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Abstract: The ENSO impact on winter precipitation in the Southeast United States has been ana- 8 
lyzed from the perspective of daily weather types (WTs). We calculated the dynamic contribution 9 
associated with the change of frequency of the WTs and the thermodynamic contribution due to 10 
change of the spatial patterns of the environmental fields of the WTs. Six WTs have been obtained 11 
using a k-means clustering analysis of 850 hPa winds in a reanalysis data from November to Febru- 12 
ary of 1948-2022. All the WTs can only persist for a few days. The most frequent winter weather 13 
type is WT1 (shallow trough in eastern U.S.), which can persist or likely transfer to WT4 (Mississippi 14 
River Valley ridge). WT1 becomes less frequent in El Niño years, while the frequency of WT4 does 15 
not change much. WTs 2-6 correspond to a loop of eastward propagating waves with troughs and 16 
ridges in the mid-latitude westerlies. Three WTs with a deep trough in the Southeast U.S., which 17 
are WT2 (east coast trough), WT3 (off east coast trough) and WT6 (plains trough), become more 18 
frequent in El Niño years. The more frequent deep troughs (WTs 2, 3 and 6) and less frequent shal- 19 
low trough (WT1) result in above-normal precipitation in coastal Southeast U.S. in the winter of El 20 
Niño years. WT5 (off coast Carolina High), with maximum precipitation extending from Mississippi 21 
Valley to the Great Lakes, becomes less frequent in El Niño years, which corresponds to the below 22 
normal precipitation from the Great Lakes to Upper Mississippi and Ohio River Valley in El Niño 23 
years, and vice versa in La Niña years. The relative contribution of the thermodynamic and dynamic 24 
contribution is location dependent. In the east coast, the two contributions are similar in magnitude. 25 

Keywords: El Niño; Winter Weather Types 26 
 27 

1. Introduction 28 
The influence of the El Niño – Southern Oscillation (ENSO) on U.S. climate is 29 

strongest during the winter [1, 2]. The problem is usually studied based on seasonal 30 
means, such as the ENSO impact on the mean precipitation in December-February [3]. 31 
As we experience in everyday life, climate and its variability are actually manifested by 32 
daily weather. Therefore, it is equally important to learn how the ENSO impacts the 33 
daily weather. The problem will be examined and quantified using a weather typing 34 
(WT) analysis in Southeast United States (SEUS) for the winter in the current study. Sim- 35 
ilar method has been applied in the study of the impact of the ENSO in other places of 36 
the world such as in the Northeast U.S. [2, 4] and in the Southeast Asia [5, 6, 7, 8] as well 37 
as on spring precipitation in the SEUS [9]. The rationale of the WT analysis and refer- 38 
ence therein can be found in Qian el al. [9]. 39 

From the large-scale point of view, winter WTs in the SEUS are closely related to 40 
the North Atlantic Subtropical High (NASH) south of the Gulf coast (along about 30 °N) 41 
and westerly winds north of 30 °N, as shown in the monthly climatology in Fig .1. How- 42 
ever, the monthly precipitation and 850 hPa circulation of the four months from Novem- 43 
ber to February look almost the same, especially in the deep winter months of December 44 
to February with the anticyclonic circulation of the NASH withdrawn further to the 45 
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south. Winter rainfall is often produced by southwesterly flows ahead of a cold front 46 
that brings moisture from the warmer Gulf of Mexico. The location of precipitation 47 
should depend on the weather regime of the day, especially the longitude of the trough. 48 
However, the ridges and troughs cannot be seen from the monthly or seasonal mean 49 
figures. As will be seen shortly, the weather typing analysis brings up the dynamic view 50 
of these propagating ridges and troughs. Cold air damming east of the Appalachian 51 
Mountains can also bring cold weather to the south in the winter [10, 11]. Geograph- 52 
ically special for the east coast, the strong temperature gradient between the warm Gulf 53 
Stream off the east coast and the cold coastal land in the cold seasons also forms a baro- 54 
clinic belt, which corresponds to the quasi-stational east coast trough and storm track, as 55 
seen from the heavy precipitation along the east coast in Fig. 1. All these are important 56 
factors that affect winter weather in the SEUS. 57 

 58 

 59 
Figure 1. Monthly climatology of precipitation (shades, mm/day) and 850 hPa horizontal circula- 60 
tion (arrows, m/s) in in the winter in the Southeast U.S. The mean winds are based on the NRP 61 
reanalysis of 1948-2022. The mean precipitation is based on the CMORPH (NOAA Climate Predic- 62 
tion Center-CPC Morphing Technique) satellite estimated data in 1998-2020. 63 

In the following, we will first describe the data and method briefly, then examine 64 
the spatial pattern and frequency of the winds and precipitation of the WTs. Finally, we 65 
will use the characteristics of the WTs to interpret the ENSO impact on precipitation in 66 
the SEUS.  67 

2. Data and Weather Typing Analysis 68 
2.1. Data 69 

As in Qian et al. [7, 9], the 850 hPa wind components of the NCEP-NCAR Reanalysis 70 
Project-I (NRP) data [12], starting from January 1, 1948 to February 28, 2022, are used for 71 
the WT analysis. To examine the precipitation pattern of each of the WTs, the satellite 72 
estimated 3-hourly precipitation data from CMORPH (NOAA Climate Prediction Center- 73 
CPC Morphing Technique, 0.25° × 0.25°, 1998-2020, covering both land and sea) [13] are 74 
used to plot the precipitation maps. The CPC unified gauge-based analysis of daily 75 
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precipitation over the contiguous United States (CONUS) at quarter-degree grids in 1948- 76 
2022 (https://psl.noaa.gov/data/gridded/data.unified.daily.conus.html, covering only 77 
land area) is used for analyzing the ENSO impact on precipitation.  78 

 79 
2.2. WT Analysis 80 

The domain used for the WT analysis, 100°W-65°W and 20°N-45°N, is the same as 81 
was used to analyze the WTs in the warm season in the SEUS [9].   In this paper, we 82 
analyze November to February. We also extend the years of analysis by including all cur- 83 
rently available NRP data: 1948-2022.  84 

As in Roller et al. [2] and Qian et al. [7, 9], the classifiability index (CI) is calculated 85 
to determine the optimum number of clusters for the dataset, with large CI indicating a 86 
better separation between clusters. The optimum number of clusters (k) corresponds to 87 
the peak in CI following the initial decrease.  The daily weather in the SEUS in the winter 88 
can be best represented by 6 clusters (k=6) (Fig. 2). 89 
 90 

 91 
Figure 2. The classifiability index (CI) of the k-means clustering analysis using 850 hPa zonal and 92 
meridional wind component (u and v) in the Southeast U.S. and the surrounding region (100°W- 93 
65°W, 20°N-45°N) in November-February, 1948-2022; the optimum number for the k-means analy- 94 
sis is k=6. 95 

3. Results 96 
3.1. Winter weather types in the SEUS 97 

The spatial distribution of the 850 hPa winds for the six WTs, along with the associ- 98 
ated mean precipitation of each, is shown in Fig. 3 and the brief description is given in 99 
Table 1. WT1 represents a broad and shallow trough over central-east US. WT2 is an east- 100 
coast trough with precipitation ahead of the trough along the east coast from Florida to 101 
the mid-Atlantic coast, but with the maximum precipitation over the costal ocean along 102 
the Gulf stream.  Behind the trough, northwesterly dry flow takes place over the Midwest 103 
and Great Plains. The Gulf coast is also quite dry. WT3 is an off-east coast trough with 104 
maximum precipitation over the ocean, while the land in central and eastern U.S. is dry. 105 
WT4 features a ridge over the Mississippi River Valley, with a trough and rainy area in 106 
the Atlantic Ocean quite far away from the east coast. The east coast and the Great Lakes 107 
area are dry. The southern Great Plains get some rainfall with the moisture supplied by 108 
the southerly flow from the Gulf coast. In WT5, a trough is over the western Great Plains, 109 
with the southwesterly flow brings forth moisture and precipitate over the Mississippi 110 
River Valley. An anticyclone is centered off the east coast of Carolinas. The east coast is 111 
quite dry. In WT6, a deep trough is over the eastern Great Plains and the Mississippi and 112 
Missouri river valleys. The strong southwesterly flow east of the trough transports mois- 113 
ture from the Gulf of Mexico and dumps heavy precipitation in the Mississippi River Val- 114 
ley and SEUS.  115 

Comparing the winter WTs to those WTs in March-October given in [9], some WTs 116 
are similar to or even identical to each other. For instance, the WT2 in Fig. 3 here is quite 117 

https://psl.noaa.gov/data/gridded/data.unified.daily.conus.html
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similar to the WT1 (ECT) in [9]. WT4 here in Fig. 3 is almost identical to the WT2 (MRVR) 118 
in Qian et al. [9]. While WH6 here in Fig. 3 is similar to the WT3 (PT) in Qian et al. [9]. It 119 
is reasonable that some WTs in November-February may share similar features of the WTs 120 
in the transitioning seasons of spring and fall contained in the period of March-October 121 
in Qian et al. [9].  122 

 123 
Weather Type Description 
WT1 Shallow trough (ST) over central-east US 
WT2 East coast trough (ECT) 
WT3 Off-east-coast trough (OECT) 
WT4 Mississippi River Valley Ridge (MRVR) 
WT5 Western plains trough (WPT)/Off coast Carolina high (OCCH)  
WT6 Plains trough (PT)  

Table 1. Six weather types in the winter and their 850 hPa flow patterns. 124 

WT5 bears some similarity to the WT6 (Fig. 3), but with a shallower trough in western 125 
Great Plains. WT5 is also somewhat similar to the warm season WT6 (Carolina High, [8]), 126 
but the anticyclone center in the WT5 here is off the Carolina coast, while the warm season 127 
WT6 has the Carolina High centered on the coast. 128 

We cannot find similar warm season WTs similar to the winter WT1 and WT3, there- 129 
fore, they are distinctively winter WTs. In the winter, with the contrast of cold continent 130 
and warm ocean, the general circulation favors a quasi-stationary trough along the east 131 
coast of the continents. This is manifested by the occurrence of shallow trough in coastal 132 
land (WT1) and a deep off-shore trough (WT3).  133 

It is also worth to note that precipitation is heavy over the Great Lakes (near the 134 
northern border of the domain in Fig. 3), as compared to the surrounding lake shore re- 135 
gion, in WTs 5 and 6, in which southwesterly flow brings moisture toward the Great Lake 136 
region. In the winter, surface temperature over the lakes should be warmer than that over 137 
the land. Therefore, moist air and the warm lake surface both work to increase the condi- 138 
tional instability of the atmosphere thus enhance precipitation over the lakes. 139 

 140 

 141 
Figure 3. The average precipitation (shade, mm/day) and 850 hPa winds (arrows) of the six WTs. 142 
WTs 1-6 can be briefly described as Shallow Trough (ST), East Coast Trough (ECT), Off East Coast 143 
Trough (OECT), Mississippi River Valley Ridge (MRVR), Western Plains Trough (WPT), and 144 
Plains Trough (PT), respectively. 145 
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3.2. Frequency of the WTs 146 
During November 1 – February 28 of 1948-2022 (120 days per year for 74 years, 8880 147 

days in total), the percentage of the total number of days with WT 1-6 are 21.3%, 11.7%, 148 
13.9%, 19.0%, 17.5% and 16.7%, respectively. The occurrence of the daily WTs through the 149 
season is shown in Fig. 4. All six WTs sporadically occur in the winter season, as can be 150 
seen from the top panel of Fig. 4. WT1, a distinctive winter WT, occurs quite frequent in 151 
every month of the winter, especially in December and January; therefore, it is the most 152 
frequent WT in the center of the winter. In the winter, westerly winds are the strongest in 153 
the mid-latitude due to the strongest baroclinicity (Fig. 1), which corresponds to the quite 154 
zonal flow of WT1. WT2 (ECT), the least frequent winter WT, occurs slightly more in Jan- 155 
uary and early February. As mentioned before, the WT2 (ECT) here is similar to the WT1 156 
(also ECT) in [9] that frequently occurs in March-April. So ECT is common in the winter 157 
and spring in SEUS. WT3 (OECT), the second least frequent winter WT, occurs more in 158 
January and February. WT4 (MRVR, the second most frequent WT) occurs more frequent 159 
in November (especially in the early part of the month), and least frequent in January. 160 
Precipitation map of WT4 indicates that it corresponds to fair weather in most of SEUS, 161 
except for the southwest portion of the region. In other words, the fair weather in late fall 162 
in SEUS is due to frequent WT4 (MRVR). WT5 (WPT) is more frequent in the first half of 163 
the winter (from mid-November to early January) with a contrasting of rainy weather 164 
west of the Appalachian and fair weather along the east coast. Finally, WT6 is less frequent 165 
before late November and then somewhat evenly distributed after that. Comparing to the 166 
warm season WTs with a dominant summer WT (Florida High Zone that occurs about 167 
60% of days in July, see [9]), there is no single dominant WT in the winter.  168 

 169 

Figure 4. The 74-year (1948-2022) averaged frequency (percentage) of the 6 WTs from November 1 170 
to February 28 (120 days/year). A 5-day running average was conducted. Color: WT1 (pink), WT2 171 
(purple), WT3 (light blue), WT4 (green), WT5 (yellow), WT6 (red). 172 
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 173 
Figure 5 shows the persistence of the WTs. For all 6 WTs, over 50% of their respective 174 

occurrences persist for only one day (and progress to other WTs the next day), and 20% 175 
persist for 2 days, 5-10% persist for 3 days, and very few can persist for 4-12 days. These 176 
are short compared to the summer WTs that can persist up to 20 days [9]. Winter weather 177 
is mostly controlled by eastward propagating baroclinic waves, and therefore, they have 178 
short persistence and fast transition/progression from one WT to another. 179 

The progression of the WTs is shown in Fig. 6. WT1 significantly progresses to itself 180 
(i.e., persistence, due to its nearly zonal flow) and also likely progresses to WT4 (shown 181 
by red bars). Actually, persistence is statistically significant for every WT (red bar). Be- 182 
sides persistence, the preferred progression loop is from WT2 (ECT) to WT3 (OECT), to 183 
WT4 (MRVR), to WT5 (WPT), to WT6 (PT), and then back to WT2. The circulation pat- 184 
terns of WTs 2-6 (Fig. 3) indicate that the above progression loop corresponds to the 185 
eastward propagation of westerly waves. 186 

 187 
Figure 5. Persistence of the 6 WTs. presented by different color bars, respectively.  The x-axis is 188 
the length of consecutive days with the same WT. The last group of bars are the sums of persistent 189 
events of 6 to 12-days.  190 

 191 

Figure 6. The progression of the WTs. The 95% confidence interval of the WT background fre- 192 
quency (the occurrence of WT transition due to chance) is shown with black shading. Frequencies 193 
significantly greater than the background frequency are shown with red bars, frequencies signifi- 194 
cantly less than the background bars are shown with blue bars. 195 
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We also checked the long-term trend in the 1948-2022 time series of the frequency of 196 
each of the WTs in November to February (figure not shown) and did not find significant 197 
trend based on the Mann-Kendall test at the 95% significance level. 198 

 199 
3.3. ENSO impacts on rainfall in the SEUS in the winter 200 

After analyzing the frequency and spatial pattern of the WTs, now we can use them 201 
to interpret the ENSO impact on the winter precipitation in the SEUS. As can be seen from 202 
Fig. 1, the monthly climatology is similar among each month in deep winter months of 203 
December to February (DJF), therefore, we will focus on DJF.  204 

As did by Ohba and Sugimoto in [14] for the ENSO impact on precipitation in Japan, 205 
we also quantified the dynamic and thermodynamic contributions of ENSO to the winter 206 
precipitation in the SEUS. El Niño and La Niña have opposite impact, but may not be 207 
totally asymmetric, so we will check their impact separately. The anomalous precipitation 208 
associated with El Niño (denoted by En) can the written as: 209 

 210 
𝛿𝛿𝛿𝛿 = 𝑃𝑃𝐸𝐸𝐸𝐸 − 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝑝𝑝𝑖𝑖𝐸𝐸𝐸𝐸𝑓𝑓𝑖𝑖𝐸𝐸𝐸𝐸

𝐾𝐾
𝑖𝑖=1 −� 𝑝𝑝𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐾𝐾
𝑖𝑖=1  = 𝛿𝛿𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒+𝛿𝛿𝛿𝛿𝑑𝑑𝑑𝑑𝑑𝑑   (1)  211 

 212 
K=6 is the number of the WTs; 𝑃𝑃𝐸𝐸𝐸𝐸 and 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 are the precipitation in El Niño years 213 

and the climatology (all year average), respectively; 𝑝𝑝𝑖𝑖𝐸𝐸𝐸𝐸 and 𝑝𝑝𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  are the precipitation 214 
of WT i (i=1 to 6) in El Niño years and climatology, respectively; 𝑓𝑓𝑖𝑖𝐸𝐸𝐸𝐸 and 𝑓𝑓𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 are the 215 
frequency of WT i in El Niño years and climatology, respectively.  𝛿𝛿𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  and 𝛿𝛿𝛿𝛿𝑑𝑑𝑑𝑑𝑑𝑑 216 
are the thermodynamic and dynamic contribution to the anomalous precipitation, respec- 217 
tively, as follows: 218 

 219 

𝛿𝛿𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = � (𝑝𝑝𝑖𝑖𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) 𝑓𝑓𝑖𝑖
𝐸𝐸𝐸𝐸+𝑓𝑓𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

2
 

𝐾𝐾

𝑖𝑖=1

       (2) 220 

  221 

𝛿𝛿𝛿𝛿𝑑𝑑𝑑𝑑𝑑𝑑 =  � 𝑝𝑝𝑖𝑖
𝐸𝐸𝐸𝐸+𝑝𝑝𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

2
 (𝑓𝑓𝑖𝑖𝐸𝐸𝐸𝐸 − 𝑓𝑓𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)

𝐾𝐾

𝑖𝑖=1

        (3) 222 

 223 
The 𝛿𝛿𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 in (2) is resulted from the changes in basic (environmental) field, such 224 

as temperature and moisture. The 𝛿𝛿𝛿𝛿𝑑𝑑𝑑𝑑𝑑𝑑 in (3) is caused by the changes of frequency of 225 
the WTs. The thermodynamic and dynamic contribution to precipitation anomalies in La 226 
Niña (denoted by Ln) can be calculated similarly, by replacing En by Ln in (1) to (3).  227 

Figure 7 shows the frequencies of the winter WTs in El Niño, La Niña and all years 228 
in DJF (𝑓𝑓𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 , 𝑓𝑓𝑖𝑖𝐸𝐸𝐸𝐸 𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑖𝑖𝐿𝐿𝐿𝐿, 𝑖𝑖 = 1, 6). In El Niño years, the frequencies of WTs 1 and 5 de- 229 
crease, and those of WTs 2, 3 and 6 increase, and that of WT4 slightly increases.  230 

Every term in (2) and (3) is calculated and shown in Fig. 8. The thermodynamic con- 231 
tribution (equation 2) and dynamic contribution (equation 3) to the anomalous precipita- 232 
tion in El Niño years are shown in the middle and right column of Fig. 8, respectively, and 233 
the sum of the thermodynamic and dynamic contributions by each WT is shown in the 234 
left column. The total contribution of the six WTs is shown in the bottom row.  235 

The dynamic contribution (equation 3) is approximately the precipitation pattern 236 
shown in Fig. 3 multiplied by the frequency difference between El Niño year and all year 237 
(red and gray bars) in Fig. 7. The WTs with a shallow trough (WT1) or a trough of more 238 
western location (WT5, WPT) are less frequent, producing negative dynamic contribution 239 
from WT1 in the coastal plains and from WT5 in the Mississippi River Valley, respectively 240 
(Figs. 8c, 8o). The WTs with deep troughs and more eastern location (WTs 2, 3, and 6) are 241 
more frequent in El Niño years. Therefore, positive dynamic contribution is in eastern US 242 
and southern US in WT2 and WT6, respectively (Figs. 8f, 8r). The precipitation over land 243 
is very light in WT3 (Fig. 3), so the dynamic contribution to precipitation from WT3 is also 244 
very small (Fig. 8i). The frequency difference of WT4 is small (Fig. 7), thus the dynamic 245 
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contribution to anomalous precipitation is small (Fig. 8l). Summing up dynamic contribu- 246 
tion from all six WTs, the total dynamic contribution to the anomalous precipitation (Fig. 247 
8u) features a dipolar pattern of a negative anomaly in the Mississippi River valley versus 248 
a positive precipitation anomaly in the east coast states.  249 

The thermodynamic contribution is quite different among the WTs. For each WT, the 250 
thermodynamic contribution is also quite different from the corresponding dynamic one. 251 
The thermodynamic contribution of WT1 is the negative precipitation anomaly west of 252 
the Appalachian Mountain. Therefore, the total contribution of WT1 (Fig. 8a) is the south- 253 
west-northeast oriented area of negative anomalous precipitation from the Gulf coast to 254 
the Northeast U.S. The thermodynamic contribution of WT2, 3, and 4 are small, except for 255 
some localized areas in Florida and Texas. The thermodynamic contribution of WT5 is 256 
positive anomalous precipitation in the Gulf coast and Mississippi River Valley region 257 
(Fig. 8n), with opposite sign to the dynamic contribution (Fig. 8o). The later is stronger 258 
than the former so that the total contribution of WT5 is the negative anomalous precipita- 259 
tion extending from northeast Texas to southwest Pennsylvania (Fig. 8m). The thermody- 260 
namic contribution of WT6 is strong (Fig. 8q) with positive anomaly in the Gulf and east 261 
coast and negative anomaly in the Ohio River Valley. The combination of thermodynamic 262 
and dynamic contributions makes the total contribution of WT6 (Fig. 8p) with positive 263 
precipitation in all south and east coastal states and negative precipitation anomaly within 264 
the Ohio River Valley. The pattern of the total contribution of WT6 (Fig. 8p) is quite similar 265 
to the total El Niño impact shown in Fig. 8s, indicating that most of the precipitation anom- 266 
aly is contributed by WT6. WT2 increased the positive precipitation anomaly in the east 267 
coast; and WT1 and WT5 enhanced the negative precipitation anomaly in the Ohio River 268 
Valley. 269 

The relative role of the thermodynamic and dynamic contribution to the precipitation 270 
anomaly, in terms of percentage, is location dependent, as seen from Figs. 8s, 8t and 8u. 271 
For some places, such as Louisiana, the two contributions are opposite in sign. For the east 272 
coast, the two contributions both increase precipitation with slightly stronger contribution 273 
from the thermodynamic term. In the Gulf coast, the thermodynamic contribution domi- 274 
nates over the dynamic one, especially in the area close to the coast. In the Ohio River 275 
valley, both contributions are negative, therefore reinforce each other, but the thermody- 276 
namic contribution looks stronger than the dynamic one. 277 

The La Niña impact on the precipitation in the SEUS is shown in Fig. 9. The patterns 278 
are quite similar to the El Niño impact shown in Fig. 8, but with opposite signs. However, 279 
there are some asymmetries between the El Niño and La Niña impacts. For example, the 280 
dynamic contribution of WT1 is smaller (Fig. 9c), the thermodynamic contributions of 281 
WT5 seems weaker and less homogeneous (Fig. 9n), and both thermodynamic and dy- 282 
namic contribution of WT6 is weaker in La Niña than those in El Niño. The area of positive 283 
precipitation anomaly in the Ohio River Valley is larger in La Niña (Fig 9s) than that in El 284 
Niño (Fig. 8s). 285 

The current result is consistent with that of Nieto Ferreira et al. [15] who found 286 
stronger mid-latitude cyclones and more intense precipitation over a large area in the 287 
SEUS during El Niño than La Niña and normal years. In contrast, negative rainfall anom- 288 
alies are found in the east coast and Gulf coast areas in the SEUS in La Niña years. 289 

 290 
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 291 
Figure 7. Frequencies of the WTs in all years (grey), El Niño years (red), and La Niña years (green) 292 
in December-February of the ENSO years. 293 

 294 

Figure 8. Precipitation anomalies in El Niño years in December-February (panel s). Panels a to r 295 
are the contribution of the WTs 1-6 to the anomalous precipitation. Left, middle and right panels 296 
are the total, thermodynamic and dynamic contribution from each WT, respectively. Panels t and 297 
u are the sum of thermodynamic and dynamic of all WTs, respectively. 298 
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Figure 9. Same as Fig. 8, but for La Niña. 300 

4. Conclusion and Discussion 301 
In order to link weather and climate variability associated with ENSO, we analyzed 302 

daily WTs in the SEUS. Six winter weather types have been obtained using k-means clus- 303 
tering analysis of the NRP 850 hPa wind components in November to February of 1948- 304 
2022. These six WTs have shorter persistence as compared to the summer WTs in [9]. This 305 
is because winter weather is mostly controlled by fast propagating westerly waves. A pro- 306 
gression loop comprising WTs 2-6 corresponds to the transient westerly waves.  307 

In our previous study, there are six WTs in the long period of eight months from 308 
March to October [9]. Here, there are also six WTs in the short period of four months from 309 
November to February. The stronger baroclinicity in the winter generates more fast-mov- 310 
ing WTs. In contrast, the quasi-stationary NASH produces long-lasting summer WTs.  311 

The frequency and spatial pattern of the WTs can be effectively used to understand 312 
the ENSO impact on winter precipitation in the SEUS. We quantified the ENSO impact in 313 
terms of dynamic and thermodynamic contribution to anomalous precipitation, respec- 314 
tively. The dynamic contribution is due to the change of the frequencies of the WTs. There 315 
are more frequent WTs of deep east coast trough types and plains trough type (WT2, 3 316 
and 6) and less shallow trough (WT1) and western Plains trough (WT5) in El Niño years. 317 
The more frequent east coast trough and plains trough produce above normal precipita- 318 
tion in southeast coastal plains and Gulf coastal plains. The less frequent WT5 tends to 319 
reduce rainfall from the Great Lakes southwestward, producing a negative precipitation 320 
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anomaly in central U.S. south of the Great Lakes. The thermodynamic contribution is from 321 
the change of spatial pattern of environmental variables such as temperature and humid- 322 
ity. In the SEUS, the thermodynamic contribution is as strong as, and even slightly 323 
stronger than the dynamic contribution. Particularly, the thermodynamic term of WT6 324 
makes the largest contribution to the anomalous precipitation associated with El Niño. In 325 
general, the thermodynamic and dynamic contribution to the anomalous precipitation in 326 
La Niña is quite similar to those in El Niño, but with opposite sign. But the influence from 327 
WT6 in the La Niña is weaker than that in the El Niño. 328 

Now that we have studied both warm season WTs in March to October [9] and winter 329 
WTs in November to February in the current study, respectively, we have obtained a quite 330 
complete view of the WTs in the whole year around. Of course, there are some overlap- 331 
ping WTs between warm season and winter WTs, which may be related to the WTs in the 332 
transitioning seasons. We have studied the ENSO impact on precipitation from the per- 333 
spective of the WTs in spring [9] and winter, respectively. It may also be interesting to 334 
study the ENSO impacts in the summer and fall using the WTs. Impacts of climate varia- 335 
bility at other time scales, such as the intra-seasonal Madden Julian Oscillation and the 336 
long-term trend of climate change, also warrant further investigation. 337 
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