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Abstract. Latent heating modifies the jet stream by modifying the vertical geostrophic wind shear, thereby altering the potential
for baroclinic development. Hence, correctly representing diabatic effects is important for modelling the mid-latitude atmo-
spheric circulation and variability. Yet, the direct effects of diabatic heating remain poorly understood. For example, there is no
consensus on the effect of latent heating on the cross-jet temperature contrast. We show that this disagreement is attributable to
the choice of spatio—temporal averaging. Jet representations relying on averaged wind tend to have the strongest latent heating
on the cold flank of the jet, thus weakening the cross-jet temperature contrast. In contrast, jet representations reflecting the
two-dimensional instantaneous wind field have the strongest latent heating on the warm flank of the jet. Furthermore, we show
that latent heating primarily occurs on the warm flank of poleward directed instantaneous jets, which is the case for all storm

tracks and seasons.

1 Introduction

Jet streams are an integral part of the planetary scale flow, guiding synoptic weather systems and leading to the existence
of storm tracks (Chang et al., 2002; Martius et al., 2010; Wirth et al., 2018). In return, these synoptic weather systems
shape the planetary scale flow by redistributing heat, momentum, and vorticity (Edmon et al., 1980; Hoskins et al., 1983)
and self-maintain the baroclinicity in the storm track through diabatic heating (Hoskins and Valdes, 1990; Papritz and Spen-
gler, 2015). While diabatic heating related to moist processes climatologically maintains baroclinicity (Papritz and Spengler,
2015; Marcheggiani and Spengler, 2023), there is conflicting evidence to which extent it dampens or amplifies low frequency
variability (Xia and Chang, 2014; Woollings et al., 2016; Lutsko and Hell, 2021). We disentangle these conflicting findings by
contrasting jet-relative diabatic heating for different jet representations.

On synoptic time scales, latent heating amplifies cyclone growth (see Wernli and Gray, 2023, for a review) as well as
enstrophy (Black, 1998) and influences the jet stream through changes in potential vorticity gradients (Harvey et al., 2020;
Bukenberger et al., 2023). Furthermore, as latent heating modifies baroclinicity, it also affects baroclinic wave activity on
time scales beyond the lifetime of a single cyclone (Hoskins and Valdes, 1990; Papritz and Spengler, 2015; Weijenborg and
Spengler, 2020). As hypothesised by Robinson (2000), anomalous cyclone activity and eddy momentum fluxes following from
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anomalous baroclinicity may modify the persistence of the planetary scale flow (e.g. Lorenz and Hartmann, 2001; Blanco-
Fuentes and Zurita-Gotor, 2011; Zurita-Gotor et al., 2014; Lorenz, 2022). Thus, if latent heating dampens the anomalous
baroclinicity, it should also dampen the planetary scale flow variability, and vice-versa. While this mechanism concerns the
amplitude of momentum fluxes, the resulting baroclinicity may also affect the preferred type of wave breaking and therefore
the direction of the momentum fluxes (Orlanski, 2003; Riviere, 2009).

Xia and Chang (2014) conditioned zonal mean latent heating (precipitation) on the first principal component (PC1) of the
300 hPa daily zonally averaged zonal wind in the Southern Hemisphere and found it to weaken the cross-jet temperature
contrast in both phases of PC1. Following a similar argument, Bembenek et al. (2020) and Lutsko and Hell (2021) showed that
latent heating mainly occurs on the poleward flank of a zonal mean jet, abating the mean baroclinicity and therefore weakening
the mean westerlies. The experiment of Yamada and Pauluis (2017) adds further nuance, showing that latent heating occurs
in the core of a zonal mean jet for a cyclonic wave breaking event. On the other hand, Woollings et al. (2016) analysed the
instantaneous two-dimensional tendency of the isentropic slope (Papritz and Spengler, 2015), showing a positive feedback
to baroclinicity in the anomalous position of the storm track. The isentropic slope framework also shows that latent heating
maintains the seasonal mean baroclinicity in the North Atlantic storm track (Papritz and Spengler, 2015; Marcheggiani and
Spengler, 2023).

The disagreement between Xia and Chang (2014) and Woollings et al. (2016) could stem from the choice of storm track
region and season. Xia and Chang (2014) studied the Southern Hemisphere during summer, while Woollings et al. (2016)
studied the North Atlantic during winter. However, the studies also differ in their methods. Xia and Chang (2014) used zonally
averaged daily mean wind and precipitation and assumed that latent heating is linearly dependent on PC1 of the zonal mean
wind. Thus, their results could be sensitive to their choice of jet definition and spatio—temporal averaging. Woollings et al.
(2016), on the other hand, used the isentropic slope framework which requires neither temporal nor spatial averaging and does
thereby not rely on zonal means.

To address these conflicting results, we compile jet conditional climatologies of latent heating and other pertinent variables
to explore their sensitivity to spatio—temporal averaging and different jet definitions, either based on zonal means or the two-
dimensional wind field. We specifically explore the extent to which latent heating occurs on the warm or cold flank of each jet
definition, reflecting on the fact that jet is a widely used term in the literature. Climatologists often refer to *'mean flow’ features

as jets, while synopticians tend to reserve the term for instantaneous jet-like wind profiles.

2 Data

We use three-hourly data from ERAS (Hersbach et al., 2020) for December, January, and February (DJF) for the period 1979
to 2020. We focus on the North Atlantic but also show some analysis for the North Pacific, South Pacific and Indian Ocean.
We use the three-dimensional wind, specific humidity and temperature on a 0.5° horizontal grid and 22 pressure levels [10, 30,
50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000] hPa. Diabatic temperature

tendencies due to all physical parameterizations as well as only due to radiation are available on model levels and interpolated
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Table 1. The five different jet representations.

Label Full name
3h-Z Three-hourly sector-mean jet
1d-Z Daily sector-mean jet

10d-Z 10-day low-pass sector-mean jet

3h-2D Three-hourly two-dimensional jet

10d-2D | 10-day low-pass two-dimensional jet

~1 m? s~1) surface as well as large-scale

to the same pressure levels. We also use horizontal wind on the 2 PVU (2x 107 ¢ K kg
and convective precipitation.

We subtract the radiative diabatic tendencies from the total diabatic temperature tendency due to physical parametrization
and assume that the remaining diabatic heating tendencies are dominated by latent heating above the boundary layer (Papritz
and Spengler, 2015). Following the example of Papritz and Spengler (2015), we average the "diabatic minus radiative" heating
over 700-200 hPa and refer to this as latent heating. Correspondingly, the vertical wind and the specific humidity are also

averaged over 700-200 hPa.

3 Jet detection

We consider two types of jet representations (Table 1): one based on zonally averaging the wind field, referred to as sector-
mean jets, and the other based on jet axes defined by the two-dimensional wind field, which we refer to as two-dimensional jets.
Zonally averaged wind is frequently used to identify and diagnose the mid-latitude jet stream (e.g. Robinson, 2000; Lorenz and
Hartmann, 2001; Woollings et al., 2010; Blanco-Fuentes and Zurita-Gotor, 2011; Zurita-Gotor et al., 2014; Bembenek et al.,
2020; Lutsko and Hell, 2021). This has the advantages of efficiency and a clear connection to the zonal momentum budget, but
with the disadvantage that zonally averaging neglects the meandering characteristic of the mid-latitude jet (Spensberger et al.,
2023). The two-dimensional jet representation, on the other hand, captures such waviness.

The sector-mean jet position is computed by picking the latitude of the strongest zonally averaged zonal wind between 60°W
and 0°E on the 2 PVU surface. We perform this analysis for every time step to represent the jet over the central to eastern
North Atlantic Ocean, only allowing for one jet latitude for each time step. The method is similar to Woollings et al. (2010),
but using upper- instead of lower tropospheric zonal wind.

The two-dimensional jet representation follows Spensberger et al. (2017). In short, jets are detected where the wind shear
perpendicular to the wind direction is zero on the 2 PVU surface.

oU

o, (1)
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where U = v/u2 +v2 and n is perpendicular to the wind direction. Like Spensberger et al. (2017), we apply a T84 truncation
to the data before detecting the jets to smooth out smaller scale features and provides for more spatially coherent jets. We use
the freely available Python library Dynlib (Spensberger, 2024) for the computations.

The two-dimensional jets detected within [80° W—10° E, 20° N-70° N] are used to represent the North Atlantic. An unde-
sirable effect of Eq. 1 is that it is also satisfied for wind speed minima. Additionally, high wind speed areas do not always have
a well defined jet structure. We mitigate these challenges by only considering locations where K < (9U/dn)? +Ud?U/dn?
(Spensberger et al., 2017). This approach only identifies wind speed maxima as jets. It also allows for weaker winds with a
clear jet like profile to be classified as jets and filters out points of high wind speed without a well defined jet structure. K is set
to the 12.5th percentile of (OU/dn)? +Ud>U/On?. For the three-hourly data, K = —0.732-10~%s~2, identical to Spensberger
et al. (2023). Note that generally several two-dimensional jets are detected at each time step. See Spensberger et al. (2017) for
more details on the jet axis detection.

To assess the sensitivity of our findings to temporal averaging, we compute jet latitudes using instantaneous three-hourly,
daily mean, and 10-day low-pass filtered data. For the 10-day low-pass filtered data, daily mean values are first computed
from the three-hourly data before applying a Lanczos filter (Duchon, 1979) with a 61-day window. The two-dimensional jets
are computed on the three-hourly and the 10-day low-pass filtered wind field. For the two-dimensional jet detection using the
10-day low pass data, we apply K = —1.044 - 10719572,

We refer to the sector mean jets as 3h-Z, 1d-Z, and 10d-Z for the three-hourly, daily, and 10-day low-pass wind, respectively
(Table 1). The two-dimensional jets are analogously referred to as 3h-2D and 10d-2D. Illustrating the differences between the
jet definitions, Fig. 1a shows the sector mean jets simply intersecting the latent heating associated with the two cyclones on
14 January 2009 at 2100 UTC. The 3h-Z jet is located further south compared to both 1d-Z and 10d-Z. In contrast, the 3h-2D
jets exhibit synoptic scale variations, outlining troughs and ridges (Fig. 1b). The 10d-2D version does not pick up any synoptic

variability but rather follows a straight line from the Gulf Stream region to Northern Europe.

4 Construction of the jet conditional climatologies

We compile climatologies for vertical wind, specific humidity, latent heating, and precipitation for the different jet definitions.
All variables are of three-hourly time resolution, irrespective of the time filtering used for the jet definition.

For climatologies conditional on the sector-mean jet latitude, we first average the variables over the same longitudinal sector
(60° W-0° E) as used to define the sector-mean jet latitude (Fig. 2a). The resulting sector mean values are then capped at 20°
latitude (~ 2200 km) on each side of the concurrent three-hourly, daily, and 10-day low-pass sector-mean jet. The data are
organised by the latitude of the concurrent sector-mean jet, given on the horizontal axis in the right panel of Fig. 2a, so that
the lowest jet latitude states are on the left and the highest jet latitude states on the right. The vertical axis in the right panel
of Fig. 2a shows the cross-jet distance spanning £20° latitude. Finally, the data around jets found at similar latitudes are then
averaged over by binning the data using 30 bins in the horizontal and 20 bins in the vertical direction, before averaging over

each bin.
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Figure 1. Latent heating (shading), large-scale precipitation (cyan; 0.33 mm h ™) and sea level pressure (blue; 960, 970, 980, 990, 1000 hPa)
for 14 January 2009 at 2100 UTC. The dashed lines in (a) show the sector-mean jets computed on three-hourly zonal wind (black; 3h-Z),
daily mean zonal wind (grey; 1d-Z), and 10-day low-pass zonal wind (orange; 10d-Z). The dashed lines in (b) show the two-dimensional jets

computed on three-hourly winds (black; 3h-2D), and 10-day low-pass winds (orange; 10d-2D).

The computation of climatologies conditional on the latitude of the two-dimensional jets is illustrated in Fig. 2b. A random
set of 100,000 cross sections are sampled from all two-dimensional jets (also used by Spensberger et al., 2023), as exemplified
by the black arrows. The variables are interpolated to the cross sections, spanning 500 km on each flank of the jets normal to
the jet direction. The cross sections are then organised by the latitude of the jet core in each respective cross section. Given that
the two-dimensional jets can take any direction in the latitude—longitude space, we rotate the two-dimensional jets so that they
appear as pure westerlies. With this rotation, the left flanks of the jets are on the positive- and the right flanks on the negative
side of the vertical axis. By the thermal wind relation, the left flank corresponds to the cold flank of the jet, while the right flank
correspond to the warm flank of the jet. The data are coarse grained by binning the data using 20 bins in the horizontal and 10
bins in the vertical direction before averaging over each bin.

Lastly, we compute climatologies conditional on the direction of the two-dimensional jets (see Fig. 2¢). As for the other

conditional climatologies, we make use of jet cross sections but this time organise them by the direction of the jet rather than
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Figure 2. Illustration of how we compile the climatologies conditional on jet latitude based on (a) sector-mean jet latitudes, (b) latitude of
the two-dimensional jets, and (c) jet direction. The dashed lines illustrate the jets. The box illustrates the area for the sector zonal averaging

and the arrows illustrate the jet cross section.

their latitude. Their original orientation in the latitude—longitude space is preserved and the cross sections are thus organised in
semicircles according to their orientation. The climatologies conditional on jet direction have been coarse grained by binning
and averaging the data, here using 30 bins in both the horizontal and vertical direction. The number of bins scales with how
the data are distributed in the three climatologies.

The binning and averaging gives a smoothing effect and the climatologies thus show the estimated expected value of each
variable around the jets, conditional on the latitude and direction of the jets. The spread in the data is discussed at the end of
Sect. 6. The results are qualitatively the same when increasing the number of bins.

We focus on eddy-driven jets, but the lowest latitude jets appearing in our analyses are likely of subtropical nature (Lee and
Kim, 2003). This is the case for both the low-pass and the instantaneous jets (Spensberger et al., 2023). We do not exclude
subtropical jets, as we do not have a consistent criterion to do so for both the sector-mean jet detection and the two-dimensional

jet detection.

5 Latent heating across sector-mean jets

The strongest sector mean winds are found around the respective jet latitudes (Fig. 3 a—c) with the pattern in the wind being
somewhat smoother and more confined around the 3h-Z compared to the time filtered 1d-Z and 10d-Z jet latitudes. The sector

mean winds do, however, show quite large values in a broad latitudinal band around the detected sector-mean jet. This is not
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unexpected as we compute sector averages over wavy and often tilted jets. The sector mean wind field might also feature
several local maxima, which would contribute to the breadth of the wind profile around the identified jet latitude.

As expected from the thermal wind relation, the poleward flanks of the sector-mean jets are colder than the equatorward
flanks (Fig. 3 a—c). Additionally, few 10d-Z jets are detected poleward of 65°N (see Appendix A), causing the volatility in the
temperature contours there. Due to the small sample size of 10d-Z jets poleward of 65°N, the patterns there might not be robust
and should be interpreted with care.

Two distinct patterns in vertical wind are visible around the sector-mean jets, with one of them being sensitive to the time
filtering. The main pattern of vertical wind, which is independent of the time filtering, resembles the Ferrel cell, with descent
observed around 30° N and ascent further poleward (Fig. 3d—f). Around the 3h-Z jets poleward of 40° N, we also notice a
secondary pattern in the vertical wind featuring ascent on the warm flank of the jet. The same pattern is visible, but somewhat
diluted, for the 1d-Z and only barely visible for the most poleward 10d-Z jets. Hence, the secondary pattern is sensitive to the
time filtering.

The distribution of specific humidity, in comparison to vertical wind, is less affected by the time filtering with higher values
on the warm flank compared to the cold flank for all the sector-mean jets (Fig. 3g—i).

As mentioned, sector averaging imposes a smoothing effect similar to time filtering, as it averages over several Rossby-wave
phases and cyclones. Given the longitudinal confinement of the sector, the zonal distance of averaging decreases with latitude.
Hence, the effect of filtering is larger at lower latitudes, which may explain why the zonal wind profile and cross-jet contrast
in the vertical wind sharpens at higher latitudes (Fig. 3a—f).

Condensation and thus latent heating typically occur in regions of ascent where moisture is available. Irrespective of time
filtering, the sector-mean jets equatorward of ~ 45° N exhibit more latent heating on the poleward flank compared to the
equatorward flank (Fig. 3j-k). For jets poleward of ~ 40° N, latent heating follows the aforementioned secondary pattern in
vertical wind, which is sensitive to time filtering. As a result, a clear cross-jet contrast in latent heating is seen without time
filtering, such that the heating maximum occurs on the equatorward flank of jets poleward of ~ 40° N. At the same latitudes,
there is no clear cross-jet contrast in neither vertical wind nor latent heating around the 10d-Z jets.

The sensitivity of the latent heating pattern is congruent with the large-scale precipitation (Fig. 4), which spreads out over
all latitudes characterised by ascent (Fig. 3), while also forming a trail of stronger precipitation on the equatorward flank of
the jets poleward of ~ 40° N. Convective precipitation, on the other hand, is first and foremost located on the poleward flank
of the sector-mean jets, where the time filtering only slightly affects the pattern (Fig. 4). The convective precipitation features
a banded latitudinal structure which indicates that it has a strong geographical preference. The larger values around 35-40° N
match the climatologically large values of convective precipitation over the Gulf Stream and the cutoff at 60° N coincides with
little convective precipitation north of Iceland within the domain of sector zonal averaging (60° W—0° E; not shown).

The relationship we find between the sector-mean jets and latent heating is similar to Xia and Chang (2014). They regressed
observed precipitation onto the zonal index in the Southern Hemisphere and found it to follow the poleward flank of the zonal
mean jet anomalies. They hence inferred that latent heating weakens the baroclinicity in the anomalous jet. Xia and Chang

(2014) use daily data and their finding is consistent with the sector-mean jets equatorward of 40° N (Fig. 3k), given that



175

1d-z 10d-z

Zonal wind
Cross-jet distance [km]

0.07

-
I

0.01

Pas

-0.04

Vertical wind
Cross-jet distance [km]

-0.10

Latitude [°]

Specific humidity
Cross-jet distance [km]

60
Latitude [°] Latitude [°] Latitude [°]

20 40 60 40

‘(Iﬁﬁ)

Latent heating
Cross-jet distance [km]

40 60 40 60

Latitude [°] Latitude [°] Latitude [°]

Figure 3. Three-hourly zonal wind (2 PVU; a—c), vertical wind (700-200 hPa; d—f), specific humidity (700-200 hPa; g—i) and latent heating
(700-200 hPa; j-1) averaged from 60° W to 0° E and shown against the latitude of the concurrent 3h-Z jet (left), 1d-Z jet (middle), and 10d-Z
jet (right). The jet core is shown by the black dashed line. The grey diagonal lines show constant latitudes for 0, 25, 50, 75 ° N. The contours
in (a-c) show potential temperature at 500hPa, with intervals 290 (yellow), 295, 300, 305, 310, 315, 320, 325 (black) K.

our results hold for the Southern Hemisphere during summer. Similarly, Bembenek et al. (2020) and Lutsko and Hell (2021)
revealed the same negative effect on baroclinicity as deduced from the jets between 30° N-45° N (Fig. 3) when analysing the

location of precipitation relative to a zonal mean jet. The 10d-Z analysis also resemble Lachmy and Kaspi (2020), who used
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Figure 4. Like Fig. 3 but for large-scale precipitation (a—c) and precipitation from the ERAS convection scheme (d—f).

monthly and zonally averaged values to show that the eddy driven jet is shifted equatorward of the largest eddy heat fluxes in
winters of strong latent heating. During winters of weak latent heating, they show that the eddy driven jet and the largest eddy

heat fluxes are closer in latitude.

6 Latent heating around two-dimensional jets

As expected, the wind in the direction of the jet concentrates around the 3h-2D jets, with the wind profile being somewhat
sharper on the poleward flank compared to the equatorward flank, exhibiting a clear cross-jet contrast in temperature (Fig. 5a).
The wind is far less concentrated around the 10d-2D jets and has relatively low values for the most poleward located jets,
exhibiting a weak cross-jet temperature contrast (Fig. 5b). In other words, the position of the 10d-2D jet is a poor diagnostic
for the position of the instantaneous wind.

The distribution of vertical wind around the two-dimensional jets is clearly affected by time filtering. Updrafts are located on
the warm flank and downdrafts on the cold flank of the 3h-2D jet axes (Fig. 5¢). This is in striking contrast to the sector-mean
approach (Fig. 3), where the Ferrel cell structure comprises the opposite pattern. It also contrasts the vertical wind distribution
around the 10d-2D jets, which appears insensitive to the presence of the jets (Fig. 5d) and similar to the time filtered sector-
mean jets, ascent appears to be mainly a function of the jet latitude.

Time filtering has a similar effect on specific humidity. Specific humidity is higher on the warm side for the 3h-2D jets
(Fig. 5e), while the specific humidity distribution is insensitive to the presence of 10d-2D jets and, again, is mostly a function

of the jet latitude (Fig. 5f).
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Figure 5. Three-hourly winds in the direction of the jet (2 PVU; a-b); vertical wind (700-200 hPa; c—d), specific humidity (700-200 hPa;
e—f) and latent heating (700-200 hPa; g—h) interpolated to the cross sections sampled from the two-dimensional jets: 3h-2D (left) and 10d-2D
(right). Data are plotted against the latitude of the jet core of each cross section. The warm flanks of the jets lie below- and the cold flanks

above the black dashed line, which denotes the jet core.

Latent heating is largest in the region of ascent and higher values of specific humidity (Fig. 5g). In general, more latent
heating occurs on the warm flank compared to the cold flank of the 3h-2D jets poleward of 30° N. Some more substantial latent

195 heating on the cold side is seen for jets around 35° N, although still weak in comparison to the warm flank. Similar to vertical
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Figure 6. Like Fig. 5 but for large-scale precipitation (a—b) and precipitation from the ERAS convection scheme (c—d) conditional on the

3h-2D jet axes (left) and the 10d-2D jet axes (right).

motion and specific humidity, latent heating appears independent of the presence of the 10d-2D jets with no clear cross-jet
contrast in latent heating visible (Fig. 5h). The insensitivity in vertical wind, specific humidity and latent heating likely follows
from the 10d-2D jets poorly representing instantaneous winds and therefore also poorly representing a barrier between cold
and warm air. Thus, the 10d-2D jets will be out of phase with the dynamics that drives latent heating.

Similar to the sector-mean jets, it is primarily the large-scale precipitation that changes with time filtering around the two-
dimensional jets (Fig. 6). Large-scale precipitation concentrates on the warm flank of the 3h-2D jets (Fig. 6a), though, similar
to latent heating, has no preference for either flank of the 10d-2D jets (Fig. 6b). The large-scale precipitation is generally
stronger than the convective precipitation in the two-dimensional jet conditional climatologies. Interestingly, the convective
precipitation is co-located with the somewhat more substantial latent heating on the cold flank of the 3h-2D jets around 35° N.
Although more convective precipitation is expected around the 3h-2D jets, the convective precipitation pattern is qualitatively
similar in 3h-2D and 10d-2D (Fig. 6¢,d). This suggests that the time-filtering has less influence on the qualitative relationship
between the jet and convective precipitation, compared to large-scale precipitation. For both the 3h-2D and the 10d-2D jets, the
convective precipitation is stronger on the cold flank compared to the warm flank, although the cross-jet contrast is subtle for
the 10d-2D. The latitudinal stationarity of this signal implies that it is linked to a geographical feature, like the Gulf Stream.

Overall, the distribution of latent heating conditional on the two-dimensional jets is strikingly different to that found by Xia
and Chang (2014), Bembenek et al. (2020), and Lutsko and Hell (2021). This has profound repercussions for the interpretation

of the effect of latent heating on baroclinicity and jet positioning. Whereas previous studies highlighted detrimental effects of
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latent heating on the jet, in both the climatological and anomalous positions of the jet, our results based on instantaneous and

two-dimensional jets indicate an enhancement of baroclinicity at all latitudes in the extratropics.

7 Latent heating conditional on jet direction

The relationship between jet and latent heating is sensitive to the instantaneous jet direction (Fig. 7), suggesting that the two are
linked on synoptic time- and spatial scales. As expected from the Clausius—Clapeyron relation, specific humidity is generally
higher on the warm flank compared to the cold flank (Fig. 7b). In contrast, ascent and latent heating are strongest along the
warm flank of poleward oriented 3h-2D jets (Fig. 7a,c). Equatorward oriented jets are associated with descending motion and
very low heating rates. Altogether, this is consistent with the synoptic picture of latent heating occurring in the warm, moist air
flowing poleward and upward in warm conveyor belts, producing negative PV on the equatorward flank of jet (Madonna et al.,
2014; Harvey et al., 2020). Figure 7 only shows westerly jets, which make up 90 percent of the 3h-2D jets detected in the NA.
Easterly 3h-2D jets are discussed in Appendix B.

The location of latent heating relative to the jet core yields a strengthening of the baroclinicity for poleward oriented jets.
The increase of baroclinicity (slope of isentropic surfaces) normal to the jet as a consequence of latent heating is confirmed
when analysing the diabatic tendency of the isentropic slope (not shown).

The sensitivity of a given variable to the 3h-2D jet direction most likely explains the sensitivity to the spatio—temporal av-
eraging shown above. Given that specific humidity and convective precipitation show similar distributions for all jet directions
(Fig. 7b,f), they appear less sensitive to the averaging. Vertical motion (Fig. 7a), latent heating (Fig. 7c), and large-scale pre-
cipitation (Fig. 7e), in contrast, are highly sensitive to the orientation of the jet. Thus, when averaging in time and space, the
heating appears at a relatively higher latitude compared to the average jet position, even though the heating occurs on the warm
flank of the instantaneous jet.

The Lorenz framework is often used to understand baroclinic energetics, by separating the flow into mean and eddy com-
ponents. While diabatic effects weaken the midlatitude mean available potential energy (APE) relative to a global reference
state (Novak and Tailleux, 2018), latent heating is expected to increase APE relative to a local reference state (Danard, 1966).
For latent heating, we showed that a split into mean and eddy components might be misleading, likely due to the asymmet-
ric nature of latent heating with regard to the flow. This is in line with Danard (1966) who argues that the heating occurs in
anomalously warm air and strengthens the large scale horizontal temperature gradients in the lower and middle troposphere.
Also the isentropic slope budget of Papritz and Spengler (2015) shows that latent heating contributes positively to the overall
slope/baroclinicity, and the resulting slope may outlive the original cyclone (Weijenborg and Spengler, 2020).

The relationship between latent heating and the 3h-2D jets holds for all the major storm track regions in their respective
winters (Figs. 8, 9) as well as for the other seasons (not shown). Figures 8, 9 show the mean latent heating across the 3h-2D
jets. It is important to note that although the strongest latent heating most often lies on the warm flank of the two-dimensional

instantaneous jets, there are still many cases where the reverse is true, which is discussed in Appendix A.
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Figure 7. Cross sections for vertical wind (a; 700-200hPa); specific humidity (b; 700-200hPa); latent heating (c; 700—200hPa); large-scale
precipitation (e); and precipitation from the convection scheme in ERAS (f) for the 3h-2D jets. The cross sections are sorted by the jet
direction and shown with their original orientation in the longitude—latitude plane. The jet directions are parallel to the orientation of the jet
core (black dashed line). The angles given in (b) refer to the jet direction. Jet directions with > 0° have a poleward component, with = 0° are
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(d). Only jet directions between —90° and 90° are shown.
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Figure 8. Like Fig. 5c for 3h-2D jets, showing latent heating for the five major storm track regions indicated in (f) in their respective winter
season. The regions are the same used in Spensberger et al. (2023), namely North Atlantic (80° W-10° E, 20° N-70° N), North Pacific
(120° E~120° W, 20° N-70° N), South Atlantic (65° W-25° E, 20° S-65° S), South Pacific (180° W—80° W, 20° S—65° S), and Indian
Ocean (25E-115E, 20° S-65° S).

245 8 The vertical structure of across-jet latent heating

We have shown that vertically integrated (200-700 hPa) latent heating preferably occurs on the warm flank of the upper-
tropospheric 3h-2D jet and argued that this should strengthen baroclinicity in the jet. Figure 10 shows the vertical distribution

of the latent heating composited according to the jet direction. This shows that updraft and latent heating occurs on the warm
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Figure 9. Like Fig. 7c for 3h-2D jets, showing latent heating for the five major storm track regions (Fig. 8f) in their respective winter season.

The axis direction "poleward" is northward in the NH and southward in the Southern Hemisphere.

side of the jet (left in Fig. 10a,e) from 700 hPa and upwards, leading to an enhanced isentropic slope across the jet (consistent
with Papritz and Spengler, 2015; Woollings et al., 2016; Marcheggiani and Spengler, 2023).

There is also a clear signature of diabatic heating on the cold side of the jet at lower levels (below 700 hPa; Fig. 10a,c,e).
This is likely caused by surface sensible heat fluxes and subsequent turbulent mixing in the boundary layer. The effect of
surface fluxes on baroclinicity is discussed in other works (e.g. Swanson and Pierrehumbert, 1997; Papritz and Spengler, 2015;
Marcheggiani and Spengler, 2023).

The differences in equivalent potential temperature (following Bolton, 1980) to the potential temperature on the warm side
of the poleward jets is due to water vapour (see right panels of Fig. 10). Consistent with Pauluis et al. (2010), ascent occurs
where the difference in lower level equivalent potential temperature to the upper level potential temperature is small, and the

the air therefore being close to convectively unstable.

9 Concluding remarks

We analysed the across-jet distribution of latent heating, wind speed, humidity, and precipitation for two different types of jet
definitions, one based on sector zonal mean zonal wind and one considering the two-dimensional structure of the wind field
(Spensberger et al., 2017). We applied these definitions to both low-pass filtered and instantaneous data.

We find that latent heating occurs preferentially on the warm flank of the two-dimensional instantaneous jet (Fig. 7), con-

sistent with Papritz and Spengler (2015) and Woollings et al. (2016), who argued that latent heating mainly acts to increase
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baroclinicity. Conversely, for spatio—temporally averaged jets, the latent heating largely shifts to the cold side of the jet (Fig. 3).
This dichotomy is due to latent heating primarily occurring on the warm flank of poleward oriented instantaneous jets, whereas
latent heating appears distributed across the jet in a spatial and time mean view. Given that Xia and Chang (2014) base their
arguments on spatio—temporally averaged data, the conflicting results with Woollings et al. (2016) are most likely attributable

to the sensitivity of the latent heating jet relationship to spatio—temporal averaging.
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Consistent with the Clausius—Clapeyron relation, we find that specific humidity is higher on the warm flank of the jet,
irrespective of jet orientation and jet definition (Figs. 3,5,7). Vertical wind, on the other hand, is sensitive to the spatio—temporal
averaging, which is likely related to upward motion being associated with poleward oriented instantaneous jets and downward
motion with the equatorward oriented jets (Fig. 7).

As latent heating is contingent on moist air being lifted, the across-jet sensitivity of latent heating to spatio—temporal av-
eraging thus stems from the asymmetric response in vertical wind to jet direction. This is also reflected in the large-scale
precipitation, which exhibits the same sensitivity to spatio—temporal averaging as latent heating and vertical wind (Fig. 6).
Hence, variables that are independent of jet direction (e.g., specific humidity) are more robust to averaging techniques than
variables that depend on the jet direction (e.g., vertical wind).

Given that the jet-relative position of latent heating is sensitive to both spatio—temporal averaging and the jet definition, the
physical interpretation of the effect of latent heating is similarly sensitive. While latent heating primarily enhances baroclinicity
in a two-dimensional instantaneous jet framework, a zonalisation of the jet due to its definition or spatio—temporal averaging
yields a reduction in baroclinicity due to latent heating. However, given that most of the latent heating (precipitation) in the
mid-latitudes is driven by synoptic features (Konstali et al., 2024), any definition or spatio—temporal averaging of the jet that

masks the synoptic nature of the latent heating—jet relation yields a potentially physically misleading interpretation.

Code and data availability. The Python library Dynlib (Spensberger, 2024) is freely available at https://doi.org/10.5281/zenodo.10471187,
and ERAS data (Hersbach et al., 2020) are freely available at https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-vS. The instan-
taneous two-dimensional jet axes are available at https://doi.org/10.11582/2023.00120, and for the same jets; the cross sections featuring a

standard set of variables https://doi.org/10.11582/2023.00121 (Spensberger et al., 2023).

Appendix A: On the variability of the across-jet latent heating

As mentioned in Sect. 4, the jet conditional climatologies are coarse grained by binning the data and averaging over the
members in each bin. Although the pattern clearly indicates more latent heating on the warm flank of the 3h-2D jets, the spread
within each of the bins comprising Figs. 8, 9 is quite large (not shown). Figure A1 summarises the results for 3h-2D jet cross
sections by showing the difference in latent heating averaged over the cold side and subtracted from latent heating averaged
over the warm side (ALH) when total latent heating is distinctively different from zero. There is an overweight of positive
ALH occurrences (red), meaning that latent heating mostly strengthen the cross-jet temperature contrast. The distribution of
ALH is negatively skewed and has similar extreme values on the positive and negative sides.

We can only trust Figs. 3-6 to be representative of the typical jet-latent heating relationship where the jet sample size
is sufficiently large. Note that the number of 10d-Z jets poleward of 60° is particularly sparse and therefore might not be
representative for jets there (Fig. A2).
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Figure Al. Latent heating averaged over the warm flank minus latent heating averaged over the cold flank for the cross sections sampled
for the 3h-2D jets for the five major storm track regions (see Fig. 8f) in their respective winter season. Red bars indicate a strengthening
(ALH > 0) and blue bars a weakening of the cross-jet temperature contrast (ALH < 0). Only jet cross sections where the mean latent

heating computed over both flanks exceeding 1 K s~ km ™! are shown, where N is the number of cross sections satisfying this criterion.

Appendix B: Easterly jets

Figure B1 gives an overview of the 3h-2D jet directions. The African subtropical jet is most frequently detected, followed by
a large number of jet directions between +45° over and downstream of the Gulf Stream. Roughly 90 percent of the jets in
the NA are westerlies. The remaining 10 percent are easterlies and are on average weaker than the westerly jets (Fig. B2a).
Updraft, moisture, latent heating, and large-scale precipitation are all larger on the warm side (outer circle) compared to the
cold side (inner circle) for the poleward oriented jets (Fig. B2b-¢). The easterly jet directions in Fig. 1b seem to be associated

with the bent back front of the easternmost cyclone. As the 3h-2D jet bends towards the east, the right flank must be warmer
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Figure A2. Jet sample size as a function of latitude for the five different jet representations (Table 1). Showing the distribution of zonal jet

latitudes (top row) and the latitudes of the two-dimensional jet cross-sections (bottom row).

than the left flank by thermal wind, where also the heating occurs. To the north of the bent back front, another westerly jet

exists, separating the warmer air over the bent back front from the colder air in the north.
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Figure B2. Like Fig. 7, but for all jet directions.
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