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Abstract. Atmospheric general circulation changes since 1979 are examined using the ERAS reanalysis. Maps based on
linear trends and time series for specific areas are presented. Attention is concentrated on monthly, seasonal and annual
means, but shorter-timescale variability is also considered, including extremes. Changes in near-tropopause winds are the
main focus, but related changes in temperature, wind and other variables throughout the troposphere are discussed.

Middle- and upper-tropospheric warming is larger in the subtropics and outer tropics than in the deep tropics, except over the
Pacific. This is linked with a strengthening and meridional expansion of the tropical easterlies that has received little
previous attention. Warming over several mid-latitude and subtropical land areas comes close to matching the large warming
of the Arctic. Westerly upper-level winds in general weaken over the Arctic in winter, but strengthen in northern middle
latitudes, contrary to arguments based on circulation changes due solely to amplified Arctic warming. The jet-stream region
over the eastern North Atlantic and western Europe shifts southward. Westerlies strengthen in a band stretching south-
eastwards from the tropical western Pacific to southern Australia, and in the polar-jet-stream region that surrounds
Antarctica.

Extreme jet-stream winds increase over the North Atlantic. Net kinetic energy also increases, mostly associated with sub-
monthly variability along the mid-latitude storm tracks and over the tropical Pacific. Available potential energy changes less.
Geopotential height shows a distinct pattern of change in the stationary northern-hemispheric long-wave structure. There are
increases in surface pressure over the North Pacific and southern mid-latitudes, and decreases over the Arctic Ocean and
offshore of Antarctica.

Several comparisons are made between ERAS5 and the JRA-55 reanalysis, and between ERAS and the observations it

assimilated. They show reassuring agreement, but some regional differences require further investigation.

1 Introduction

Warming of the Earth’s climate system has been deemed unequivocal in each of the last three assessment reports of the
Intergovernmental Panel on Climate Change, most recently in the Sixth Assessment Report (AR6; IPCC, 2022).

Multidecadal tropospheric temperature change nevertheless varies substantially with geographical location, height and
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season. The implications for atmospheric circulation of the amplified near-surface warming of the Arctic (Serreze and Barry,
2011) have been the subject of quite considerable discussion, but it has increasingly been realised that several other factors
are in play. Among them are the warming of regions such as south-eastern Europe and the Middle East at rates similar in
magnitude to those observed over much of the Arctic, a generally larger warming over land than sea, a weakening of Arctic
amplification with increasing height and a relatively large rate of warming of the upper troposphere at subtropical and outer-
tropical latitudes. AR6 has provided a timely discussion of much of this.

Changes in upper-tropospheric winds are linked to changes in surface flow and horizontal temperature gradients through the
tendency of the atmosphere to remain close to thermal-wind balance. Where hydrostatic and geostrophic balance apply, the
vertical shear of the wind is proportional to the temperature gradient across the direction of flow. The proportionality factor
is larger at low than high latitudes. Changes in monthly or seasonally averaged winds are in general not simply related to
external forcings of temperature change, however, as there are typically accompanying changes to the transports of heat and
momentum by transient disturbances. The various tendencies for change are reconciled by the divergent secondary
circulations that preserve balance. Hoskins and Woollings (2015) provide an account of various processes that may be
involved in changes in circulation regimes.

Uncertainty regarding changes in circulation stems from the natural variability of the atmosphere and from differences in the
observationally based datasets that are used to study change. These in turn cause the results of studies to be sensitive to the
choice of datasets, periods and metrics of change. Moreover, it can be difficult to attain a holistic view of change as many
studies focus on a specific constituent circulation system or feature rather than the general circulation as a whole.

Gulev et al. (2022) concluded in ARG that it was “likely” that several aspects of the large-scale tropospheric circulation had
changed since the mid-20th century. Despite reporting progress, only an increase in strength of the Walker Circulation since
1980 was judged to be “very likely”. In addition, “high confidence” was expressed in a trend of the Southern Annular Mode
(SAM) to become systematically more positive, particularly in austral summer. Many of the studies that were assessed were
based on reanalysis data, but the European product used tended to be ERA-Interim (Dee et al., 2011) rather than the newer
ERAS5 (Hersbach et al., 2020; Bell et al., 2021).

These considerations motivate a new look at the tropospheric trends depicted by ERAS. What is termed ERAS here uses the
ERAS.1 update for 2000-2006, as this gives a better representation of the upper troposphere and lower stratosphere
(Simmons et al., 2020). Linear trends and confidence intervals have been derived for the period March 1979 to February
2022, either from data for all months or from three-month seasonal averages for March to May (MAM), June to August
(JJA), September to November (SON) or December to February (DJF). The quality of ERAS and other reanalyses for this
43-year period benefits from the observing systems put in place for the Global Atmospheric Research Programme’s 1979
global observing experiment, systems which have subsequently been sustained and refined. The period is also that during
which global warming has been most pronounced and for which human influence on this warming has now also been termed

unequivocal (IPCC, 2022).
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Some comparisons with results from JRA-55 (Kobayashi et al., 2015) are reported. JRA-55 is one of the more recent
reanalyses and the most suitable alternative to ERAS for present purposes. It was used along with ERA-Interim, MERRA-2
(Gelaro et al., 2017) and some older reanalyses in a number of the studies assessed in AR6 and referenced here. The multi-
decadal consistency of the fits of the ERAS data assimilation to several types of wind observation provides further
confidence in the main results presented for near-tropopause winds. Consistency with aircraft data over the North Atlantic is
also reported for a case of extreme jet-stream strength.

The plan of this paper is as follows. The next section covers quite familiar ground, updating estimates of trends in surface-air
temperature and introducing the calculation of confidence intervals. Section 3 discusses temperature trends in the free
troposphere. Section 4 presents the core results of the study, relating to the trends in monthly and seasonally averaged near-
tropopause winds. Instantaneous jet-stream wind maxima are the subject of Sect. 5. Sections 6 and 7 discuss changes in
lower-tropospheric wind and in geopotential height and surface pressure. Section 8 examines trends in kinetic and other

forms of atmospheric energy. It is followed by a concluding discussion.

2 Surface-air temperature
2.1 Global-mean trends

Figure 1(a) presents time series from March 1979 to February 2022 of anomalies in monthly and globally averaged two-
metre temperatures from ERAS. Anomalies are relative to averages for each month of the year made over the 43-year period,
but are plotted as deviations from the ordinary least squares linear trend for the period. Black dots show averages over the
World Meteorological Organization’s standard climatological reference periods of 1981-2010 and 1991-2020. They lie close
to the linear trend line. Deviations from this trend line (the so-called regression residuals) are primarily due to the natural
variability of the atmosphere about the changing climatic state. Among them are the warm periods associated with the
1997/98 and 2015/16 El Nifio events, the cold spell following the eruption of Mount Pinatubo in 1991 and the longer
“hiatus” period of predominantly below-trend temperatures from 2007 to 2014. The regression residuals also include
contributions from the uncertainty of the ERAS reanalysis and from the (also uncertain) deviation of actual climate change
from the linear trend.

Confidence intervals for the rate of temperature change have been calculated following Santer et al. (2008). They depend on
the variance of the regression residuals and use an effective sample size that is reduced (from 516 in the present case)
depending on the one-month-lagged correlation of the monthly residuals. The same approach was used by Gulev et al.
(2022) in their contribution to AR6, although their quoted 90 % confidence intervals are narrower than the 95 % confidence
intervals that are generally reported here.

The global trend shown in Fig. 1(a) is 0.190 K/decade, with 95 % confidence interval £0.026 K/decade. The one-month-
lagged correlation of the regression residuals is 0.72 giving an effective sample size of 83, and the “standard error” of the

linear fit to the data is .013 K/decade. The corresponding 90 % confidence interval is £0.022 K/decade. The difference
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between the 1991-2020 and 1981-2010 climatological means is 0.193 K, very similar to the change over a decade given by

the least-squares fit.
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Figure 1: Monthly means of ERAS two-metre temperature (K) averaged (a) globally, (b) over all land, (c) over Europe (defined as
land from 20° W-40° E and 35° N-80° N) and (d) over the Arctic (defined as the whole area north of 66.6° N). Values are plotted
from March 1979 to February 2022. They are shown relative to averages for each month of the year made over the period, and
plotted according to whether they are above (red) or below (blue) the least-squares-fit linear trend for the period. The black circles
plotted at the ends of 1995 and 2005 show thirty-year average values for 1981-2010 and 1991-2020.

The linear trend increases to 0.240+0.042 K/decade when the period over which it is calculated is reduced to the latest thirty-
year climatological reference period, 1991-2020. Although some of the increase may be due to an increased rate of climate
change, the trend for this thirty-year reference period appears to be particularly affected by natural variability, with a cool
spell due to the Pinatubo eruption early in the period, and warm spells in 2015/16 and 2019/20 late in the period. Further
illustration is given in Sect. 8 for components of atmospheric energy.

Warming has been larger globally over land than sea. Figure 1(b) is as Fig. 1(a) but for land areas only. The difference in
vertical scale should be noted. The trend over land is about 60 % larger than the trend over the globe as a whole: 0.31
K/decade, with 95 % confidence interval £0.03 K/decade.

Figure 1(c) shows the corresponding plot for the average over all land from 20° W to 40° E and 35° N to 80° N, which is
labelled as Europe. It will be seen below that both the trend and the variability about the trend (as measured by the
confidence interval) are larger for Europe than for any other continent, a reflection of Europe’s relatively small size and
location at the end of the North Atlantic storm track. The trend for Europe with 95 % confidence interval is 0.46 +0.10
K/decade. The corresponding trend for the Arctic (Fig. 1(d)) is larger still, 0.70 +0.10 K/decade.
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2.2 Geographical variations

Figure 2 presents maps of the geographical variation of the linear trends from ERAS5 and JRA-55, and provides information
related to confidence. The globally complete ERAS trend is shown in panel (a) and the JRA-55 trend in panel (e). Panel (b)
shows the ERAS trend only for those regions where the 95 % confidence interval is one-signed, indicating high confidence
that there has been warming (or in a few places cooling) over the 43-year period. Panel (b) picks out mostly regions of
warming greater than 0.1 K/decade, but identifies cooling of larger magnitude than this around Antarctica. It should be noted
that absence of a significant trend does not necessary imply low confidence in the computed trend. If there is a high level of
confidence in a warming trend in one region and a cooling trend in a neighbouring region, then there is also high confidence
that the trend is small somewhere between the two regions. A temperature trend that is locally small enough to be termed
“non-significant” because of the applied statistical test may nevertheless be significant if it is part of a regional temperature
pattern that involves a substantial temperature gradient, as this in turn indicates wind shear through the thermal wind
relationship. Shepherd (2021) discusses more comprehensively and generally the danger of reliance on statistical tools at the
expense of physical reasoning and prior knowledge in climate science, whilst conceding that such tools are nevertheless
useful heuristics.

ERAS and JRA-55 depict a similar pattern of large-scale change, which in turn is similar to that shown for 1981-2020 from
the HadCRUTS dataset (Morice et al., 2020) in Fig. 2.11 of Gulev et al. (2022). Similar patterns can also be seen in the
1979-2018 trends presented by Simmons et al. (2021) for a larger number of datasets. As such, the principal features are
already familiar. Warming occurs over most of the globe. It is largest in the Arctic, especially in a band from Svalbard
eastward to beyond Novaya Zemlya, and is relatively high over eastern Europe, the Middle East, North Africa, parts of
eastern Asia and southwestern North America. There is cooling around the coast of Antarctica and over the eastern Pacific to
the west of Chile and Peru. Features that are more minor but noteworthy as they will be seen to occur through much of the
depth of the troposphere include the lower rates of warming (or indeed cooling) over western Canada and over the North
Atlantic between Greenland and south-western Europe.

The standard deviation of the regression residuals shown (for ERAS) in Fig. 2(c) indicates primarily where natural variability
is large or small. Variability is large over Siberia, the higher latitudes of North America and the Antarctic. Aside from
oceanic regions close to coasts or that are prone to variability associated with sea-ice cover, the largest variability over sea
occurs in the equatorial eastern Pacific, where sea-surface temperature (SST) variability associated with El Nifio and La Nifia
events is large. JRA-55 (not shown) has similar features, the most apparent difference being smaller variability over the
Antarctic plateau.

The other factor influencing confidence intervals is the correlation of the regression residuals from one month to the next.
Correlations are shown for ERA and JRA-55 in panels (d) and (f) of Fig. 2. Persistence of the largest temperature anomalies
from one month to the next tends to be low in extratropical latitudes. One exception is the northern Barents Sea, which has

the largest warming trend anywhere and high variability, but correlations larger than in neighbouring regions. The largest
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correlations are nevertheless found over the tropical oceans, in particular over the eastern Pacific and to a lesser extent the

150 Atlantic.
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Figure 2: (a) The linear trend (K/decade) in two-metre temperature based on monthly average ERAS data from March 1979 to
February 2022. (b) As (a), but with trends shown only where the 95 % confidence interval is one-signed. (c) The standard
deviation of differences between two-metre temperatures and their linear trend (K). (d) The correlation coefficient between
successive monthly deviations of two-metre temperature from the linear trend. Panels (e) and (f) are as (a) and (d), but for JRA-
55.

Correlations of surface-air temperature are relatively low over the Gulf Stream for both ERAS and JRA-55. They are low
because of the variability both of sea surface temperature (SST) and of airflow over the Gulf Stream. Related to this, the
trend in surface-air temperature in this region is smaller than the trend in SST, the opposite of the case for the average over
all ice-free sea. The latter is one of the sources of small differences between the global trends in surface-air temperature from
reanalyses and the trends from monthly temperature datasets such as HadCRUTS and GISTEMP (Lenssen et al., 2019) that
use surface-air temperature over land but SST instead of marine air temperature (Simmons et al., 2017).

There is nevertheless good overall agreement among the various datasets. This is important because the calculations of

confidence intervals do not account for systematic drifts in the errors of the individual datasets to which they apply.
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Comparisons of multiple datasets have been reported by Simmons et al. (2021), but did not include confidence intervals. The
updated sample presented in Table 1 shows how these confidence intervals vary little among datasets, which give a common
picture of trends and uncertainty from one continental region to another. It includes the background forecasts of the ERAS
data assimilation system, an indicator of the performance of ERA5’s assimilating model and use of data in general, since the
background forecasts have only limited dependence on direct observations of surface-air temperature, as discussed by
Simmons et al. (2004) for the ERA-40 reanalysis.
Global Europe Asia N Amer Africa Australia S Amer Arctic
ERASan 0.19+0.03 0.46+£0.10 0.36+0.07 0.32+0.08 0.33+0.04 0.13+£0.08 0.23+0.04 0.70+0.10
ERA5Sbg 0.18+0.03 0.45+£0.10 0.35+0.07 0.31£0.08 0.29+0.04 0.18+£0.08 0.20+0.04 0.70+0.10
JRA-55an  0.18+0.02 0.46+0.10 0.35+£0.07 0.32+0.08 0.25+£0.04 0.12+0.08 0.19+0.04 0.74+0.10
GISTEMP 0.19+0.02 0.48+0.10 0.37+£0.07 0.31+0.09 0.28+0.04 0.18+0.07 0.23£0.03  0.74+0.10
HadCRUTS 0.19+0.02 0.44+0.10 0.37+£0.07 0.32+0.08 0.28+0.04 0.18+0.06 0.19+0.03  0.72+0.09

Table 1: Least squares linear trends in monthly mean surface-air temperatures (K/decade) and the range of the 95 % confidence
intervals for six continental averages for the period from March 1979 to February 2022 for the ERAS analysis (an) and
background (bg), and three other datasets. The continental areas are defined as all land within the following ranges: Europe (20°
W -40°E, 35° N - 80° N), Asia (60° E - 180° E, 0° - 85° N), North America (170° W - 50° W, 15° N - 85° N), Africa (25° W - 55°E,
40° S - 35° N), Australia (110° E - 160° E, 50° S - 10° S) and South America (90° W - 25° W, 65° S - 15° N). Global and Arctic
averages are also shown; for GISTEMP and HadCRUTS.0.1.0 (downloaded 22 March 2022) they are based on sea-surface
temperature not air temperature over ice-free sea. [Note: HadCRUTS values are provisional, based on the calendar years from
1979 to 2021 pending availability of data for January and February 2022]

The global trends have the lowest uncertainty, but confidence intervals are not much larger for trends over Africa and South
America. The trends themselves differ quite highly among datasets for these two regions, but are generally larger for Africa
than South America. As noted earlier, Europe has the largest trends, but also the largest uncertainty. This is consistent with
the finding by Hawkins et al. (2020) that the largest signal-to-noise ratios for temperature increases are in tropical regions.
The trends over Australia from ERAS and JRA-55 are lower than those from GISTEMP and HadCRUTS shown in Table 1,
and also lower than those from other such global datasets and the national ACORN dataset (Trewin, 2013). The ERAS
background is more in line with these other datasets, and the same is true for JRA-55 (not shown). Simmons et al. (2021)
discuss several problematic aspects of the performance of ERAS in analysing surface-air temperature over Australia.

Some of the local differences between ERAS and JRA-55 or other datasets such as HadCRUTS stem from differences in
resolution. They are partly inherent to the various datasets, whose native resolutions vary from around 31 km for ERAS5 to 5°
of latitude and longitude for HadCRUTS. They also depend on processing choices made for this study, as the JRA-55
analyses were downloaded at 1.25° resolution whereas ERAS fields have been processed with 0.25° resolution. Other local
differences may stem from production issues. Two of those discussed by Simmons et al. (2021) for ERAS are a spurious
cooling to the north of Greenland, most evident in the March-May average shown in Fig. 3, and excessive warming over Iran

south of the Caspian Sea. Both are associated with issues in the analyses for the 1980s: the specification of sea-ice
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concentration north of Greenland and the combination of a cold background-model bias and limited availability of surface-

air observations over Iran.

2.3 Seasonal variations

Most of the regional features seen in the full-year trend maps shown in Fig. 2 are also seen in the seasonal trend maps
presented in Fig. 3, though there are differences. There is a strong seasonal cycle in the rate of temperature increase at high
northern latitudes, where summertime change over the Arctic Ocean is small because near-surface temperatures are
constrained to be close to 0° C by melting ice, a process known to be represented reasonably well in ERA reanalyses
(Simmons and Poli, 2015; Simmons et al., 2021). In addition, temperature increases in JJA over Arctic land are not
appreciably larger than the increases in several mid-latitude and sub-tropical regions. A large part of Siberia shows either
cooling or only weak warming in winter, but strong warming in spring, when feedback from a tendency for snow to melt
earlier comes into play. Warming is more pronounced in spring and summer than in autumn and winter over the western

USA, but higher in autumn and winter over the subtropical North Atlantic.

(a) December - February

(b) March - May
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Figure 3: The linear trend (K/decade) in seasonal-average ERAS two-metre temperatures from March 1979 to February 2022 for
(a) DJF, (b) MAM, (c) JJA and (d) SON. Dots show where the 95 % confidence interval is two-signed.

Cold-season cooling (or weakened warming) over North America and Asia has been linked with an increasing frequency of a
particular type of disruption of the stratospheric polar vortex (Cohen et al., 2021), although other factors are also in play
(Blackport et al., 2022). The winter trend for warming over East Asia as well as the Barents and Kara seas (where the
warming is associated with declining sea-ice cover) differs from the natural teleconnection pattern reported by Kim et al.

(2022), who showed from de-trended surface-air temperature anomalies that warm conditions over the Barents and Kara seas

8
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tend to occur in conjunction with a circulation pattern associated with cold conditions over East Asia. Aside from such
specifics, interannual variability generally causes lower confidence in the trends over northern mid-latitude land for winter

than for any other season.

3 Upper-air temperature

Figure 4 presents maps of the ERAS and JRA-55 trends in temperature at four standard pressure levels from 850 to 300 hPa.
Area averages and confidence intervals are shown in Table 2. The two reanalyses are again in broad agreement, although
there are some regional differences, more so lower in the atmosphere. There is net warming at each level. The rate of
warming is highest in the Arctic at 850 hPa and to a lesser degree 700 hPa, but highest at middle or subtropical latitudes in
the upper troposphere, where it peaks at close to the 300 hPa level shown.

Several regional trends extend from the surface to the middle or upper troposphere. They include the relatively low warming
rate of the region between southern Greenland and western Europe, which implies increasing westerly winds to the south and
decreasing winds to the north. A band of either cooling or relatively weak warming extends from the tropical central Pacific
south-eastwards to central Chile. A region of cooling or only weak warming also occurs above the Antarctic coastline, with
generally stronger warming to the north of it, though ERAS and JRA-55 differ in detail here. Further discussion of these and

other regions is given in the following section, where near-tropopause wind changes are considered.

Global  Europe Asia N Amer  Africa Australia S Amer Arctic
ERAS 0.18+0.05 0.25+0.06 0.20+0.04 0.23+0.05 0.23+0.06 0.24+0.07 0.17+0.07 0.17+0.12

300 hPa
JRA-55 0.17+0.05 0.24+0.06 0.17+0.04 0.24+0.05 0.23+0.06 0.21+0.07 0.21+0.07 0.15+0.12
500 hP ERAS 0.16+0.04 0.27+0.07 0.17+£0.04 0.184+0.05 0.14+0.05 0.19+0.06 0.134+0.04 0.25+0.06
a
JRA-55 0.17£0.04 0.27+0.07 0.14+0.04 0.24+0.05 0.15+£0.05 0.21+0.06 0.16+0.05 0.27+0.07
700 hP ERAS 0.16+0.04 0.29+0.08 0.21+0.05 0.15+0.06 0.18+0.05 0.12+0.06 0.11+0.04 0.32+0.07
a
JRA-55 0.19+0.04 0.31+0.07 0.19+£0.05 0.25+0.06 0.17+£0.05 0.20+0.06 0.12+0.04 0.39+0.07
450 hP ERAS 0.15+£0.03 0.36+ 0.08 0.26+0.06 0.17+0.07 0.24+0.04 0.17+0.08 0.15+0.03 0.46+0.08
a

JRA-55 0.184+0.03 0.36+0.08 0.25+0.06 0.30+0.08 0.20+0.05 0.21+0.08 0.12+0.03 0.48+0.08

Table 2: Least squares linear trends in monthly mean temperatures (K/decade) and the ranges of 95 % confidence intervals for six
continental averages (as in Table 1) for the period from March 1979 to February 2022, for four pressure levels and the ERAS and
JRA-55 analyses. Global and Arctic averages are also shown.

The most obvious of the differences between reanalyses seen in the maps is the isolated cooling over southern Africa at 850
hPa in JRA-55, but the largest differences in the continental averages occur in the lower to middle troposphere over North
America. Here JRA-55 exhibits a much higher rate of warming than ERAS, more akin to that seen for surface air from both
reanalyses. ERA-Interim also has a higher rate of warming than ERAS over North America. ERA-Interim warms over the

continent at an average rate of 0.20+0.11 K/decade at 850 hPa and 0.23+0.08 K/decade at 700 hPa, from March 1979 to
9



https://doi.org/10.5194/wcd-2022-19 Weather and
Preprint. Discussion started: 31 March 2022 Climate Dynamics
(© Author(s) 2022. CC BY 4.0 License. Y

Discussions

February 2019. ERAS also has a markedly lower rate of warming than JRA-55 over Australia at 700 hPa. In this case ERA-

Interim’s warming rate is lower still.

(a) 300hPa ERAS (b) 300hPa JRA-55

(c) 500hPa ERAS
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240 Figure 4: The linear trend (K/decade) in monthly average ERAS (left) and JRA-55 (right) temperatures from March 1979 to

February 2022 for (a, b) 300 hPa, (c, d) 500 hPa, (e, f) 700 hPa and (g, h) 850 hPa. Dots show where the 95 % confidence interval

is two-signed. Regions where the ERAS model orography exceeds 1500 m (for 850 hPa) or 3000 m (for 700 hPa) are masked in
white.
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The differences in temperature trends over North America and Australia are not a particular concern for this study as they are
of quite broad scale, and the more-local horizontal gradients of temperature are less different, consistent with both ERAS and
JRA-55 drawing closely to the wind data from the regions. Differences in the trends of near-tropopause winds will be seen in
the following section to be small. Investigation for North America points to an issue with the performance of ERAS’s
variational bias adjustment of increasing numbers of temperature measurements from ascending and descending aircraft.
ERA-Interim did not adjust for the biases of these data and JRA-55 did not use aircraft temperature data because of the
biases. Another factor is ERAS’s use of a radiosonde temperature bias correction scheme (RICH; Haimberger et al., 2012)
different to that used (albeit in different versions) by JRA-55 and ERA-Interim (RAOBCORE; Haimberger, 2007;
Haimberger et al., 2008). The differences over Australia can be seen in panels (e) and (f) of Fig. 4 to extend from the Indian
Ocean to New Zealand and over the Maritime Continent, raising the possibility of an issue with the bias correction of
satellite sounding data. Background forecasts and analyses are colder than Australian radiosonde data around 700 hPa for
later but not earlier years.

Maps of trends of seasonal averages at 700 and 300 hPa from ERAS are presented in Fig. 5. Corresponding plots for JRA-55
(not shown) exhibit generally similar inter-seasonal differences. Differences between ERA5 and JRA-55 over North
America at 700 hPa are relatively small for MAM, but present in all seasons. JRA-55 has more extensive and stronger
cooling than ERAS5 at 300 hPa over East Antarctica and Siberia in all seasons.

A region of cooling stretches from central Canada to the central North Atlantic in the MAM average shown for 700 hPa. The
same is found for trends at 850 hPa and 500 hPa. A related increase in westerly flow along the south of this band will be seen
in the following section. To the north, the rate of warming of the Arctic decreases with increasing height in autumn, winter
and spring, but increases in summer. Warming of middle and low latitudes at 300 hPa is largest in boreal autumn and winter.

Warming is smaller in the deep tropics than the subtropics throughout the year, apart from over much of the Pacific Ocean.

4 Near-tropopause wind
4.1 Climatological state

Synoptic maps for the upper troposphere typically exhibit elongated jet-stream flows at extratropical latitudes. Flows are
predominantly from west to east, but often with meanders where meridional winds are large. Examples for extreme cases are
presented in Sect. 5. The meanders vary in position, however, and little of them remains in climatological averages, whether
for year, season or month. Maps of time-averaged flow such as presented in Fig. 6 show that the bands of high zonal wind
mostly have some degree of poleward tilt in the downstream direction, but this is associated mainly with a longitudinal
variation in the latitude of maximum zonal flow. The tilts, whether in the zonal wind component or in windspeed, do not in
general indicate the direction of the time-averaged flow.

Studies focused explicitly on long-term changes in upper-tropospheric jet streams may be based on a characterization of jet

structures, as was done by Pena-Ortiz et al. (2013) and Manney and Hegglin (2018), for example. This approach has some
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advantages over examination of the time-averaged flow, especially regarding the characteristics of polar jet streams in the
northern hemisphere. Interest here is not solely in the jet streams, however. Results are presented in terms of annual or

seasonal averages, and the variations about these averages.

(a) DJF 700hPa (b) DJF 300hPa

(c) MAM 700hPa (d) MAM 300hPa
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280  Figure 5: The linear trend (K/decade) in 700 hPa (left) and 300 hPa (right) temperature based on seasonal-average ERAS data
from March 1979 to February 2022 for (a, b) DJF, (¢, d) MAM, (e, f) JJA and (g, h) SON. Dots show where the 95 % confidence
interval is two-signed. 700 hPa regions where the ERAS model orography exceeds 3000 m are masked in white.
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The present approach is largely complementary and confirmatory to that based on jet-stream characteristics: the seasonal-
mean wind structures shown in panels (c) to (f) of Fig. 6 are similar to the seasonal jet frequency distributions shown for
1980-2014 from the MERRA-2 reanalysis in the upper left panels of Figs. 1 to 4 of Manney and Hegglin (2018). Manney
and Hegglin’s study predates ERAS5, but includes JRA-55 among the five reanalyses it considers. It provides a
comprehensive account of jet-stream changes over the period studied, most of which are seen directly or can be inferred
from results presented here from ERAS for a somewhat longer period. In discussing a subset of these changes below, broad

agreement with the findings of Manney and Hegglin’s study should be taken as read unless stated otherwise.

(a) Annual, zonal wind

Ex3

Figure 6: ERAS 200 hPa wind (ms™') averaged from March 1979 to February 2022 for (a) the zonal and (b) the meridional
component. Seasonal average zonal components for this period are shown (with different contour intervals) in panels (c) DJF, (d)
MAM, (e) JJA and (f) SON. Black contours show the total sub-seasonal variation of the 200 hPa wind vector, with contour interval
160m?2s2, Solid contours denote the 600m?s? values.

Panels (a) and (b) of Fig. 6 show climatological zonal and meridional components of 200 hPa wind derived by averaging all

ERAS analyses from March 1979 to February 2022. The annual-average meridional wind component is generally less than 5

ms ! in magnitude in the jet-stream regions where the annual-average zonal wind component is upwards of 30 ms™!. The
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most prominent meridional flow is in the trough over eastern Canada and Greenland, where meridional winds exceed 5 ms™
in the annual average and 10 ms™! in the winter average (not shown).

The corresponding seasonal averages of the zonal wind component are shown in panels (c) to (f), with different shading
bands. Black contour lines denote the total sub-seasonal variation, the sum of the variances of the zonal and meridional wind
components. The two variances are of similar magnitude.

The predominantly zonal time-averaged 200 hPa flow exhibits considerable variation with longitude as well as latitude,
limiting what can be inferred reliably from changes in zonal averages. The most pronounced jet-stream region, evident in all
seasons and with the strongest peak winds, stretches from North Africa to the Pacific Ocean and beyond. For most of the
year the average winds are strongest over or close to Japan, from where observations made at Tateno by Wasaburo Ooishi
led to discovery of the jet stream in the 1920s (Lewis, 2003). Depending on season, the central latitude of this jet-stream
region extends from 20-30° N over the north-western coast of Africa to 45-55° N over the western coast of North America.
The other main northern hemispheric jet-stream region is centred over the eastern seaboard of North America in all seasons
other than spring, although it will be seen below that the latter has been changing. This jet-stream region is shorter in zonal
extent, is located further north and has a larger south-west to north-east tilt.

Hoskins and Hodges (2019a, b) have documented the climatology of northern hemisphere storm tracks for the upper and
lower troposphere, based on ERA-Interim. Consistent with their findings, regions of large sub-seasonal variability can be
seen in Fig. 6 to be aligned with the main jet-stream regions. Peak magnitudes occur downstream and a little equatorward of
the strongest time-mean flow, consistent with the baroclinic instability of the regions and their potential to trap and guide
stationary Rossby waves (Hoskins and Woollings, 2015). Winds in the Arctic are largest and most variable over the seas
around Svalbard, where warming of the lower troposphere has been particularly large. Although synoptic maps commonly
show polar jet streams over North America and Eurasia, these jets tend to be relatively weak, variable in position,
intermittent and strongest nearer to 300 hPa than 200 hPa. They thus do not feature clearly in the averages shown in Fig. 6,
although a hint can be seen in panel (d), which shows stronger springtime flow over northern than central Europe.

The subtropical jet-stream region that extends across Australia and much of the South Pacific has a larger seasonal variation
in strength than its northern counterpart. A second region of high zonal wind runs from South America to the southern Indian
Ocean. In all seasons (though weakly in DJF) the time-averaged flow is indicative of a double-jet structure extending from
Australia across the South Pacific, with a minimum in average zonal flow located over or downstream of New Zealand.
Variability in the southern hemisphere is in general closely tied to the regions of high mean wind.

Easterly winds predominate at 200 hPa in the tropics. They are particularly strong over southern India and the Indian Ocean
in JJA, the season when the strongest average northern hemispheric westerlies occur to the north-east. These easterly and
westerly maxima are linked through the upper-tropospheric Tibetan Anticyclone. Easterlies encircle the globe in this season.
In contrast, the 200 hPa tropical flow is westerly over the Pacific Ocean east of the International Date Line in DJF and

MAM.
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Figure 7 shows rates of change of the zonal wind component, derived from least squares fits over all months. Complete

global maps of the trends are presented in the left-hand panels and maps showing the trends only where the 95 % confidence

interval is one-signed are presented in the right-hand panels.

(a) ERAS 200hPa

Figure 7: The linear trend (ms™'/decade) in monthly average zonal winds from March 1979 to February 2022 for (a, b) ERAS5 at
200 hPa, (c, d) ERAS at PV=2, (e, f) JRA-55 at 200hPa and (g, h) the ERAS background at 200 hPa