mexico as a secondary response to circulation anomalies forced from the tropical Pacific. 85 

In light of the above differences in the U.S. precipitation responses found in the model (Wang et 86 

al 2010) and observations (Figure 2), this study carries out a more in-depth observationally-based 87 

analysis of the physical and dynamical processes through which the cold Pacific pattern affects 88 

the U.S. precipitation throughout the annual cycle, with the focus on the peak deficit during fall. 89 

The results are compared with those from the NASA NSIPP-1 AGCM simulations (Wang et al. 90 

2010), with the aim of identifying potential model deficiencies in representing the effects of the 91 

cold Pacific pattern over the U.S.92 

The paper is organized as follows.  Section 2 describes the data and methods used in this study. 93 

Section 3 investigates the physical processes by which the cold Pacific SST pattern affects the 94 

U.S. precipitation, particularly during fall, and examines the dependence of the results on the 95 

observational (including reanalysis) data used. In addition, the key processes revealed from the 96 

reanalyses are compared with those found to be operating in the NSIPP-1 AGCM simulations.  97 

The summary and conclusions are given in Section 4.98 

2. Data and Methods99 

2.1. Observations, reanalyses and AGCM simulations100 
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The precipitation observations used in this study are the HadCRU TS3.0 (Mitchell and Jones 101 

2005) monthly data. These data have fine spatial resolution (0.5 latitude by 0.5 longitude), and 102 

are available for a sufficiently long time period (January 1901 through June 2006) to 103 

accommodate our composite analysis. While the quality of these data is limited by the sparse 104 

coverage of the station observations over some regions of the world especially in the earlier time 105 

periods, it is reliable over the U.S. because of the relatively dense observational network 106 

throughout the entire time period. 107 

In order to investigate the physical and dynamical processes by which the cold Pacific pattern 108 

affects the U.S., we use the Modern-Era Retrospective Analysis for Research and Applications 109 

(MERRA)-Scout reanalysis data (Wang et al. 2009) produced at the NASA Global Modeling and 110 

Assimilation Office (GMAO).  The Scout reanalysis was generated using the same observations 111 

and data assimilation system as MERRA (Rienecker et al. 2011), with the primary difference 112 

being the coarser (2° latitude by 2.5°longitude) spatial resolution and that it dates back to the 113 

year 19482.114 

To investigate the dependence of our results on the specific reanalysis used, we analyze 115 

atmospheric circulation fields from two other reanalysis data sets that are available over the 116 

period 1948-present, i.e., the National Center for Environmental Prediction (NCEP)/National 117 

Center for Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1996) and the Twentieth 118 

Century reanalysis (Compo et al. 2011). The NCEP/NCAR reanalysis and the 20th Century 119 

reanalysis are based on data assimilation systems and input observations considerably different 120 

from that of the Scout reanalysis. The NCEP/NCAR reanalysis, one of the so-called first 121 

2 The Scout reanalysis was initially intended as a coarse resolution precursor to MERRA (available from 1979-
present) to allow addressing (scouting for) potential technical issues with the input observations prior to the start of 
MERRA, but was later extended back to 1948 to provide a resource for addressing decadal variability.
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generation reanalyses, is described in Kalnay et al. (1996), and has been widely used and shown 122 

to be valuable for a wide range of climate research. The 20th Century reanalysis (Comp et al. 123 

2011) assimilates surface pressure observations only. It uses an Ensemble Kalman Filter data 124 

assimilation method with background ‘first guess’ fields supplied by an ensemble of forecasts 125 

from a global numerical weather prediction model. The above three reanalyses have their 126 

advantages and disadvantages. The Scout reanalysis and the NCEP/NCAR reanalysis assimilate 127 

a wide range of input observations. Thus, both of them are likely to be influenced by changes in 128 

the observing system.  In contrast, by assimilating surface pressure observations only, the 20th129 

Century reanalysis is less impacted by input observation changes; on the other hand, it may be 130 

more problematic in representing atmospheric circulation and moisture, as the observations of 131 

these fields are not assimilated. In this study, we examine the atmospheric circulation in all three 132 

reanalyses, and consider features common to all of them as more reliable and representative of 133 

nature.134 

The NSIPP-1 AGCM simulations consist of an ensemble of fourteen Atmospheric Modeling 135 

Inter-comparison Project (AMIP) type simulations made for the period 1902-2004, as well as, 136 

idealized AGCM experiments performed for the U.S. Climate Variability and Predictability 137 

(CLIVAR) drought project (Schubert et al. 2009). The latter consists of a control run forced with 138 

a seasonally varying SST climatology, and an anomaly run forced with the cold Pacific pattern 139 

(Figure 1) superimposed onto the seasonally varying SST climatology: both are 99 years long. 140 

The model response to the cold Pacific in the idealized AGCM experiment is obtained as the 141 

mean difference between the control run and the anomaly cold Pacific runs averaged over the 142 

last 80 years. For the above experiments, the NSIPP-1 AGCM is run with a horizontal resolution 143 

of 3 degrees latitude/longitude. Details of the NSIPP-1 model formulation and its climate are 144 
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described in Bacmeister et al. (2000). The seasonal predictability of the model is described in 145 

Pegion et al. (2000) for boreal winter, and in Schubert et al. (2002) for boreal summer. The 146 

physical mechanisms through which the cold Pacific pattern affects the U.S. precipitation in the 147 

NSIPP-1 AGCM are investigated in Wang et al. (2010).148 

2.2. Analysis methods149 

Our investigation of the impacts of the cold Pacific pattern includes the computation and analysis 150 

of atmospheric moisture budgets and various diagnostics using stationary wave modeling. In 151 

these analyses, anomalies associated with the cold (negative) phase of the Pacific pattern are 152 

obtained as a composite average of values for years during which the PC of the Pacific pattern is 153 

less than minus one standard deviation over the period that both the PC and the anomaly fields 154 

are available. We note that varying the standard deviation criteria from 0.8 to 1.2 does not lead to 155 

any notable differences (not shown).156 

The atmospheric moisture budget analysis is used to examine how the precipitation anomalies 157 

over the U.S. are balanced by evaporation anomalies and changes in atmospheric transient and 158 

stationary moisture flux convergences. The changes in stationary moisture flux convergences are 159 

further decomposed into those due to changes in atmospheric moisture and those due to changes 160 

in atmospheric circulation. Wang et al. (2010) provides more details of the atmospheric moisture 161 

budget analysis.162 

Atmospheric moisture budgets based on reanalyses have proven useful for investigating key 163 

processes affecting U.S. precipitation (e.g. Mo and Higgins 1996; Mo et al 2005). Since 164 

atmospheric wind and specific humidity fields in reanalysis are subjected to analysis adjustment 165 
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terms, the atmospheric moisture budget using reanalysis is not strictly closed. Here we do not 166 

intend to pursue a quantitatively closed budget, but rather to explore the main physical processes 167 

for the precipitation anomalies over the U.S.  Among the variables needed for the atmospheric 168 

moisture budget in the Scout reanalysis, atmospheric wind fields are strongly constrained by the 169 

observations while specific humidity is potentially more strongly influenced by any bias in the 170 

assimilating model; precipitation and evaporation are not assimilated and are derived solely from171 

the model forced by the data assimilation. The rather dense observational network over the U.S. 172 

and nearby area throughout the period 1948-present, including the dense conventional station 173 

observations during the pre-satellite era, provides us with confidence in using the Scout 174 

reanalysis for the atmospheric moisture budget analysis over these regions. 175 

Since the changes in stationary moisture flux convergences due to changes in atmospheric 176 

circulation often play an important role in explaining the precipitation anomalies, the 177 

maintenance of the atmospheric circulation anomalies is further investigated using a diagnostic 178 

stationary wave modeling approach. The stationary wave model used in this study is nonlinear, 179 

time-dependent, and based on three-dimensional primitive equations. It has rhomboidal 180 

wavenumber 30 truncation in the horizontal, and 14 unequally spaced sigma levels in the 181 

vertical. This model has been shown to be a valuable tool to diagnose the relative roles of 182 

regional forcing anomalies for atmospheric circulation anomalies on various time scales (e.g. 183 

Lau et al. 2004; Schubert et al. 2011). Ting and Yu (1998) and Held et al. (2002) provide details 184 

of the stationary wave model.185 

In the stationary wave modeling experiments performed for this study, the basic state consists of 186 

the three-dimensional (3-D) climatological seasonal mean zonal and meridional wind, air 187 
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temperature and two-dimensional (2-D) surface pressure. The climatology is for the period 1948-188 

2004, when both the PC of the Pacific pattern and the Scout reanalysis are available. The 189 

stationary wave forcing consists of 3-D diabatic heating anomalies, and anomalies in the 190 

vorticity, divergence and thermal transient flux convergences. Following Wang and Ting (1999), 191 

the monthly diabatic heating in the Scout reanalysis is derived as a residual based on the 192 

thermodynamic equation in pressure coordinates; the monthly transient forcings are obtained by 193 

computing the major terms in the vorticity, divergence and temperature equations in pressure 194 

coordinates. The above stationary wave forcings are then linearly interpolated onto the spatial 195 

grids of the stationary wave model. The seasonal mean stationary wave forcing anomalies 196 

associated with the cold (negative) Pacific pattern are obtained as a composite average over those 197 

years (during 1948-2004) for which the PC of the Pacific pattern is less than minus one standard 198 

deviation (Figure 1).199 

3. Results200 

In this Section, the physical and dynamical processes by which the cold Pacific SST pattern 201 

affects precipitation over the U.S., particularly during fall, are investigated using the Scout 202 

reanalysis. The dependence of our results on the Scout reanalysis is investigated by analyzing 203 

atmospheric circulation anomalies in two other reanalyses. Lastly, the NSIPP-1 AGCM 204 

simulation of the seasonal effects of the cold Pacific pattern over the U.S. is evaluated based on a 205 

comparison with observations and the reanalyses.206 

3.1. Seasonality of the effects of the cold Pacific SST pattern over the U.S. 207 
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Figure 3 shows seasonal mean precipitation anomalies over the U.S. associated with the cold 208 

Pacific pattern based on the Scout reanalysis for the period 1948-2004 (Figure 1). Despite 209 

relatively coarse resolution and not assimilating observed precipitation, the Scout reanalysis 210 

(Figure 3) captures the majority of the observed features for all four seasons fairly well (cf. 211 

Figure 2)3. Consistent with the HadCRU TS3.0 results, during winter, the Scout reanalysis shows 212 

precipitation deficits over southeastern and southwestern U.S., and precipitation increases along 213 

the Ohio Valley and over northwestern U.S.. Spring exhibits dry responses over the central U.S. 214 

with wet responses further north. The summertime precipitation anomalies show precipitation 215 

reductions in the central U.S. and southern coastal U.S., and increases over states along the 216 

northwestern U.S.-Canadian border. The fall season has the largest precipitation deficits 217 

spanning the entire central U.S., with moderate precipitation increases over the eastern coastal 218 

states. Given the above good agreement between the Scout reanalysis and the HadCRU 219 

observations, we next use the Scout reanalysis to examine the atmospheric moisture budget over 220 

the U.S. and nearby regions.221 

3.2. Physical and dynamical processes from Scout reanalysis222 

3.2.1. Atmospheric moisture budget analysis223 

Figure 4 shows the atmospheric moisture budget for all four seasons based on the Scout 224 

reanalysis. During winter (Figure 4a), the precipitation deficits over the southeastern and 225 

southwestern U.S. are mainly tied to anomalies in transient moisture flux convergences. This is 226 

consistent with many previous observational studies (e.g. Trenberth et al 1998). During spring 227 

(Figure 4b), the precipitation deficits over the central U.S. and eastern coastal U.S. are affected 228 

3 Note the composite results for HadCRU TS3.0 over the period 1948-2004 do not differ notably from those over the 
period 1901-2004 shown in Figure 2.
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by all the budget terms. The deficit over the central U.S. is maintained by a reduction in 229 

evaporation and weaker transient moisture flux convergences. The deficit over the eastern U.S. is 230 

mainly due to weaker stationary moisture flux convergences that are associated with a high 231 

anomaly centered over the Gulf of Mexico: the southerly wind anomaly to its west brings 232 

moisture into U.S. leading to a precipitation increase over the central U.S., while the westerlies 233 

to its north contribute to dry conditions over the eastern U.S.  During summer (Figure 4c), the 234 

moderate precipitation deficits over the central and eastern U.S. are mainly balanced by 235 

reductions in evaporation, a reflection of local land-atmosphere feedback. The changes in both 236 

the transient and stationary moisture flux convergences are weak. In particular, weak and 237 

disorganized low-level flow anomalies produce vertically integrated stationary moisture flux 238 

convergence anomalies that contribute little to the precipitation deficit over the U.S.. The 239 

negative anomaly in atmospheric moisture only contributes to weaker stationary moisture flux 240 

convergence over part of Midwestern U.S..241 

During fall (Figure 4d), the relatively large precipitation deficits over the majority of the U.S. are 242 

primarily linked to changes in stationary moisture flux convergences due to changes in the low-243 

level atmospheric circulation, and secondly the result of a reduction in local evaporation from 244 

land-atmosphere feedback. The low-level atmospheric circulation anomalies are characterized by 245 

a strong and systematic northeasterly wind anomaly spanning the southeastern U.S., the 246 

northwestern branch of a broad cyclonic flow anomaly over the Northern Hemisphere (NH) 247 

Atlantic, and the eastern and southeastern U.S.. Counteracting the climatological southwesterlies 248 

to the northwest of the climatological North Atlantic subtropical high, the northeasterly flow 249 

anomaly weakens the climatological atmospheric moisture transport from the Gulf of Mexico 250 

into the U.S., leading to dry anomalies over the U.S..251 
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3.2.2. Stationary wave modeling diagnosis252 

Given the importance of the low-level northeasterly flow anomaly over the southeastern U.S. for 253 

maintaining the precipitation deficit during fall, we next investigate its maintenance using a 254 

stationary wave model (Figure 5). When forced with the sum of diabatic heating and transient 255 

flux convergence anomalies, the stationary wave model (Figure 5b) reproduces the Scout 256 

reanalysis (Figures 5a) fairly well. The low-level cyclonic flow anomaly centered over the Gulf 257 

of Mexico and the Caribbean Sea that includes the northeasterly flow anomaly at its 258 

northwestern branch, the key feature of interest, is well captured by the stationary wave model. 259 

Other major features, including the low anomaly over central South America, a pair of cyclonic 260 

flow anomalies straddling the equator over the Indian Ocean (not shown), and the pair of 261 

anticyclonic flow anomalies over the Pacific Ocean, are all very well simulated by the stationary 262 

wave model. Such good agreement not only suggests that the Scout reanalysis data are 263 

dynamically consistent with the stationary wave model, but also shows the capability of the 264 

stationary wave model in reproducing the reanalysis atmospheric circulation features. We next 265 

further decompose the total response into the responses to various regional stationary wave 266 

forcing anomalies.  The comparison of the stationary wave model response to total forcing 267 

(Figure 5b) with the responses to diabatic heating (Figure 5c) and transient forcing (Figure 5d) 268 

anomalies shows the importance of the diabatic heating anomalies in explaining the majority of 269 

the low-level atmospheric circulation features in the NH Pacific and over North America; the 270 

transient forcing anomaly plays a negligible role over the southeastern U.S. and the subtropical 271 

north Atlantic. The stationary wave model response to global diabatic heating anomalies (Figure 272 

5c) is further decomposed into those due to heating in the tropical Pacific (west of 250ºE) 273 

(Figure 5e) and nearby heating over the tropical American regions (east of 250ºE) (Figure 5f), 274 
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the latter of which is further separated into the diabatic cooling anomalies over the eastern 275 

tropical Pacific (Figure 5g) and the heating anomalies over the Intra-American Seas (Figure 5h).  276 

The results show that the low-level cyclonic flow anomaly over the Gulf of Mexico is forced by 277 

diabatic heating anomalies in both nearby areas and in the tropical Pacific. Among the nearby 278 

diabatic heating and cooling anomalies, the positive heating anomaly over the Intra-American279 

Seas plays an important role in maintaining the low-level cyclonic anomaly over the Gulf of 280 

Mexico, whereas the cooling anomaly over the eastern tropical Pacific produces a high anomaly 281 

over the NH tropical and subtropical Pacific which partly offsets the low anomaly due to the 282 

heating over Intra-American Sea regions thereby helping to shape the northeasterly flow 283 

anomaly over the southeastern U.S. 284 

In contrast to fall, during which the low-level atmospheric circulation anomalies strongly 285 

contribute to the precipitation deficits over the U.S., summer shows little contribution from 286 

atmospheric circulation anomalies, as they are quite weak over the U.S. and oceanic regions 287 

further south (Figure 6a). When forced with the sum of global stationary wave forcing 288 

anomalies (Figure 6b), the stationary wave model reproduces the summertime low-level 289 

atmospheric circulation anomalies in the Scout reanalysis, including the weak and disorganized 290 

flow anomalies over and to the south of the U.S.  Further decomposition of the total response 291 

(Figure 6b) into those due to individual stationary wave forcing anomalies shows the 292 

predominant role of global diabatic heating (Figure 6c). The separation of the global heating 293 

anomalies (Figure 6c) into those in the remote tropical Pacific (Figure 6e) and those in the Intra-294 

American Sea regions (Figure 6f), shows that neither of them exerts notable circulation 295 

anomalies over the U.S. and regions to its south. 296 
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An additional set of stationary wave modeling experiments that use mixed combinations of basic 297 

state and stationary wave forcing anomalies for summer and fall (not shown) indicate that, the 298 

strong low-level atmospheric circulation anomalies during fall are mainly the result of the 299 

particular stationary wave forcing anomalies during that season: the seasonal change in the basic 300 

state from summer to fall does not appear to be important in explaining the difference between 301 

summer and fall.302 

3.3. Dependence of the results on the reanalysis303 

The mechanisms by which the cold Pacific pattern affects the U.S. revealed in Section 3.2 are 304 

based on the Scout reanalysis over the period 1948-2004.  Since the quality of any reanalysis 305 

over the pre-satellite time period (1948-1978) is likely to be impacted by model bias, especially 306 

over regions where conventional data are limited, we next examine two other reanalyses that are 307 

available over the period 1948-2004 (the NCEP/NCAR reanalysis and the 20th Century 308 

reanalysis). Given that these three reanalyses are generated using different data assimilation 309 

methods and models, we hypothesize that if the atmospheric circulation features of interest are 310 

common to all three reanalyses, then they are more likely to be realistic. 311 

Figure 7 compares the low-level atmospheric circulation anomalies for both summer and fall 312 

computed from the three reanalyses. During summer, consistent with the Scout reanalysis, the 313 

other two reanalyses also show rather weak low-level flow anomalies over the U.S., the Gulf of 314 

Mexico and nearby regions, in support of the result of a weak contribution from changes in 315 

atmospheric circulations for precipitation changes during that season. The three reanalyses are 316 

consistent with each other over other regions as well, including the strong equatorial westerly 317 

anomalies over the tropical Pacific, a high anomaly over the north Pacific, and a localized low 318 
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anomaly off the northwest coast of North America. During fall, the NCEP/NCAR and the 20th319 

Century reanalyses are remarkably consistent with the Scout reanalysis in that they also show 320 

strong easterly flow over the North Atlantic, and northeasterly flow over the southeastern U.S. 321 

which further turns south into the Gulf of Mexico and then eastward over the Caribbean Sea. All 322 

three reanalyses also agree with each other reasonably well over other regions, including the high 323 

anomaly over the North Pacific, and the strong westerly anomaly along the equatorial Pacific 324 

associated with the cold Pacific pattern. The good agreement between the three reanalyses 325 

supports our basic result that during fall the cold Pacific pattern affects the U.S. precipitation 326 

through the strong northeasterly flow anomaly over the southeastern U.S.327 

Two additional sets of stationary wave modeling experiments are performed to examine the role 328 

of diabatic heating anomalies in the NCEP/NCAR and 20th Century reanalyses in producing the 329 

northeasterly anomaly over the southeastern U.S. during fall.  In this case, for simplicity the 330 

diabatic heating anomalies are constructed using the reanalysis precipitation4.  The use of 331 

reanalysis precipitation to estimate the diabatic heating is justified by the dominance of latent 332 

heat release in the total diabatic heating in the tropics and subtropics, Comparing Figures 8 and 333 

5, we see that there is indeed good agreement between the precipitation and heating anomalies in 334 

the tropics and subtropics for the Scout reanalysis.  We note our intention here is to confirm the 335 

importance of diabatic heating for maintaining the atmospheric circulation over the southeastern 336 

U.S. in the other two reanalyses, rather than to repeat the more detailed analysis done for the 337 

Scout reanalysis, as this is rather expensive computationally. 338 

4 The latent heating anomalies for the NCEP/NCAR reanalysis and the 20th Century reanalysis are 
estimated from the precipitation anomalies using the equation for latent heat release, and 
assuming a vertical profile with the maximum at � = 0.5 that is characteristic of the vertical 
distribution of diabatic heating anomalies in the tropics and subtropics. 
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Figure 8 compares the three reanalyses in the tropical and subtropical precipitation anomalies as 339 

proxy for diabatic heating anomalies.  During summer and fall, the reanalyses agree with each 340 

other in the large-scale features of the precipitation responses. These include cold ENSO-like 341 

precipitation responses in the tropical Pacific, and precipitation increases over tropical America 342 

associated with anomalous ascent induced by the cold Pacific SST anomaly. There are however 343 

notable differences in regional details. In the tropical Pacific, compared with the Scout 344 

reanalysis, the NCEP/NCAR reanalysis shows a noisier spatial distribution, and the 20th Century 345 

has stronger precipitation anomalies.  Over the Intra-American Sea regions, the Scout reanalysis 346 

has positive precipitation anomalies over the Amazon, and the oceanic regions off the west coast 347 

of Mexico and the tropical Atlantic Ocean; the NCEP/NCAR reanalysis has positive 348 

precipitation anomalies over the Caribbean Sea, and the western tropical Atlantic and 349 

northeastern Brazil, whereas the 20th Century reanalysis has patched positive precipitation 350 

anomalies over and to the west of Mexico, western and eastern tropical Atlantic and eastern 351 

South America.  Given the above similarities and differences in the precipitation anomalies, we 352 

next use the stationary wave model to investigate whether the northeasterly flow anomaly over 353 

the southeastern U.S., the feature that is present in all three reanalyses, also has similar 354 

maintenance characteristics in the reanalyses.355 

Figure 9 shows that, even with such simply constructed latent heating anomalies, the large-scale 356 

atmospheric circulation features in the tropics and subtropics, including the low-level cyclonic 357 

flow anomaly over the NH western tropical Atlantic, are well captured in both reanalyses. The 358 

stationary wave response to the total heating anomalies is further decomposed into those in the 359 

remote tropical Pacific (west of 250ºE) and those over the U.S. and the oceanic regions further 360 

south (east of 250ºE). Figure 9 shows that the low anomaly over the NH western tropical Atlantic 361 
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in the NCEP/NCAR reanalysis is mainly due to heating anomalies over the Intra-American Seas, 362 

whereas the low anomaly in the 20th Century reanalysis is mostly forced by heating anomalies in 363 

the tropical Pacific. The different contribution from heating anomalies in remote and nearby 364 

regions in these reanalyses is not surprising. When performing composite analysis over the 365 

period 1948-2004, a number of the cold Pacific years fall in the pre-satellite time period (1948-366 

1978). The precipitation and diabatic heating composites in the tropical and subtropical oceans in 367 

the reanalyses therefore are likely affected by the poorer quality of the data during that time 368 

period, as more limited observational coverage results in greater model dependencies.369 

Nevertheless, the above results suggest that the northeasterly flow anomaly over the southeastern 370 

U.S during fall is constructively maintained by the cooling anomalies in the tropical Pacific and 371 

heating anomalies over the Intra-American Sea regions, though their relative importance is 372 

unclear. 373 

3.4. The NSIPP-1 AGCM simulations374 

AGCM simulations have proven to be a powerful tool for investigating the mechanisms 375 

responsible for U.S. precipitation variations (e.g. Schubert et al 2004; Seager et al 2005; Wang et 376 

al 2010). The impacts of the leading SST patterns on U.S. hydroclimate have been extensively 377 

investigated in a series of studies as part of a USCLIVAR Drought Working Group project 378 

(Schubert et al. 2009).  Our results based on reanalysis data (Sections 3.2 and 3.3) suggest that, 379 

in order for a model to correctly simulate the warm season precipitation response over the U.S. to 380 

SST changes in the tropical Pacific, it must correctly simulate the tropical convection response 381 

over both the tropical Pacific and the Intra-American Sea regions. It is of practical interest to 382 

examine how well AGCMs represent the key processes revealed in Section 3.2, and identify 383 
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potential model deficiencies so as to improve these models. Here we focus on the NSIPP-1384 

AGCM (one of the models used in the US CLIVAR project), since the physical mechanisms 385 

through which the leading SST patterns affect U.S. precipitation have already been thoroughly 386 

investigated for this model in Wang et al (2010). 387 

We begin by comparing the atmospheric moisture budget and stationary wave modeling 388 

diagnosis results from the NSIPP-1 AGCM produced in Wang et al (2010) to the results in 389 

Section 3.2. When comparing Figure 10 with Figure 4, it should be kept in mind that the results 390 

for the NSIPP-1 AGCM are based on an idealized AGCM run forced with the cold Pacific 391 

pattern with a weight of two standard deviations, whereas the composite results from the 392 

reanalysis (Figure 4) are based on all the time periods for which the cold Pacific pattern exhibits 393 

amplitudes greater than one standard deviation.  Additionally, the effects of any seasonal394 

variations in the SST anomalies associated with the cold Pacific SST pattern are not included in 395 

the idealized AGCM run. Such effects however do not appear to be important, as the 396 

precipitation responses from the idealized AGCM runs exhibit strong similarity to the composite 397 

results from the AMIP simulations, particularly in spatial pattern (not shown). The strong 398 

similarity also suggests that SST anomalies in other oceanic basins that are generated in response 399 

to the cold Pacific SST through atmospheric tele-connection and air-sea interaction only play 400 

secondary roles.401 

The comparison between the NSIPP-1 AGCM (Figure 10a) and the Scout reanalysis (Figure 4a) 402 

precipitation anomalies shows good agreement during winter. The NSIPP-1 AGCM response to 403 

the cold Pacific pattern is a precipitation deficit over the southeastern and southwestern U.S., and 404 

a precipitation increase over the northwestern U.S.. Such responses are mainly associated with 405 
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changes in transient moisture flux convergences. During spring, while the large-scale features in 406 

the NSIPP-1 AGCM are generally consistent with those in the Scout reanalysis, the NSIPP-1407 

AGCM (bottom panel of Figure 10b) shows a high anomaly that is zonally too extensive over the 408 

southern U.S., the northwesterly flow to its northeast leads to too strong a dry response over the 409 

eastern and southeastern U.S.   Summer shows the most distinct difference between the NSIPP-1410 

AGCM and the Scout reanalysis. The moderate summertime precipitation deficit responses in the 411 

Scout reanalysis are mainly maintained by a reduction in evaporation. In contrast, the rather 412 

strong precipitation deficits over the central U.S. in the NSIPP-1 AGCM simulations are 413 

maintained by not only an evaporation reduction from local atmosphere-land feedback, but also 414 

by reduced atmospheric moisture transport associated with a strong low-level cyclonic flow 415 

anomaly centered over the Gulf of Mexico which is itself maintained by the strong local heating 416 

anomaly (Wang et al 2010). The above differences between the NSIPP-1 AGCM and the Scout 417 

reanalysis partly originate from their heating differences over Intra-American Seas, and partly 418 

from the model overestimation of observed land-atmosphere coupling strength during summer 419 

(Koster et al. 2003). 420 

During fall, the NSIPP-1 AGCM generally agrees with the Scout reanalysis in the precipitation 421 

deficit responses over the central U.S., except that the deficits in the model simulations are 422 

somewhat weaker and located further west. While in both the NSIPP-1 AGCM and the Scout 423 

reanalysis, the precipitation deficits are primarily associated with changes in evaporation and 424 

stationary moisture flux convergences due to changes in low-level atmospheric circulations, the 425 

low-level circulation pattern and maintenance is different.  In contrast with the Scout reanalysis 426 

in which the low-level low anomaly resides over the NH western tropical Atlantic and is 427 

maintained by both cooling anomalies in the tropical Pacific and heating anomaly over the Intra-428 
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American Seas, the NSIPP-1 AGCM has its low-level cyclonic flow anomaly centered over the 429 

Gulf of Mexico, and it is mainly forced by the strong and localized heating anomalies there 430 

(Wang et al 2010). The differences between the NSIPP-1 AGCM and the Scout reanalysis during 431 

fall again result from the differences in the heating in the Intra-American Seas.432 

The above comparison between the NSIPP-1 AGCM and the Scout reanalysis suggests that the 433 

NSIPP-1 AGCM is deficient in simulating the remote warm season tropical convective responses 434 

over the Intra-American Sea to SST changes in the tropical Pacific. Different from the reanalyses 435 

(Figure 8), the NSIPP-1 AGCM places the enhanced precipitation and diabatic heating anomalies 436 

over the Gulf of Mexico during warm seasons (Figure 11). In fact, Wang et al. (2010) has shown 437 

that all the AGCMs participating in the USCLIVAR drought working group project exhibit 438 

rather large uncertainty (differences) in representing tropical convection responses in the Intra-439 

American Sea region during the warm seasons. 440 

4. Summary and Conclusions441 

The leading pattern of annual mean SST variability in the Pacific (in its cold phase) produces442 

pronounced precipitation deficits over the U.S. throughout the annual cycle, with the peak 443 

reached in fall. Using observations and the MERRA-Scout reanalysis, this study investigated the 444 

physical and dynamical processes through which the cold Pacific pattern affects the precipitation 445 

over the U.S., particularly the causes for the peak dry impacts in fall, and how that differs from 446 

the response during the summer. In addition, this study evaluated the quality of the NASA 447 

NSIPP-1 AGCM in simulating the effect of the cold Pacific SST on U.S. precipitation.448 

The results show that the peak precipitation deficit over the U.S. during fall is primarily due to a 449 

reduction in atmospheric moisture flux from the Gulf of Mexico into the central and eastern U.S., 450 
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and secondly due to a reduction in evaporation from local land-atmosphere feedback. The former 451 

is associated with a strong and systematic low-level northeasterly flow anomaly over the 452 

southeastern U.S. that counteracts the climatological low-level flow associated with the 453 

northwest branch of the north Atlantic subtropical high. The diagnosis of the results using a 454 

stationary wave model shows that the northeasterly anomaly is constructively maintained by 455 

diabatic heating anomalies in the nearby Intra-American Sea regions and diabatic cooling 456 

anomalies in the remote tropical Pacific. By comparison, the moderate summertime precipitation 457 

deficit response over the U.S. is mainly the result of local land-atmosphere feedback. The 458 

negative anomaly in atmospheric moisture only contributes to weaker stationary moisture flux 459 

convergence over Midwestern U.S.. The rather weak and disorganized atmospheric circulation 460 

anomalies over and to the south of the U.S. lead to only small stationary moisture flux 461 

convergence changes over the U.S., and make little contribution to the precipitation changes. 462 

Stationary wave model results show that neither heating anomalies in the remote tropical Pacific 463 

nor those in the nearby Intra-American Sea regions exert much influence on the summertime 464 

atmospheric circulation anomalies over the U.S. and nearby regions.465 

The above results, based on the Scout reanalysis, are supported by two other reanalyses that are 466 

available over the period 1948-2004 (the NCEP/NCAR reanalysis and the 20th Century 467 

reanalysis). The low-level northeasterly flow anomaly over the southeastern U.S., the key 468 

circulation feature that accounts for the U.S. precipitation deficit during fall, as well as the weak 469 

and disorganized low-level flow anomaly during summer, is present in all three reanalyses. The 470 

relative roles of the diabatic cooling anomalies in the tropical Pacific and those in the Intra-471 

American Sea regions in the maintenance of the northeasterly flow anomaly during fall,472 

nevertheless differs from reanalysis to reanalysis. This suggests considerable uncertainties in the 473 
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representation of tropical convection. Such uncertainty is not surprising as our composite results474 

are strongly affected by the cold Pacific years during pre-satellite period when these reanalyses 475 

lack sufficient observations over tropical oceanic regions and are likely affected by deficiencies 476 

in the AGCMs that are used to generate them. 477 

The results based on reanalyses suggest that in order to correctly simulate the precipitation 478 

response over the U.S. to SST changes in the tropical Pacific, a model must correctly simulate 479 

the convection response not only in the tropical Pacific but also in the Intra-American Seas. The 480 

NSIPP-1 AGCM appears to be deficient in simulating the warm season tropical convective 481 

responses in the Intra-American Seas to the cold Pacific pattern, and consequently the 482 

precipitation responses over the U.S.  During summer, in contrast to the results based on the 483 

Scout reanalysis in which the moderate precipitation deficit over the central U.S. is mainly 484 

contributed by reduced local evaporation with little contribution from the rather weak 485 

atmospheric circulation anomalies over and to the south of the U.S., the NSIPP-AGCM shows a 486 

rather strong and localized precipitation deficit response over the central U.S., and that is 487 

balanced roughly equally by a local reduction in evaporation and reduced stationary moisture 488 

flux convergences (Wang et al 2010). The above differences in the observationally-based and 489 

model-based atmospheric moisture budgets during summer, particularly the contributions of 490 

atmospheric circulation changes to U.S. precipitation, originate from the differences in the 491 

tropical convection and diabatic heating responses over the Intra-American Sea region. 492 

Associated with the cold Pacific SST anomaly, the Scout reanalysis places the enhanced diabatic 493 

heating anomaly over the eastern NH tropical Pacific and northern South America which forces 494 

rather weak atmospheric circulation anomalies over and to the south of the U.S. (Figure 9a). In 495 

comparison, the NSIPP-1 AGCM places the positive heating anomaly over the Gulf of Mexico 496 
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(Wang et al 2010, Figure 7) which forces a rather strong low-level cyclonic flow anomaly 497 

centered over the Gulf of Mexico that acts to reduce atmospheric moisture transport from the 498 

Gulf of Mexico to U.S. land.   This type of displacement of the heating response found in the 499 

NSIPP-1 AGCM appears to also occur in the other four AGCMs included in the USCLIVAR 500 

Drought Working Group project (Schubert et al 2009). In fact, the tropical convection response 501 

over the Intra-American Seas to the cold Pacific SST anomaly and the resultant impact over the 502 

U.S. precipitation differs considerably from model to model (Wang et al 2010).  It remains to be 503 

seen if more recent AGCMs have improved performance in this regard. 504 
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List of Figures577 

Figure 1. The cold Pacific SST pattern (upper panel, unit: K) and its corresponding normalized 578 

principal component (lower panel). The cold Pacific SST pattern is obtained as the second 579 

leading rotated EOF of the annual mean HadISST v1 over the period of 1901–2004. The 580 

amplitude of the cold Pacific pattern reflects two standard deviations of the SST forcing.581 

Figure 2. The observed December-January-February (DJF), March-April-May (MAM), June-582 

July-August (JJA), September-October-November (SON) and annual mean precipitation 583 

anomalies (unit: mm/day) over the U.S. associated with the cold Pacific pattern. The584 

observational data is taken from the HadCRU TS3.0 (Mitchell and Jones 2005). The 585 

precipitation anomalies are obtained by compositing the HadCRU TS3.0 precipitation using a586 

criteria exceeding one standard deviation of the principal component of the cold Pacific pattern 587 

over the period 1901-2004.588 

Figure 3. The DJF, MAM, JJA, SON and annual mean precipitation anomalies (unit: mm/day) 589 

over the U.S. associated with the cold Pacific pattern in the Scout reanalysis. The precipitation 590 

anomalies are obtained by compositing the Scout reanalysis precipitation using a criteria 591 

exceeding one standard deviation of the principal component of the cold Pacific pattern over the 592 

period 1948-2004.593 
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Figure 4. Atmospheric moisture budget analysis for (a) DJF, (b) MAM, (c) JJA and (d) SON 594 

mean responses to cold Pacific pattern in the Scout reanalysis, based on the data over the period 595 

1948-2004. The responses of precipitation, evaporation, vertically integrated transient moisture 596 

flux convergences (Tran), vertically integrated stationary moisture flux convergences due to 597 

changes in atmospheric moisture (StatQ), and those due to the changes in atmospheric circulation 598 

(StatV) superimposed with the corresponding vertically integrated stationary moisture fluxes are 599 

shown. Units: mm day�1.600 

Figure 5. The SON eddy streamfunction (unit: m2 s��) at � = 0.866 in (a) the Scout reanalysis; the 601 

stationary wave model response to (b) the sum of diabatic heating anomalies and anomalies in 602 

transient flux convergences, (c) the diabatic heating anomalies only, (d) anomalies in transient 603 

flux convergences, and regional diabatic heating anomalies over (e) west of 250ºE, (f) east of 604 

250ºE, (g) diabatic heating anomaly east of 250ºE, and (h) diabatic cooling anomaly east of 605 

250ºE. The corresponding vertically integrated diabatic heating anomalies (K day��) are shaded. 606 

Contour interval of streamfunction is 0.3 × 106 m2 s�� (negative values are dashed and the zero 607 

line is the first solid contour).608 

Figure 6. The JJA eddy streamfunction (unit: m2 s��) at � = 0.866 in (a) the Scout reanalysis; the 609 

stationary wave model response to (b) the sum of diabatic heating anomalies and anomalies in 610 

transient flux convergences, (c) the diabatic heating anomalies only, (d) anomalies in transient 611 

flux convergences, and regional diabatic heating anomalies over (e) west of 250ºE, and (f) east of 612 

250ºE. The corresponding vertically integrated diabatic heating anomalies (K day��) are shaded. 613 

Contour interval of streamfunction is 0.3 × 106 m2 s�� (negative values are dashed and the zero 614 

line is the first solid contour).615 
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Figure 7. The JJA and SON mean geopotential height (red contour, unit: m) and wind (blue 616 

vector, unit: m/s) anomalies at 850mb associated with the cold Pacific SST pattern in the Scout 617 

reanalysis (upper panels), the NCEP/NCAR reanalysis (middle panels), and the 20th Century 618 

reanalysis. The anomaly fields are obtained based on composite analysis over the period 1948-619 

2004.620 

Figure 8. The comparison of JJA (left panels) and SON (right panels) mean precipitation 621 

anomalies (unit: mm/day) associated with the cold Pacific pattern between the Scout reanalysis 622 

(upper panels), the NCEP/NCAR reanalysis (middle panels), and the 20th Century reanalysis 623 

(lower panels).624 

Figure 9. Left panels: The SON eddy streamfunction (unit: m2 s��) at � = 0.866 in (a) the 625 

NCEP/NCAR reanalysis; the stationary wave model response to the diabatic heating anomalies 626 

constructed using the reanalysis precipitation over the (b) global region, (c) west of 250ºE, and 627 

(d) east of 250ºE; Right panels show the same as the left panels expect for the 20th Century 628 

reanalysis. The corresponding vertically integrated diabatic heating anomalies (K day��) are 629 

shaded. Contour interval of streamfunction is 0.3 × 106 m2 s�� (negative values are dashed and 630 

the zero line is the first solid contour). The 3-D SON basic states for the two Reanalyses are 631 

computed over the period 1948-2004.632 

Figure 10. Atmospheric moisture budget analysis for (a) DJF, (b) MAM, (c) JJA and (d) SON 633 

mean response to cold Pacific pattern in the idealized NASA NSIPP-1 AGCM simulations 634 

forced with the cold Pacific SST pattern with SST forcing amplitude corresponding to two 635 

standard deviations. The responses of precipitation, evaporation, vertically integrated transient 636 

moisture flux convergences (Tran), vertically integrated stationary moisture flux convergences 637 
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due to changes in atmospheric moisture (StatQ), and those due to the changes in atmospheric638 

circulation (StatV) superimposed with the corresponding vertically integrated stationary moisture 639 

fluxes are shown. Note the shading intervals and vector scales are 1.5 times those in Figure 4. 640 

Units: mm day��.641 

Figure 11. The JJA (left panel) and SON (right panel) mean precipitation anomalies (unit: mm642 

day��) over the U.S. associated with the cold Pacific pattern in the NASA NSIPP-1 AMIP 643 

ensemble mean simulations. The precipitation anomalies are obtained by compositing the AMIP 644 

ensemble mean precipitation using a criteria exceeding one standard deviation of the PC of the 645 

cold Pacific pattern over the period 1948-2004.646 
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 649 

Figure 1. The cold Pacific SST pattern (upper panel, unit: K) and its corresponding normalized 650 
principal component (lower panel). The cold Pacific SST pattern is obtained as the second 651 
leading rotated EOF of the annual mean HadISST v1 over the period of 1901–2004. The 652 
amplitude of the cold Pacific pattern reflects two standard deviations of the SST forcing.653 

654 
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Figure 2. The observed December-January-February (DJF), March-April-May (MAM), June-658 
July-August (JJA), September-October-November (SON) and annual mean precipitation 659 
anomalies (unit: mm/day) over the U.S. associated with the cold Pacific pattern. The 660 
observational data is taken from the HadCRU TS3.0 (Mitchell and Jones 2005). The 661 
precipitation anomalies are obtained by compositing the HadCRU TS3.0 precipitation using a662 
criteria exceeding one standard deviation of the principal component of the cold Pacific pattern 663 
over the period 1901-2004.664 
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 667 

 668 

Figure 3. The DJF, MAM, JJA, SON and annual mean precipitation anomalies (unit: mm/day) 669 
over the U.S. associated with the cold Pacific pattern in the Scout reanalysis. The precipitation670 
anomalies are obtained by compositing the Scout reanalysis precipitation using a criteria 671 
exceeding one standard deviation of the principal component of the cold Pacific pattern over the 672 
period 1948-2004.673 
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 677 

Figure 4. Atmospheric moisture budget analysis for (a) DJF, (b) MAM, (c) JJA and (d) SON 678 
mean responses to cold Pacific pattern in the Scout reanalysis, based on the data over the period 679 
1948-2004. The responses of precipitation, evaporation, vertically integrated transient moisture 680 
flux convergences (Tran), vertically integrated stationary moisture flux convergences due to 681 
changes in atmospheric moisture (StatQ), and those due to the changes in atmospheric circulation 682 
(StatV) superimposed with the corresponding vertically integrated stationary moisture fluxes are 683 
shown. Units: mm day��.684 
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 687 

 688 

Figure 5. The SON eddy streamfunction (unit: m2 s��) at � = 0.866 in (a) the Scout reanalysis; the 689 
stationary wave model response to (b) the sum of diabatic heating anomalies and anomalies in 690 
transient flux convergences, (c) the diabatic heating anomalies only, (d) anomalies in transient 691 
flux convergences, and regional diabatic heating anomalies over (e) west of 250ºE, (f) east of 692 
250ºE, (g) diabatic heating anomaly east of 250ºE, and (h) diabatic cooling anomaly east of 693 
250ºE. The corresponding vertically integrated diabatic heating anomalies (K day��) are shaded. 694 

35 
 



36 
 

Contour interval of streamfunction is 0.3 × 106 m2 s�� (negative values are dashed and the zero 695 
line is the first solid contour).696 

697 

 698 

Figure 6. The JJA eddy streamfunction (unit: m2 s��) at � = 0.866 in (a) the Scout reanalysis; the 699 
stationary wave model response to (b) the sum of diabatic heating anomalies and anomalies in 700 
transient flux convergences, (c) the diabatic heating anomalies only, (d) anomalies in transient 701 
flux convergences, and regional diabatic heating anomalies over (e) west of 250ºE, and (f) east of 702 
250ºE. The corresponding vertically integrated diabatic heating anomalies (K day��) are shaded. 703 
Contour interval of streamfunction is 0.3 × 106 m2 s�� (negative values are dashed and the zero 704 
line is the first solid contour).705 
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 709 

Figure 7. The JJA and SON mean geopotential height (red contour, unit: m) and wind (blue 710 
vector, unit: m/s) anomalies at 850mb associated with the cold Pacific SST pattern in the Scout 711 
reanalysis (upper panels), the NCEP/NCAR reanalysis (middle panels), and the 20th Century 712 
reanalysis. The anomaly fields are obtained based on composite analysis over the period 1948-713 
2004.714 
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 717 

Figure 8. The comparison of JJA (left panels) and SON (right panels) mean precipitation 718 
anomalies (unit: mm/day) associated with the cold Pacific pattern between the Scout reanalysis 719 
(upper panels), the NCEP/NCAR reanalysis (middle panels), and the 20th Century reanalysis 720 
(lower panels).721 
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Figure 9. Left panels: The SON eddy streamfunction (unit: m2 s��) at � = 0.866 in (a) the 726 
NCEP/NCAR reanalysis; the stationary wave model response to the diabatic heating anomalies 727 
constructed using the reanalysis precipitation over the (b) global region, (c) west of 250ºE, and 728 
(d) east of 250ºE; Right panels show the same as the left panels expect for the 20th Century 729 
reanalysis. The corresponding vertically integrated diabatic heating anomalies (K day��) are 730 
shaded. Contour interval of streamfunction is 0.3 × 106 m2 s�� (negative values are dashed and 731 
the zero line is the first solid contour). The 3-D SON basic states for the two Reanalyses are 732 
computed over the period 1948-2004.733 
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 735 

736 
Figure 10. Atmospheric moisture budget analysis for (a) DJF, (b) MAM, (c) JJA and (d) SON 737 
mean response to cold Pacific pattern in the idealized NASA NSIPP-1 AGCM simulations 738 
forced with the cold Pacific SST pattern with SST forcing amplitude corresponding to two 739 
standard deviations. The responses of precipitation, evaporation, vertically integrated transient 740 
moisture flux convergences (Tran), vertically integrated stationary moisture flux convergences 741 
due to changes in atmospheric moisture (StatQ), and those due to the changes in atmospheric 742 
circulation (StatV) superimposed with the corresponding vertically integrated stationary moisture 743 
fluxes are shown. Note the shading intervals and vector scales are 1.5 times those in Figure 4. 744 
Units: mm day��.745 
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Figure 11. The JJA (left panel) and SON (right panel) mean precipitation anomalies (unit: mm749 
day��) over the U.S. associated with the cold Pacific pattern in the NASA NSIPP-1 AMIP 750 
ensemble mean simulations. The precipitation anomalies are obtained by compositing the AMIP 751 
ensemble mean precipitation using a criteria exceeding one standard deviation of the PC of the 752 
cold Pacific pattern over the period 1948-2004.753 
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