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Key Points: 9 

 Reanalyses have  significant trends in yearly maximums of the coldest Arctictemperature 10 
and minimums of the warmest tropical temperature. 11 

 Maximums in Northern Hemisphere 200-hPa highest zonal wind speeds are 12 
insignificantly weakening, not resulting in wavier jet streams. 13 

 Earth system models produce too cold tropical annual minimum 500-hPa temperatures 14 
but generally produce same sign trends as reanalyses. 15 

  16 
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Abstract 17 

Previous studies proposed convective limits on Northern Hemisphere 500-hPa temperature from 18 
-3°C in the tropics to -42°C in the Arctic. These limits roughly correspond to the annual 19 
minimum temperatures in the Northern Hemisphere and in the region poleward of 60°N, 20 
respectively.  . Here, we further explore this topic using three current generation reanalyses. The 21 
reanalyses indicate that there has been statistically significant trends in the yearly maximums in 22 
the coldest temperatures in the Arctic and in the yearly minimums in the warmest temperatures 23 
in the tropics.  As upper-level wind is constrained by the Equator-to-pole temperature gradient 24 
through the thermal wind relation, we also analyze wind trends.  There are very small trends in 25 
the yearly maximum in the highest 200-hPa zonal wind speeds in the Northern Hemisphere and a 26 
slight poleward movement in the latitude of the highest winds in the reanalyses.  This does not 27 
point to the jet stream becoming wavier as was hypothesized by others.  The reanalysis 28 
climatology is then used to evaluate four current generation Earth system models.  These models 29 
generally produce larger trends.  They are all too cold when the warmest tropical temperatures 30 
are at their lowest in the mean annual cycle.  Only one model produces the poleward movement 31 
of the latitude of highest winds. 32 

1 Introduction 33 

A number of recent papers proposed that there is a regulation on just how warm or cold 34 
500-hPa temperature can get (Chase et al. 2002, 2015; Herman et al. 2008; Tsukernik et al. 35 
2004).  The mechanism for such regulation is proposed to be convection.  Given that the coldest 36 
unfrozen seawater would be -2°C, an air parcel that would ascend moist adiabatically from the 37 
surface at such a temperature would reach -42°C.  Similarly, it is proposed that the 500-hPa 38 
temperature in the tropics is limited to -3°C via convection, since the maximum sea surface 39 
temperature is not much greater than 32°C.  An air parcel that ascends from such a surface 40 
temperature moist adiabatically would reach -3°C at 500 hPa.  Tsukernik et al. (2004) found that 41 
convective activity over open water plays a major role in the Arctic. 42 
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 43 
Figure 1.  500-hPa analysis for 00Z on 5 December 2021 by Environment Canada. 44 

Figure 1 provides an example of the 500-hPa temperature field over part of the Northern 45 
Hemisphere.  There is a large area that is colder than -40°C, but there are no temperatures colder 46 
than -50°C.  Even though the winter solstice has not been reached in this example, this is as cold 47 
as it gets during the winter despite climate change. 48 

The Equator-to-pole gradient in layer average temperature determines jet stream 49 
dynamics as well as baroclinic storm and frontal development (Pielke et al., 2013).  Therefore, 50 
such temperature self-regulation imposes constraints on the variability and trends in these 51 
weather processes and will continue to do so until sea surface temperatures rise substantially 52 
higher than -2°C in the Arctic and 32°C in the tropics (Chase et al., 2015). 53 

This is in contrast with some recent findings.  For instance, Francis and Vavrus (2012, 54 
2015) concluded that Arctic amplification slows upper level winds resulting in a polar jet stream 55 
that is wavier.  The apparent implication of such changes to upper level winds is an increased 56 
persistence in weather patterns and extremes.  This change in jet waviness is supported by a 57 
statistically significant increase in planetary wave amplitude found by Screen and Simmonds 58 
(2013).  Such a hypothesis, however, is not without controversy (Cohen et al., 2020).  Barnes 59 
(2013) found that any significant increase in planetary wave amplitude is an artifact of the 60 
methodology used.  Analyzing reanalysis 200-hPa winds, Wan et al. (2022) did not find any 61 
substantial changes in zonal wind speed globally and only a small but insignificant poleward 62 
shift in the Northern Hemisphere jet stream core.  This confirms the poleward movement of the 63 
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jet stream that had been noted previously (Archer and Caldeira, 2008).  Additionally, other 64 
reasons for enhancements to waviness of the jet stream have been proposed.   Recently, Sun et al. 65 
(2022) found a connection between suppressed convection in the tropical Pacific and increases in 66 
jet stream waviness.  Moreover, Coumou et al. (2018) hypothesize that Arctic amplification 67 
would have more of an effect on jet stream waviness in summer than in winter. 68 

This paper further explores the 500-hPa temperature limits established in Chase et al. 69 
(2012) (based on the National Centers for Environmental Prediction/National Center for 70 
Atmospheric Research reanalysis) by addressing three questions.  First, are such limits rigorously 71 
found in the newest generation of reanalyses?  To answer this, we explore the mean annual cycle 72 
of the coldest 500-hPa temperature in the Arctic and of the warmest temperature in the tropics 73 
using three recent reanalyses over the overlapping period 1980 to 2019.  We also look at the time 74 
series of these two temperatures, because we want to know:  Were there any changes to these 75 
limits in the historical record?   This is explored by looking at the trends in the annual minimum, 76 
maximum, and average temperatures.  Finally, how well are these temperature limits represented 77 
in Earth system models (ESMs)?  We compare the reanalysis climatologies to those in four 78 
CMIP6-era ESMs. 79 

As these two temperatures represent the temperature gradient between the Equator and 80 
the Arctic which drives upper level winds, we further analyze the 200-hPa zonal wind 81 
maximums (representing the jet maximum) in both the reanalyses and the models.  We 82 
additionally ask:  What are the changes in the zonal wind maximum strength and in the latitude 83 
of this wind maximum.  Furthermore, how do these compare to the hypothesized changes to the 84 
jet stream (e.g., Francis and Vavrus, 2012, 2015). 85 

The next section describes the reanalyses and models used here.  The results are 86 
presented in Section 3.  These are further discussed, and conclusions are made in Section 4. 87 

2 Data and methods 88 

Our previous analyses of 500-hPa temperatures (Chase et al. 2015) utilized the National 89 
Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis.  We 90 
update those analyses by using the current generation of reanalyses:  the European Centre for 91 
Medium-range Weather Forecasts (ECMWF) fifth-generation reanalysis (ERA5; Hersbach et al., 92 
2020), the Japanese Meteorological Agency’s 55-year reanalysis (JRA-55; Kobayashi et al., 93 
2015), and the National Aeronautics and Space Administration’s Modern Era Retrospective 94 
Analysis for Research and Applications version 2 (MERRA-2; Gelaro et al., 2017). 95 

Reanalyses assimilate observations and satellite measurements into operational numerical 96 
weather prediction models in order to produce long time series of gridded climatological data.  97 
The horizontal grid size of ERA5 is 31 km with 137 levels up to 1 Pa.  It is produced from a 10-98 
member ensemble with nine having slightly perturbed conditions from the first.  JRA-55 was 99 
produced at a horizontal grid spacing of ~55 km with 60 levels above the surface up to 0.1 hPa 100 
(Iwamura and Kitagawa, 2008; Nakagawa, 2009).  The data used here has been regridded to 101 
1.25° grids on isobaric levels.  The model used for MERRA-2 is the Goddard Modeling and 102 
Assimilation Office Earth Observing System (GEOS) model (Rienecker et al., 2008; Molod et 103 
al., 2015) as used in the first version with improvements to the forecast model and the analysis 104 
algorithm; additional observations and satellite data that are assimilated, including the addition 105 
of assimilated precipitation; and changes to the sea surface temperature and sea ice concentration 106 
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used as boundary conditions (Gelaro et al., 2017).  The model has an approximate grid spacing 107 

of 0.5° latitude  0.625° longitude with 72 levels up 0.1 hPa. 108 

We also compare four U.S. Earth system models with the reanalyses.  The models 109 
include the Energy Exascale Earth System Model version 2 (E3SMv2; Golaz et al., 2022, 110 
submitted), the Community Earth System Model version 2 (CESM2; Danabasoglu et al., 2020), 111 
the Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model version 4 (CM4; Held et 112 
al., 2019), and the Goddard Institute of Space Studies (GISS) ModelE version 2.2 (ModelE2.2). 113 

We use the Atmosphere Model Intercomparison Project type of simulations in which only 114 
the atmosphere and land models are the active components.  In this kind of simulation, sea 115 
surface temperature is prescribed from observations.  We take the ensemble mean if there is an 116 
ensemble of simulations performed.  E3SMv2’s ensemble contained three members that were 117 
run at an ~100-km grid size on the cubed sphere grid of a spectral element dynamical core.  118 
CESM2’s seven-member ensemble was run at ~0.9° latitude × 1.25° longitude grid spacing.  119 

CM4 had only one atmosphere-land simulation that was run at a 1° latitude  1.25° longitude 120 
grid increment.  ModelE2.2’s five-member ensemble had the coarsest resolution with 2° latitude 121 

 2.5° longitude grid spacing.  The other three model simulations were regridded to ModelE2.2’s 122 
grid for consistency. 123 

Our previous work (Chase et al. 2002, 2015; Herman et al. 2008; Tsukernik et al. 2004) 124 
determined that 500-hPa temperature is convectively limited to a range of ~-42° to -3°C.  We 125 
further substantiate this here by looking at the time series of the coldest 500-hPa temperatures 126 
poleward of 60°N and the warmest temperatures in the Northern Hemisphere in the three current 127 
generation reanalyses for the period 1980-2019. 128 

Specifically, we analyze the coldest 500-hPa temperature in the region poleward of 60°N 129 
in every monthly mean during the period 1980-2019, denoted as Tmin.  Similarly, we identify the 130 
highest 500-hPa temperature in the whole Northern Hemisphere, denoted as Tmax.  We also 131 

calculate the total area poleward of 60°N in which monthly 500-hPa temperatures are  -42°C, 132 
referred to as Acold.  Similarly, we calculate the area of the Northern Hemisphere where monthly 133 

500-hPa temperatures are  -3°C, denoted as Awarm. 134 

We further investigate the impact of 500-hPa temperatures on jet stream dynamics.  To 135 
evaluate whether the jet stream winds are weakening as Francis and Vavrus (2012, 2015) 136 
suggested, we analyze the largest monthly 200-hPa zonal wind speed in the Northern 137 
Hemisphere, denoted as umax.  We also note the latitude of that fastest zonal wind speed umax to 138 
see if the jet stream has become wavier. 139 

We show the full time series of these quantities in the reanalyses and the four ESMs in 140 
the supporting information.  In the main text, we focus on the mean annual cycles. 141 
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3 Results 142 

3.1 Warmest and coldest Northern Hemisphere temperatures in the reanalyses 143 

 144 

Figure 2.  The mean annual cycles in (a) Tmin, (b) Tmax, (c) Acold, and (d) Awarm (as defined in 145 
Section 2).  Each of the reanalyses are shown as the colored lines, and the model spread and 146 
mean are given as the gray shading and white line, respectively. 147 

Figure 2a presents the mean annual cycle of Tmin.  There is almost no spread between 148 
reanalyses.  The annual minimum in Tmin occurs in February (-44°C, 2°C colder than the 149 
proposed convective limit), and the maximum (-24°C) occurs in July.  For Tmax (Figure 2b), the 150 
spread between reanalyses is larger, especially in summer.  From October to May, Tmax is nearly 151 
constant at -3.5° to -4°C, 0.5° to 1°C cooler than the proposed convective temperature limit for 152 
the warmest temperatures in the Northern Hemisphere (-3°C).  Just like Tmin, the spread in Acold 153 
between the reanalyses is generally small.  The largest area of Acold is in January with zero Acold 154 
between April and October.  The spread between reanalyses in Awarm is larger just like with Tmax.  155 
The largest Awarm  is in July with the largest spread between reanalyses in August.  The smallest 156 
area Awarm  occur when Tmax is at its lowest from October to May. 157 

The time series of these quantities are given in Figure S1.  The annual minimum in Tmin 158 
in the Arctic is at most ~-47.5°C in the reanalyses; the annual maximum in Tmin can be as high as 159 
~-22°C.  The annual minimum, maximum, and average Tmin all have increasing trends some of 160 
which are statistically significant (Table 1).  There is only a slight increase in this minimum 161 
during the period of interest amounting to 0.03 and 0.04°C decade-1 in ERA5 and JRA55, 162 
respectively.  This trend is an order of magnitude higher (0.30°C decade-1) in MERRA-2.  None 163 
of these trends are statistically significant. 164 

The annual maximum Tmin can be as high as ~-22°C.  The interannual variability is 165 
higher in these maximum Tmin than in the minimums with standard deviations of 1.4-1.6°C for 166 
maximums and 1.1-1.2°C for minimums.  The increasing trend in the maximum temperatures is 167 
also higher, ranging from 0.03°C decade-1 in ERA5 to 0.30°C decade-1 in MERRA-2.  All of 168 
these trends for maximum Tmin are statistically significant.  There is a  statistically significant 169 
increasing trend in maximum Tmin, whereas the trends in minimum Tmin is not statistically 170 
significant, being nearly 0 in two of the three reanalyses. 171 

Table 1.  Trends in the Reanalysis TminTmin, Tmax, Acold, and Awarm 172 

 Minimum Average Maximum 

Tmin (°C decade-1) 

ERA5 0.03 0.28* 0.40* 
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JRA-55 0.04 0.29* 0.52* 

MERRA-2 0.30 0.56* 0.66* 

Tmax (°C decade-1) 

ERA5 0.13* 0.09* -0.07 

JRA-55 0.19* 0.17* 0.08 

MERRA-2 0.07 0.08* 0.10 

Acold (106 km2 decade-1) 

ERA5   -0.13 

JRA-55   -0.05 

MERRA-2   -0.54 

Awarm (106 km2 decade-1) 

ERA5   0.74* 

JRA-55   0.59 

MERRA-2   0.54 

*Statistical significant at the 95% level 173 

As for Tmax, the annual minimum is ~-4°C, only 1°C colder than the convective limit 174 
proposed previously (Chase et al. 2002, 2015; Herman et al. 2008; Tsukernik et al. 2004).  The 175 
annual maximum is on average ~6°C warmer in ERA5 and MERRA-2 but only ~4°C in JRA55.  176 
The trends in the minimum Tmax (0.07-0.19°C decade-1) are larger than for the minimum Tmin.  177 
On the other hand, the average and maximum Tmax (0.08-0.17°C decade-1 for the average and -178 
0.06-0.10°C decade-1 for the maximum) are lower than for Tmin.  The minimum Tmax trends are 179 
statistically significant in ERA5 and JRA-55, and all trends are significant for average Tmax.  No 180 
trends are statistically significant for maximum Tmax. 181 

Table 2.  Trends in the Earth System Models Tmin, Tmax, Acold, and Awarm 182 

 Minimum Average Maximum 

Tmin (°C decade-1) 

E3SMv2 0.05 0.32* 0.54* 

CESM2 0.12 0.32* 0.64* 

CM4 0.14 0.32* 0.84* 

ModelE2.2 0.19 0.27* 0.43* 

Tmax (°C decade-1) 

E3SMv2 0.18* 0.17* 0.22* 

CESM2 0.19* 0.21* 0.17* 

CM4 0.22* 0.25* 0.44* 
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ModelE2.2 0.21* 0.23* 0.19* 

Acold (106 km2 decade-1) 

E3SMv2   -0.38 

CESM2   -0.79* 

CM4   -1.17* 

ModelE2.2   -1.13* 

Awarm (106 km2 decade-1) 

E3SMv2   1.95* 

CESM2   0.96 

CM4   2.40* 

ModelE2.2   0.82* 

*Statistical significant at the 95% level 183 

The temperature difference between Tmax and Tmin represents the temperature gradient 184 
across the hemisphere.  Thus, the larger Acold and/or Awarm, the higher the temperature gradient is 185 
between the Tropics and the Arctic.  Figure 2c shows that, of course, the maximum Acold occurs 186 
in January, while the maximum Awarm occurs in July.  Between April and November, Acold is 0, 187 
and Awarm is nearly or actually 0 from October to March.  As expected from Tmin, the spread in 188 
the reanalyses occurs in the coldest temperature areas and a wider spread between reanalyses 189 
occurs during the boreal summer peak of Tmax. 190 

There is a decreasing trend in maximum Acold of -0.5 to -5.4  105 km2 decade-1 which is 191 

not statistically significant in any reanlysis, whereas there is an increasing trend of 5.4-7.4  105 192 
km2 decade-1 in maximum Awarm which is statistically significant in one of the three reanalyses.. 193 

We have thus further substantiated here that there are convective limits to annual 194 
minimums in Tmin and Tmax as found by Herman et al. (2008).  We further look at the whole 195 
annual cycle and trends in the time series over the overlapping period of 1980-2019.  The wider 196 
spread in the reanalysis Tmax is juxtaposed by the nearly zero spread in Tmin (Figure 2a,b).  197 
Trends in Tmax are higher than for Tmin, especially when compared with the trend in the annual 198 
minimums in Tmin (Table 1). These findings show a larger trend in tropical 500-hPa temperatures 199 
than on Arctic temperatures, especially in winter.  We also look at the areas in the Arctic in 200 

which 500-hPa temperature  -42°C (Acold) and in the Northern Hemisphere in which 500-hPa 201 

temperature  -3°C (Awarm).  Acold is highest in January, and Awarm is highest in July (Figure 202 
2c,d).  Therefore, the larger these areas are, the larger the temperature gradient between the 203 
tropics and the Arctic.  Not statistically significant, Acold is slightly decreasing with time, while 204 
Awarm is increasing at a slightly higher rate than the decrease in Acold. 205 

3.2 Warmest and coldest Northern Hemisphere temperatures in the ESMs 206 

Let us now use the climatology in the reanalyses to evaluate the four U.S. CMIP6-era 207 
ESMs.  For Tmin, the model spread is larger than that of the reanalyses but is centered about the 208 
reanalysis spread.  Thus, the model mean falls within the reanalysis spread throughout the year 209 
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(Figure 2a).  Two models (E3SMv2 and CESM2) produce warmer temperatures than reanalyses, 210 
whereas CM4 and ModelE2.2 produce colder temperatures.  Annual minimum Tmin are ~-44°C 211 
and ~-43°C on average in E3SMv2 and CESM2, respectively, and annual maximums are -23°C 212 
and -24°C, respectively.  In CM4 and ModelE2.2, annual minimums are ~-47°C and ~-45°C, 213 
respectively, and annual maximums are -27°C and -28°C, respectively. 214 

All four ESMs produce Tmax that are colder than the reanalyses from October to May 215 
(Figure 2b).  The coldest Tmax is produced by CM4 at ~6.5°C, ~3.5°C colder than the proposed 216 
tropical temperature limit of -3°C, but its temperatures are within the reanalysis spread for the 217 
rest of the year.  Because of the wide spread in the reanalyses at the summer maximum, the 218 
model spread is comparable to that of the reanalyses. 219 

Model Acold match their Tmin.  Acold are larger in winter in CM4 and ModelE2.2 which 220 
have colder Tmin, whereas E3SMv2 and CESM2 with warmer Tmin have smaller areas.  Three 221 
models (E3SMv2, CESM2, and ModelE2.2) produce maximum Awarm greater than reanalyses 222 
during the summer maximum, while CM4’s annual maximum is lower than the reanalyses. 223 

The time series in ESM biases from the average of the three reanalyses are presented in 224 
Figure S2.  As in the mean annual cycles of Tmin, E3SMv2 and CESM2 are generally biased 225 
high, and CM4 and ModelE2.2 are mostly biased low.  For Tmax, all models usually produce 226 
annual minimums that are too low.  The biases in the annual maximum is ~0 in E3SMv2 and 227 
CM4, whereas the annual maximums are biased too high in CESM2 and ModelE2.2, in general.  228 
The E3SMv2 and CESM2 Acold is generally biased low.  Maximum Awarm is biased high in 229 
E3SMv2 and CESM2.  CM4 generally has ~0 bias early (before 1995) but trends upward with 230 
time so that the maximum area is biased too high later.  ModelE2.2’s maximums are too low 231 
generally. 232 

ESM Tmin trends are generally in line with the reanalyses with minimum trends ranging 233 
from 0.05-0.19°C decade-1 and maximum trends of 0.43-0.84°C decade-1.  Like in the reanalyses, 234 
minimum Tmin trends are not statistically significant in the ESMs, and maximum trends are 235 
statistically significant.  Interannual variability is similar between annual maximums and 236 
minimums in E3SMv2 and ModelE2.2 (0.77 vs. 0.71°C and 0.67 and 0.68°C, respectively), 237 
whereas the interannual variabilities in maximums are higher than in the minimums similar to the 238 
reanalyses in CESM2 and CM4 (0.79 vs. 0.52°C and 1.22 vs. 0.92°C, respectively). 239 

Annual minimum Tmax is colder than in the reanalyses, ranging from -6.4 to -5.0°C on 240 
average.  Annual maximums are on average colder in E3SMv2 and CM4 (~0°C) than in CESM2 241 
and ModelE2.2 (3 and 2°C, respectively).  Thus, the mean annual cycle in Tmax is higher in the 242 
latter two models than in the former.  Trends in minimum Tmax (~0.2°C decade-1) are slightly 243 
higher than in the reanalyses, and the trends in maximum Tmax are even higher (~0.2°C decade-1 244 
in E3SMv2, CESM2, and ModelE2.2 and 0.44°C decade-1 in CM4).  All minimum, average, and 245 
maximum Tmax trends are statistically significant.  All models have a decreasing trend in Acold of 246 

-3.8 to -12  105 km2 decade-1, a little higher than the reanalyses.  For Awarm, E3SMv2 and CM4 247 

have larger increasing trends (20 and 24  105 km2 decade-1 , respectively) than CESM2and 248 

ModelE2.2 (9.6 and 8.2  105 km2 on average, respectively). 249 

The spread in the ESMs generally envelopes the reanalyses.  This is because the ESMs 250 
usually fall outside of the reanalysis spread.  For instance, two models overestimate Tmin 251 
throughout the year, and the other two underestimate it.  This makes the model mean Tmin fall 252 
within the reanalysis spread (Figure 2a).  The only exception is in the winter minimum in Tmax 253 
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which is colder than the reanalyses in all four ESMs (Figure 2b); this clearly is a bias in all of 254 
these ESMs.  Model trends in maximum Acold and Awarm are higher than in the reanalyses (Table 255 
2).  Thus, the negative maximum Acold trends in three of the four ESMs looked at here are 256 
statistically significant.  257 

3.3 The effect of the temperature gradient on upper level winds 258 

The above analysis has demonstrated that some of the recent ESMs are biased in terms of 259 
Tmin and Tmax in the Northern Hemisphere.  Where the model temperatures are cooler, the model 260 
produces larger areas as in E3SMv2 and CESM2 in the Arctic.  Where they are warmer, the 261 
model produces smaller areas as in E3SMv2 and CESM2 in the tropics.  These biases would 262 
have an effect on the upper-level wind dynamics including that of the jet stream. 263 

The jet stream, the hemispheric maximum in winds at 200 hPa, exists because of the 264 
temperature gradient between the tropics and the poles as expressed by the thermal wind relation 265 
(Bluestein, 1992; Pielke et al., 2001).  To analyze the effect of the 500-hPa temperature gradient 266 
on the jet stream, we look at the mean annual cycle in umax in the reanalyses in Figure 3a.  There 267 
is a small spread between reanalyses.  The highest umax of ~80 m s-1 occurs in January; the lowest 268 
of ~38 m s-1 occurs in July.  The time series of umax is given in Figure S3.  Maximum umax is 269 
fairly steady throughout the period 1980-2019; the highest annual umax is ~81 m s-1 in all 270 
reanalyses for the whole period.  There is a slight weakening trend in the annual maximum umax 271 
of -0.42 to -0.74 m s-1 decade-1.  The only trend to be statistically significant at the 95% level, 272 
however, is MERRA-2 which has the highest trend. 273 

 274 

Figure 3.  Mean annual cycles in (a) umax and (b) the latitude of umax.  Each of the reanalyses are 275 
shown as the colored lines, and the model spread and mean are given as the gray shading and 276 
white line, respectively. 277 

Some have claimed that upper level winds have slowed due to Arctic amplification, 278 
resulting in a wavier jet stream (Francis and Vavrus, 2012, 2015).  We do show here a decreasing 279 
trend in umax, but it only amounts to an effective weakening of wind speeds of 2.1-3.0 m s-1 over 280 
the period 1980-2019.   281 
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Does this result in a change in the waviness of the Northern Hemisphere jet stream?  To 282 
investigate this, we look at the latitude of umax, the mean annual cycle of which is shown in 283 
Figure 3b.  The most southerly this gets in the mean annual cycle is at ~32°N in March.  The 284 
most poleward it gets is at ~44°N in August.  The spread between the reanalyses is small with 285 
MERRA-2 producing a more Equatorward wind maximum than the other two throughout the 286 
year. 287 

Now, we compare the models with the reanalyses.  For umax, the January maximum is 288 
underestimated by three ESMs (E3SMv2, CM4, and ModelE2.2), while CESM2 overestimates it.  289 
CESM2’s overestimation is only slight, and the underestimation by ModelE2.2 is the worst at 10 290 
m s-1.  Throughout most of the rest of the year, the ESMs generally underestimate the maximum 291 
zonal wind speed. 292 

E3SMv2 and CESM2 produce declining trends in maximum umax of -0.25 and -0.96 m s-1 293 
decade-1, respectively, but CM4 and ModelE2.2 produce slightly positive trends of 0.75 and 0.44 294 
m s-1 decade-1, respectively.  The largest annual maximum wind speeds in CESM2 and CM4 are 295 
similar to reanalyses (83 and 80 m s-1, respectively), but those from E3SMv2 and ModelE2.2 are 296 
lower (75 and 71 m s-1, respectively). 297 

With changes in Acold and Awarm, we would expect that there would be a movement in the 298 
location of umax.  Since the trends in these areas are very slight in the reanalyses, the trends in the 299 
latitude of umax are also small:  -0.25-0.01° decade-1, with an Equatorward movement of umax in 300 
two of the three reanalyses in the most poleward latitude of umax.  None of the reanalysis trends 301 
in this maximum latitude are significant.  However, there are larger in magnitude poleward 302 
trends when umax is at its most Equatorward; but only the trend in JRA-55 is statistically 303 
significant for these minimum latitudes. 304 

Table 3.  Trends in umax and Their Latitudes 305 

 Minimum Average Maximum 

umax (m s-1 decade-1) 

ERA-5 -0.61 -0.23 -0.53 

JRA-55 -0.42 -0.20 -0.59 

MERRA-2 -0.74* -0.40 -0.74 

E3SMv2 -0.75* -0.33 -0.25* 

CESM2 -0.11* -0.66* -0.96* 

CM4 0.50 -0.13 0.75 

ModelE2.2 -0.90* -0.01 0.44 

Latitude of umax (° decade-1) 

ERA-5 0.53 0.11 -0.03 

JRA-55 0.75* 0.16 -0.03 

MERRA-2 0.28 0.05 0.01 

E3SMv2 0.20 0.19 0.38 
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CESM2 -0.11 -0.13 0.30 

CM4 -0.34 -0.25 -0.13 

ModelE2.2 0.55 0.05 0.27 

*Statistical significant at the 95% level 306 

In the models, E3SMv2 and CM4 have the jet stream reaching furthest north to a latitude 307 
comparable to the reanalyses at 45 and 46°N, respectively, whereas CESM2 and ModelE2.2 have 308 
it getting a little further north to 49 and 51°N, respectively.  Three (E3SMv2, CESM2, and 309 
ModelE2.2) of the four models produce increasing trends in the umax latitude ranging from ~0.03-310 
0.04° decade-1, i.e., poleward movement of umax; only CM4 produces an Equatorward movement 311 
represented by a negative trend (-0.13° decade-1) as in two of the three reanalyses.  The 312 
magnitude of umax latitude changes are higher than in the reanalyses. 313 

Like Francis and Vavrus (2012, 2015) suggested, the maximum umax in winter has indeed 314 
been slowing but only amounting to a decrease in wind speed of 1.8-2.4 m s-1 over the 40-year 315 
period of 1980-2019.  This does not result in a statistically significant change in the latitude of 316 
umax that would indicate that the jet stream is getting wavier (Table 3).  Two reanalyses do have 317 
the jet stream moving slightly Equatorward overall that only amounts to an effective movement 318 
of <1° over the period 1980-2019 when the jet is at its most poleward latitude in summer on 319 
average.  However, the reanalyses show larger magnitude poleward trends in the minimum 320 
latitude of umax (amounting to 1.2°-2.8° over the period 1980-2019) which occurs in spring, not 321 
winter.  Only two models (E3SMv2 and CESM2) have the maximum umax decreasing in winter, 322 
and only one model (CM4) produces the Equatorward movement of the most poleward latitude 323 
of umax.  However, all four models do have the most Equatorward latitude of umax to be moving 324 
poleward at statistically insignificant rates. 325 

4 Discussion and conclusions 326 

Previously, we established that the coldest and warmest 500-hPa temperatures in the 327 
Arctic and tropics, respectively, are convectively limited to -42°C and -3°C, (Chase et al. 2002, 328 
2015; Herman et al. 2008; Tsukernik et al. 2004).  Here, we verify what was reported by Herman 329 
et al. (2008) that these temperature limits correspond to the annual minimum temperatures 330 
attained in the Arctic and maximum temperatures occurring in the tropics, what we refer to here 331 
as Tmin and Tmax, respectively.  There are small trends in the yearly minimum Tmin, but there are 332 
larger trends in the yearly maximum Tmin.   There are also larger trends in Tmax. 333 

We also calculate the area poleward of 60°N in which 500-hPa temperature is  -42°C 334 
(Acold), the maximum of which occurs in winter, and the area in the Northern Hemisphere where 335 

500-hPa temperature is  -3°C (Awarm) with a maximum in the summer.  In other seasons, these 336 
areas are zero or nearly so.  There are slight decreasing trends in maximum Acold in the 337 
reanalyses, but larger magnitude trends in maximum Awarm. 338 

As the temperature gradient between the tropics and the Arctic occurs with changes in 339 
one or both of these areas, and since this temperature gradient determines the strength of the jet 340 
stream, we evaluate the fastest zonal wind speed in the Northern Hemisphere, what we call umax, 341 
in the reanalyses.  There is a slight weakening in umax in all of the reanalyses consistent with 342 
what was previously hypothesized to happen recently due to Arctic amplification (Francis and 343 
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Vavrus, 2012, 2015).  We also analyze trends in the latitude of that umax.  There are small 344 
statistically insignificant Equatorward trends when this is the most poleward in summer.  345 
However, larger statistically significant poleward trends are found when this latitude is at its 346 
most Equatorward in spring, not summer.  This result is consistent with the poleward shift of the 347 
subtropical jet found by Pena-Ortiz et al. (2013).  Such a poleward shift suggests that the jet 348 
stream is not getting wavier as was found previously (Francis and Vavrus, 2012, 2015). 349 

These reanalysis climatologies are used to evaluate those simulated in four CMIP6 Earth 350 
system models:  E3SMv2, CESM2, GFDL-CM4, and GISS ModelE2.2.  These models generally 351 
produce larger trends.  All models are biased, outside of the range of reanalyses, in the mean 352 
annual cycle of Tmin.  Two models (E3SMv2 and CESM2) produce higher Tmin throughout the 353 
year, while the other two produce smaller Tmin all year long.  As expected from these results, the 354 
former have smaller Acold than reanalyses during the mean annual maximum in winter, whereas 355 
the other two have comparable areas.  All models are biased colder than all three reanalyses in 356 
Tmax from October to May.  Only two models (E3SMv2 and CESM2) have the maximum umax 357 
decreasing in winter, and only one model (CM4) produces the Equatorward movement of the 358 
most poleward latitude of umax.  However, all four models do have the most Equatorward latitude 359 
of umax to be moving poleward although at statistically insignificant rates. 360 

All of these reanalyses and AMIP-like ESM simulations are forced with observed sea 361 
surface temperatures (SSTs).  Yet, there is a spread in the 500-hPa temperatures in both sets.  362 
Since we have established that the yearly minimum of Tmin and Tmax is convectively determined 363 
from SST, part of this spread is due to differences in the SST forcing.  For instance, all three 364 
reanalyses use different SST products for forcing.  ERA5 uses the Hadley Centre Ice and Sea 365 
Surface Temperature version 2 (HadISST2) product before September 2007.  MERRA-2 utilizes 366 
the National Oceanic and Atmospheric Administration (NOAA) Optimal Interpolated Sea 367 
Surface Temperature (OISST; Reynolds et al., 2007) before April 2006.  Both rely on the same 368 
SST product, the Meteorological Office’s OSTIA (Donlon et al., 2012), for the more recent 369 
years.  JRA55 uses yet another SST dataset, the Centennial In Situ Observation-based Estimates 370 
of the Variability of SSTs and Marine Meteorological Variables (COBE; Ishii et al. 2005).  371 
These differences are partially mitigated by the constant assimilation of radiosoundings and 372 
satellite sounder radiances which are absent from the ESM simulations.  Thus, the reanalyses 373 
have a narrower spread than the ESMs.  Model simulations would also be confounded by 374 
differences and biases in the convection parameterizations. 375 

It is important to note that the jet stream results presented here are for the Northern 376 
Hemisphere in general.  For instance, while we and Francis and Vavrus (2012, 2015) find that 377 
the highest wind speeds are weakening, Williams (2016) reported that the jet stream winds over 378 
the North Atlantic are strengthening, allowing eastbound flights to shorten and westbound flights 379 
to become longer in all seasons.  Hallam et al. (2022) found not only regional differences in jet 380 
wind speeds but also in jet locations can exist between land and ocean and between continents.  381 
Further work will understand which region of the Northern Hemisphere is most responsible for 382 
the jet stream trends seen here.  Also, a similar analysis as we have completed for this paper 383 
shoud be done for the Southern Hemisphere.  384 
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