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Abstract. Lagrangian trajectories are frequently used to trace air parcels from the troposphere to the stratosphere through
the tropical tropopause layer (TTL), and the coldest temperatures of these trajectories have been used to reconstruct water
vapor variability in the lower stratosphere, where water vapor’s radiative impact on Earth’s surface is strongest. As such, the
ability of these trajectories to accurately capture temperatures encountered by parcels in the TTL is crucial to water vapor
reconstructions and calculations of water vapor’s radiative forcing. A potential source of error for trajectory calculations is
the resolution of the input data. Here, we explore how improving the temporal and spatial resolution of model input data
impacts the temperatures measured by Lagrangian trajectories that cross the TTL during boreal winter using ERAS reanalysis
data. We do so by comparing the temperature distribution of trajectories computed with data downsampled in either space or
time to those computed with ERAS’s maximum resolution. We find that improvements in temporal resolution from 6 hour
to 3 or 1 hour lower the cold point temperature distribution, with the mean cold point temperature decreasing from 185.9 K
to 185.0 K or 184.5 K for trajectories run during boreal winters of 2010 to 2019, while improvements to vertical resolution
from that of MERRA?2 data (the GEOSS5 model grid) to full ERAS resolution also lower the distribution but are of secondary
importance, and improvements in horizontal resolution from 1° x 1° to 0.5° x 0.5° or 0.25° x 0.25° have negligible impacts.
We suggest that this is caused by excess vertical dispersion near the tropopause when temporal resolution is degraded, which
allows trajectories to cross the TTL without passing through the coldest regions, and by undersampling of the four—dimensional

temperature field when either temporal or vertical resolution is reduced.

1 Introduction

The composition of air entering the middle atmosphere through the tropical tropopause layer (TTL) is an important control on
the composition of air throughout the stratosphere. This idea was proposed by Alan Brewer in 1949 to explain his observations
of a dry mid-latitude stratosphere: the coldest region that mid-latitude air may have encountered is near the tropical tropopause
(Fig. 1), so the air must pass through that layer to achieve its level of dehydration (Brewer, 1949). Additional tracer observations
have confirmed the existence of this overturning circulation, now known as the Brewer—-Dobson Circulation (Dobson, 1956;

Newell, 1963). Subsequent work has confirmed the importance of the TTL in setting the humidity of the stratosphere by
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Figure 1. The January 2017 zonal mean tropical tropopause temperature for ERAS and MERRAZ2 reanalysis data. Note the increased number
of model layers near the coldest temperatures for the ERAS data. A plot of the reduced resolution ERAS data used in this paper is shown in

Fig. S1.

connecting temperature variability in the TTL to water vapor variability in the lower and middle stratosphere (the “water vapor
tape recorder,” Mote et al. (1996); Randel and Park (2019)). Although the lower stratosphere is very dry, water vapor’s radiative
forcing is strongest in this layer, so small changes in its humidity can have a large impact on the climate (Solomon et al., 2010).

This two-dimensional description accurately describes the meridional movement of air in the stratosphere, but it does not
capture zonal variability in the circulation or in troposphere—to—stratosphere transport (TST). A seasonally varying zonal struc-
ture for TST was proposed by Newell and Gould-Stewart (1981) based on global 100 mb temperatures to maintain the low
humidity of the stratosphere (the “stratospheric fountain”). This framework proposes that air enters the stratosphere over the
Tropical West Pacific during boreal winter and over the Bay of Bengal and India during the boreal summer, with the majority
of the flow into the stratosphere occuring during boreal winter. Subsequent work by Holton and Gettelman (2001) countered
this hypothesis by contrasting the vertical and zonal velocities in the TTL: the vertical velocity is orders of magnitude smaller
than the zonal velocity, so air can circulate within the layer and encounter the “cold trap” far from where it ultimately enters
the stratosphere. The stratospheric fountain and cold trap hypotheses both introduce zonal variability in the structure of TTL
that is important for understanding the composition of the lower stratosphere. As mentioned above, the water vapor mixing
ratio at entry into the stratosphere is determined by the extent of dehydration within the TTL, and concentrations of other key
species with regional sources depend on the tropospheric origin of stratospheric air masses and their residence time within the
TTL (Fueglistaler et al., 2009; Randel et al., 2007). Stratospheric temperatures and circulation are also strongly impacted by

the local radiative forcing of water vapor and ozone (Maycock et al., 2011, 2013; Ming et al., 2017). Therefore, an accurate
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representation of the TTL’s three-dimensional structure is necessary for understanding the composition and circulation of the
stratosphere.

Lagrangian trajectory models have also been used to show that the coldest temperature of trajectories that transit the TTL
are predominantly encountered over the Tropical West Pacific, and that entry into the stratosphere occurs approximately 20
days later and thousands of kilometers away (Fueglistaler et al., 2004, 2005; Liu et al., 2010; Schoeberl and Dessler, 2011;
Schoeberl et al., 2012, 2013). These models also show that the region controlling trajectory dehydration shifts to the Indian
subcontinent and southeast Asia during boreal summer, consistent with the observations used to hypothesize the stratospheric
fountain. Bowman et al. (2013) found that reanalysis products used for Lagrangian trajectory modeling available at the time
of publication were deficient in temporal resolution relative to their spatial resolution. Reanalyses were available on 0.5°
horizontal grids at 3 or 6 hour temporal resolution, which caused Lagrangian trajectory models to undersample the temporal
variance of meteorological fields and not take advantage of the improved spatial resolution of the input data. Pisso et al.
(2010) found that trajectories run on a 1° horizontal grid improved when the temporal resolution was increased from 6 hour
to 3 and 1 hour, with the improvement from 6 to 3 hour being much greater than that from 3 to 1 hour. Wang et al. (2015)
found that running a Lagrangian trajectory model with temperature data enhanced vertically to match GPS observations or
with a correction for finer scale waves did not have a significant impact on the water vapor predicted from dehydration at the
Lagrangian dry point. Therefore, improving the temporal resolution of input data for Lagrangian trajectory models may have
the greatest potential to improve model performance, though improved vertical resolution may also have an effect.

Another important consideration for Lagrangian trajectory models is whether the input vertical velocities are diabatic or
kinematic. Previous work has shown that kinematic trajectories are more dispersive than diabatic trajectories (Schoeberl (2004);
Wohltmann and Rex (2008); Schoeberl and Dessler (2011)). Liu et al. (2010) found that this excess dispersion impacts a
model’s prediction of water vapor in the stratosphere based on the saturation mixing ratio of water vapor at the trajectories’
Lagrangian dry point, but that this effect decreased with increased temporal resolution and with an updated reanalysis product
(ERA-interim vs. ERA-40). Li et al. (2020) showed that calculations of transport to the tropopause layer by tropical cyclones
using both diabatic and kinematic vertical velocities are improved when using ERAS5 data in place of ERA-interim due to the
improved spatial and temporal resolution of the updated reanalysis. The kinematic ERAS trajectories in Li et al. (2020) study
capture the same cold temperatures associated with convection as the diabatic trajectories do, and they represent the cyclonic air
motion better than the diabatic trajectories, while the ERA-interim kinematic trajectories were not able to do so. It is therefore
possible for kinematic vertical velocities provided at a high enough resolution to minimize the dispersive errors reported with
older data products. This would be ideal for future studies because kinematic vertical velocities are more widely available than
diabatic vertical velocities as outputs from reanalyses and models, and diabatic vertical velocities are often provided as daily
or monthly means.

The stratospheric water vapor values calculated from the temperature history of the aforementioned Lagrangian trajectories
studies are in good agreement with satellite observations, but it is not inconceivable that these values are right due to compen-
sating errors. The undersampling of the temperature field due to insufficient spatial or temporal resolution is bound to produce

warm (moist) biases in the cold point temperature distribution, while an underestimation of the fraction of air originating in
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the troposphere due to unrealistic trajectory paths would decrease the mass of air recently undergoing dehydration and produce
an additional moist bias. Therefore, improving the models’ representation of how air parcels transit the TTL by increasing the
temporal resolution of input data could eliminate this moist bias and decrease the water vapor concentration calculated from
Lagrangian trajectory models. This would imply that an additional source of water vapor is needed to match the observed
values. Previous work has suggested that ice lofting could potentially inject a significant amount of water into the lower strato-
sphere (Keith, 2000; Schoeberl and Dessler, 2011), as evidenced by the high observed ice water path over the central Pacific
in the TTL during the 2015-2016 EI Nifio (Avery et al., 2017). An additional source of water vapor could also come from the
ascending air’s relative humidity exceeding 100% due to condensation being limited by insufficient ice nucleating particles
or by cloud microphysical processes (Schoeberl et al., 2014, 2016; Ueyama et al., 2015). These hypotheses for the source of
additional water vapor have flaws though: isotopic constraints have been used to suggest that ice lofting brings water vapor
to the upper troposphere but not across the cold point tropopause, which means that ice lofting cannot inject significant water
vapor to the lower stratosphere (Dessler et al., 2007). A similar conclusion was found using dynamic constraints by Bolot
and Fueglistaler (2021), who showed that convective ice lofting supplies water up to the cold point tropopause, but that the
transition to the slow ascent transport regime above that layer prevents further upward motion of significant amounts of ice.
Meanwhile, the excess humidity of air entering the stratosphere may be limited by gravity waves and aging cirrus anvils, which
improve the cloud dehydration efficiency by increasing the ice particle count (Schoeberl et al., 2015; Ueyama et al., 2020).
Therefore, the extent to which previous Lagrangian trajectory studies of water vapor in the lower stratosphere have been biased
by insufficient resolution and an inability to represent the physical processes that control lower stratospheric water vapor is an
important open question.

With the release of ECMWEF’s updated ERAS (Hersbach et al., 2020), we can now run Lagrangian trajectory models with 1
hour resolution and 0.25° x 0.25° horizontal resolution on a 137 level vertical grid to analyze the improvements of kinematic
trajectory models with enhanced temporal and spatial resolution. Below, we described our model setup (Section 2), show the
results of our model integrations with a focus on dispersion and its impact on analysis of the TTL (Section 3), and discuss the
implications of these results for future Lagrangian trajectory studies (Section 4). While improving this Lagrangian trajectory
method does not directly enhance our understanding of the processes that set the the humidity of air entering the stratosphere,
it does give a more accurate estimation of the extent to which processes beyond a simple cold point dehydration mechanism

must be considered in calculating this value.

2 Methods
2.1 Model and data

We use ECMWF’s (European Center for Medium-range Weather Forecasts) Lagrangian analysis tool LAGRANTO version
2 (Sprenger and Wernli, 2015), which has been updated from its precursor with more flexible ways to initialize and select
trajectories, with ERAS5 (ECMWF’s latest reanalysis) input data (Hersbach et al., 2020). This data is available on a 0.25° x

0.25° horizontal grid on 137 native model levels in 1 hour timesteps. When converted to pressure levels using a fixed surface
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Timeframe Temporal resolution | Horizontal resolution | Vertical resolution
DJF 2017 1 hour 0.5° x 0.5° 137 levels
DIJF 2017 3 hour 0.5° x 0.5° 137 levels
DIJF 2017 6 hour 0.5° x 0.5° 137 levels
DIJF 2017 1 hour 0.25° x 0.25° 137 levels
DIJF 2017 1 hour 1.0° x 1.0° 137 levels
DJF 2017 1 hour 0.5° x 0.5° 72 levels
DJF 2010 -2019 1 hour 0.5° x 0.5° 137 levels

Table 1. Summary of the LAGRANTO runs used to test resolution sensitivity. All runs are with ERAS5 data (Hersbach et al., 2020), which

was downloaded at 1 hour, 0.25° x 0.25° or 0.5° x 0.5°, and 137 level resolution and subsampled or remapped using CDO tools.

pressure of 1013.25 hPa, ERAS has 20 levels between 200 hPa and 70 hPa, which is an improvement from the 6 levels that
ERA-interim and other reanalyses (MERRA-2 and JRA-55) have in this range (Tegtmeier et al., 2020). LAGRANTO computes
parcel trajectories by integrating the velocity equation forward or backward through time using the three-dimensional kinematic
wind field. As mentioned above, trajectories run with kinematic vertical velocities are overly dispersive relative to those run
with diabatic heating rates, but this effect decreases with increased resolution and an improved data product (Liu et al., 2010;
Li et al., 2020). We acknowledge that this may still introduce some error in these calculations, but we show that it is minimal
due to the high resolution of the data (see Section 3.3.2).

By default, LAGRANTO integrates trajectories 12 times per input data timestep (e.g. every 5 minutes for 1 hour data or 30
minutes for 6 hour data). To test the influence of the integration timestep, we ran a set of integrations with 1 hour data and a
30 minute timestep and a set with 6 hour data and a 5 minute timestep. The results are nearly identical to the integrations run
with LAGRANTO’s default timesteps (Fig. S2), so we concluded that integration length is of negligible importance and ran
trajectories with the default timestep. We obtained outputs once per hour regardless of the input data frequency, although our

results did not change when the output frequency was decreased to 6 hourly.
2.2 Lagrangian cold point analysis

We tested the performance of LAGRANTO in the TTL using a range of spatial and temporal resolutions as described in Table 1.
All data was obtained at 1 hour, 0.25° x 0.25° or 0.5° x 0.5°, and 137 level resolution. The temporal resolution was decreased
by subsampling the instantaneous data every third or sixth hour (not averaging over these time periods), and the vertical and
horizontal resolution were reduced using CDO’s remapping tools, remapeta and remapcon (Schulzweida, 2021). We chose to
reduce the ERAS5 data to the vertical levels closest to those of MERRA2 rather than use MERRA?2 data for this comparison to
prevent differences in the meteorological fields of the datasets from biasing the results.

Each set of trajectories was integrated backwards for 3 months from the end of February to the beginning of December. We
determined that a 3 month integration length was sufficient based on the convergence of the cold point statistics through the runs

(Fig. S3). We used a domain—filling technique that initializes a new set of trajectories between 5° S and 5° N at all longitudes
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with 0.5° spacing at the end of each day for 5 consecutive days (for a total of over 75,000 trajectories per experiment) with all
trajectories run to the same end time (integrations therefore last between 86 and 90 days). We also ran one integration between
15° S and 15° N and determined that expanding the trajectories beyond the deep tropics was not necessary for our analysis
(Fig. S4). We found significant differences between the results from the two vertical resolutions, so we used the full vertical
grid for the horizontal and temporal resolution comparisons (see Section 3.2 for vertical resolution comparison). In contrast,
we found that our statistics did not significantly change when the horizontal resolution was increased from 1.0° x 1.0° to 0.5°
x 0.5° and even less when increased to 0.25° x 0.25°, consistent with Bowman et al. (2013). Therefore, we performed the
vertical and temporal resolution comparisons with 0.5° x 0.5° horizontal resolution (see Section 3.1 for horizontal resolution
comparison).

We chose boreal winter because upwelling into the stratosphere and the correlation between TTL temperatures and lower
stratospheric water vapor are both strongest during this season (Rosenlof, 1995). We computed trajectories for DJF 2010 to
DIJF 2019 (with the year corresponding to the JF year), and found that our temporal resolution results were robust to the range
of natural variability exhibited over the decade. We then performed our spatial resolution analysis with DJF 2017 data because
of that year’s neutral ENSO state and because the cold point statistics from that year are close to the mean statistics from the
decade. The temporal resolution comparisons for the other years can be found in the Figs. S6-8.

Following the method of Fueglistaler et al. (2005), we used the trajectories that were initialized on the 400 K isentrope and
traced below 340 K for our analysis of the Lagrangian cold point. For each trajectory in this subset, we found the cold point’s
temperature, pressure, potential temperature, and longitude. We then created distributions of their values using probability
density functions, as well as the fraction of trajectories traced below 340 K at each timestep. Finally, we estimated the water
vapor concentration at entry to the stratosphere using the saturation water vapor at the cold point taken from the Clausius—

Clapeyron relationship assuming 100% relative humidity.
2.3 Dispersion and the tropopause transport barrier

To explore the well documented vertical dispersion of kinematic trajectories, we ran a set of 20 day reverse trajectories on a
global 0.5° x 0.5° horizontal grid on every 10 K between 310 K and 420 K during January 2017 with 1 and 6 hour temporal
resolution. We then calculated the zonal mean and zonal variance (i.e. the variance across longitudes at a given latitude and
height) of the trajectories’ final displacement on each starting isentrope. We did not assume that any excess dispersion would
be biased in either direction, so we expected that the zonal mean of the displacement would have been similar across temporal
resolutions while the zonal variance would have a direct relationship with dispersion. This difference in variance should be
largest near a transport barrier, where a proper representation of the flow should yield a low variance in displacement (the
range of trajectory motion is limited by the barrier), while a poor representation of the barrier due to dispersion would allow
trajectories to move to a greater range of displacements. Therefore, the variance of displacement should be low in the lower
stratosphere, where the gradual ascent of air through the TTL and gradual descent of air at higher latitudes should limit the
range of trajectory displacements. Increases in variance in this region that appear as resolution decreases indicate that excess

dispersion interferes with the accurate representation of TST and/or the Brewer—Dobson circulation.
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Figure 2. (a — c¢) Spatial distribution of the DJF 2017 trajectories’ cold point temperature, and the difference in temperature between the
0.25° x 0.25° and 0.5° x 0.5° trajectories. Black contours in a) and b) denote regions where the percent of trajectories crossing grid cells
is greater 0.03%. d) Probability density function of the longitude of the cold point for 0.25° x 0.25° and 0.5° x 0.5° trajectories (which can
be viewed as a weight to the temperatures in the above panels). (e — g) Probability density functions of the cold point temperature, potential

temperature, and pressure for 0.25° x 0.25°, 0.5° x 0.5°, and 1.0° x 1.0° horizontal resolution trajectories.

To look more closely at trajectory dispersion in the deep tropics, we followed the height of reverse trajectories initialized
above and below the TTL transport barrier (400 K and 340 K isentropes) over the course of 90 day integrations. With increased
dispersion, we expected a larger fraction of trajectories to more quickly cross the TTL, and we expected trajectories to be traced

deeper into the stratosphere.

3 Results
3.1 Horizontal resolution

As mentioned in Section 2.1, we found that our trajectory calculations were not impacted by improving the horizontal resolution
of the input data from 1.0° x 1.0° to 0.5° x 0.5° or 0.25° x 0.25° for trajectories run during DJF 2017. This is evidenced in
Fig. 2, which shows the cold point temperature and spatial distribution in the left column and probability density functions
(PDFs) of the cold point temperature, potential temperature, and pressure in the right column. The spatial distribution of the
cold points for 0.5° and 0.25° data shown in panels a and b are nearly identical (which is also shown as a PDF of cold point

longitude in panel d), and the PDFs of the cold point temperature and height of 1.0°, 0.5°, and 0.25° trajectories are also not
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significantly different. For example, 62.8%, 63.5%, and 64.1% of trajectories experience their cold point between 120 E and
200 E for the the 1.0°, 0.5°, and 0.25° trajectories, respectively. The difference between the colocated cold point temperatures
shown in panel c is slightly warm biased, which is reflected by the small offset in the cold point temperature PDFs shown
in panel e. (The mean cold point temperatures of the 1.0°, 0.5°, and 0.25° are 185.0 K, 184.8 K, and 184.7 K, respectively.)
Similarly, the cold point pressure PDFs shown in panel g are also nearly identical for the three resolutions: the mean cold point
pressures are 87.3 hPa, 87.4 hPa, and 87.4 hPa for the 1.0°, 0.5°, and 0.25° trajectories, respectively, indicating that the cold
point location is not impacted by the horizontal location of the input data.

These results indicate that the decreased horizontal resolution does not cause trajectories to cross the TTL in regions away
from the cold traps, nor does it result in undersampling of the vertical structure of the temperature field. Instead, it is likely
that the slight warm bias of the lower resolution trajectories is due to undersampling of the temperature field in the horizontal,
which could remove the true coldest point from the field. If a significant change in the cold point temperature was being caused
by a shift in the location of the cold point, then it would be possible that the decreased sampling of the wind fields was causing
the trajectories to take an erroneous path through the TTL and avoid the true cold point. But given that the shift in the cold
point temperature PDF is small and that the location of the cold point does not change, the warm bias must be a function of the
horizontal temperature variability, which is small on the scale being considered here. Therefore, further improvements to the

horizontal resolution are unlikely to drastically change these results.
3.2 Vertical Resolution

The enhanced vertical resolution of the ERAS dataset provides an opportunity to improve the accuracy of Langrangian trajec-
tories. As Fig. 1 shows, ERAS has about 3 times as many vertical levels in the TTL as MERRA?2, which is consistent with the
ratio found by Tegtmeier et al. (2020). This enhancement is most relevant right around the cold point, which is highlighted
by the blue contours in Fig. 1. The zonal mean temperatures are qualitatively similar between the two datasets otherwise, but
this difference near the cold point has the potential to bias Langrangian trajectory analyses in this region. (The downsampled
ERADS data used here is shown in Fig. S1.)

We have found that this difference in vertical resolution does impact Lagrangian trajectories’ representation of transport
across the TTL. The left column of Fig. 3 shows the temperature and spatial distributions of the cold point for trajectories run
during DJF 2017 with 1 hour temporal resolution on the original ERAS vertical grid with 137 levels (panel a), on a reduced
resolution vertical grid with 72 levels (panel b), and the temperature difference (low resolution - high resolution) between the
two vertical resolutions (panel c). The horizontal distribution of the cold point is similar but not identical between the two,
which implies that the path taken by trajectories through the TTL is only weakly sensitive to the vertical resolution of the input
winds.

Nonetheless, there is a 1.0 K average warm bias in the cold point temperature for the lower resolution trajectories (hence
the shifted PDF in panel e), which results in a moist bias in the saturation water vapor mixing ratio of about 15%. This can
be explained by a comparison of the PDFs of cold point pressure in panel g: the lower resolution trajectories have a bimodal

distribution, while the higher resolution trajectories have a much smoother distribution. Absent a large change in the horizontal
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Figure 3. (a — c) Spatial distribution of the DJF 2017 trajectories’ cold point temperature for 137 and 72 level data, and the difference in
temperature between the 72 and 137 vertical level trajectories. Black contours in a) and b) denote regions where the fraction of trajectories
crossing grid cells is greater 0.03%. d) Probability density function of the longitude of the cold point for 137 and 72 vertical level trajectories
(which can be viewed as a weight to the temperatures in the above panels). (e — g) Probability density functions of the cold point temperature,

potential temperature, and pressure for 137 and 72 vertical level trajectories.

distribution of the cold point, this implies that the warm bias is caused by the trajectories undersampling the TTL temperatures.
This result would not be predicted if only the zonal mean cold point temperatures of the datasets were considered: the difference
between the zonal mean temperature for the high and low resolution grids is only 0.1 K. It is therefore important to consider
that many trajectories do not experience the cold point at the same height as the zonal mean cold point (both distributions in
panel g would be unimodal if they did), and that there is zonal temperature variability throughout the TTL. In the regions where
the temperature at the zonal mean cold point height is elevated, the trajectories cannot sample local temperatures that may be
lower but instead are forced to jump to a vertical level with a greater change in temperature. Therefore, the lower vertical
resolution grid reduces the ability of the trajectories to sample temperatures near the true cold point.

This contrasts Wang et al.’s (2015) finding that increased vertical resolution of temperature in a Lagrangian trajectory model
improved the mean CPT by up to 0.3 K when using a wave resolving scheme and 0.2 K when matching the input data with
GPS temperature observations. This difference can likely be explained by the much lower temporal resolution input data (6

hour wind and daily mean temperatures), which suggests the temporal resolution is more important than the vertical resolution.
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Figure 4. (a — c) Spatial distribution of the DJF 2017 trajectories’ cold point temperature for 1 hour and 6 hour, and the difference in
temperature between the 6 and 1 hour trajectories. Black contours in a) and b) denote regions where the fraction of trajectories crossing grid
cells is greater 0.03%. d) Probability density function of the longitude of the cold point for 1 and 6 hour trajectories (which can be viewed as
a weight to the temperatures in the above panels) (e — g) Probability density functions of the cold point temperature, potential temperature,

and pressure for 1, 3, and 6 hour trajectories .

Figure 4 displays the location and temperature of the cold point of DJF 2017 trajectories run with 1 hour (panel a) and
6 hour (panel b) input data, and the temperature difference (6 hour - 1 hour) for grid points where both sets of trajectories
experience a cold point (panel c). This difference is almost exclusively positive and is the main source of error caused by
decreased temporal resolution: the difference between the mean cold point temperature from all 6 and 1 hour trajectories is 1.4
K, while the difference between trajectories that experience their cold point within the same regions is 1.2 K. This accounts for
about 80% of the increase in water vapor introduced by the 6 hour trajectories’ warm bias.

A secondary source of error, the zonal distribution of the cold point, can be seen by comparing the location of the cold
points in panels a and b of Fig. 4 and is summarized as a probability density function of the cold point longitude in panel d.
The majority of trajectories experience their coldest temperature over the western Pacific in all runs (63.5% between 120E and
200E for 1 hour; 60.5% for 3 hour and 53.9% for 6 hour), but the few additional cold points measured outside of this region are

the warmest points seen in panel b and therefore create a warm bias with decreased temporal resolution. Previous work with

10
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6 hour temporal resolution noted the importance of these “edge” cold points in determining the mean cold point (Schoeberl
et al., 2013), but here we see that warm biases within the cold trap regions are the primary source of error. Nonetheless, the
mean cold point temperature of these edge points is 3 K higher than the mean cold point temperature of the 1 hour trajectories,
and this results in the remaining 20% of the moist bias introduced by decreasing the temporal resolution.

Panels e—g show PDFs of the cold point temperature and height of trajectories that transit the TTL during DJF 2017. The
PDFs in panel e show the combined effects both of the warm biases discussed above: the mean cold point temperature for 1,
3, and 6 hour resolutions are 184.8, 185.2, 186.2 K, respectively. The shift in these distributions reflects the increase in the
cold trap region temperatures seen in the left column of Fig. 4, while the transfer of weight from the cold tail to the warm
tail of the distribution reflects the expansion of the cold point longitude distribution into warmer regions. Due to the nonlinear
relationship between temperature and saturation water vapor, the water vapor calculated based on dehydration at the cold point
will increase more when using the full cold point temperature distribution than it would with the mean cold point temperature
(1.51 to 1.82 ppmv vs. 1.60 to 1.95 ppmv for the data shown here).

It is possible that the temperature and wind fields are both undersampled by the low resolution data. To test the impact of
the temporal temperature resolution, we calculated the mean cold point temperature from the output of the 1 hour trajectories
sampled every 6 hours. This would be identical to the cold point temperature calculated from the 6 hour trajectories if the
temporal resolution of the temperature was the only source of the warm bias, while differences between the two would be the
result of the decreased resolution of the wind field. We find that 0.5 K out of 1.4 K of the 6 hour trajectories’ warm bias can
be explained by this output downsampling, leaving the remaining 0.9 K of the warm bias to the impact of the wind field’s
temporal resolution.

Therefore, it is the undersampling of the wind field that creates the majority of the warm bias by altering the trajectories’
path and causing them to miss the cold point. Within the cold trap region, changes to the trajectories’ path can cause them to
skip over the cold point (as seen by the shift of PDFs in panel g to higher pressures with decreased temporal resolution), while
the trajectories experiencing their coldest temperatures in the edge regions are doing so by erroneously crossing the TTL away

from the cold trap region.
3.3.2 Dispersion and transport across the tropopause

Figure 5 shows the zonal variance of the displacement for 1 and 6 hour trajectories initialized between 310 K and 420 K
after 20 days of integration in January 2017. The variance below 350 K is similar between the two sets of trajectories, which
suggests that decreasing the temporal resolution does not result in much unrealistic vertical motion beneath the tropopause.
Zonal variability in vertical motion is consistent with the three-dimensional structure of tropospheric circulation (i.e. the Walker
circulation, mid-latitude storm tracks), so these do not have unexpected variance. The variance increases in the TTL for both
1 and 6 hour data, and we argue that this should occur regardless of temporal resolution (though the extent to which variance
increases clearly depends on temporal resolution). Tropospheric convection and lower stratospheric transport into the TTL are

both zonally asymmetric and should therefore lead to a higher variance of vertical displacement for trajectories in this layer.
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Figure 5. The zonal variance of potential temperature displacement for 1 hour and 6 hour trajectories run for 20 days between 310 K and
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Figure 6. The distribution of trajectories’ potential temperature for 1 hour (black) and 6 hour (red) runs started at 340 K and 400 K after 1,

40, and 80 days. Different y-axis are used to highlight the relevant ranges of potential temperatures.

The variance above 380 K diverges for the two temporal resolutions shown in Fig. 5. For the 1 hour data, the low variance

in the tropics above 380 K reflects the zonal symmetry of air ascending in the upwelling branch of the BDC. For the 6 hour

data, the undersampling of the wind field causes lower stratospheric trajectories to be erroneously traced either across the TTL

to the troposphere or upwards into the stratosphere. We assume that the undersampling of the wind field driving the excess

dispersion is random, so the increased variance should be symmetric and insensitive to the length of trajectory integration.

Figure 6 shows the distribution of the 1 day, 40 day, and 80 day heights for trajectories initialized at 340 K and 400 K

with 1 and 6 hour input data. This confirms the impact of dispersion above and below the tropopause: the distributions of the
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upper tropospheric (340 K) trajectories are nearly identical for the two temporal resolutions at all timesteps, while the lower
stratospheric trajectories are impacted by the choice of resolution. The outliers at the top of the 340 K distribution for the 6
hour data after 40 and 80 days are likely driven by dispersion across the TTL, but the similarity of the distributions otherwise
suggests that increased temporal resolution does not improve LAGRANTO’s calculation of vertical transport in the troposphere
or transport from the stratosphere to the troposphere in the deep tropics. The impact of temporal resolution on vertical transport
in the lower stratosphere and TTL is revealed by the differences in the 1 and 6 hour distributions for the 400 K trajectories.
After 40 days, the large majority of 1 hour trajectories are still above the TTL, while the 6 hour distribution has expanded across
the TTL into the troposphere and up into the stratosphere. After 80 days, the fraction of trajectories traced to the troposphere
is similar for the 1 and 6 hour resolutions, but the distribution throughout the stratosphere is substantially different.

The backwards Lagrangian trajectories studies discussed above completed integrations for at least 3 months, with some
going for as long as 1 year (Fueglistaler et al., 2005; Liu et al., 2010). Increasing our integration length would not fix the issues
presented here because the trajectories that have been traced upwards into the stratosphere have been committed to a physically
unrealistic path. Therefore, the fraction of lower stratospheric trajectories traced back to the troposphere may ultimately be
lower for the lower resolution data. Our 40 day results show that for shorter integrations, far too large of a fraction of the
lower resolution trajectories are traced to the troposphere, so the low temporal resolution kinematic data is not suited for lower
stratospheric studies of any length, consistent with the results of Li et al. (2020).

These results together imply that the excess dispersion resulting from insufficient temporal resolution causes lower strato-
spheric trajectories to be traced artificially from both above and below, thereby failing to resolve either the TTL transport
barrier or the slow ascent of air in the lower stratosphere. Therefore, the origin of air in the lower stratosphere will be biased by
the presence of middle stratospheric air and the underestimation of air from the troposphere when using input data with 6 hour
timesteps. We remind the reader that these results are based on kinematic vertical velocities, and that, although this effect is
less important when using ERAS data, diabatic velocities are potentially better suited for studies of the stratosphere (Schoeberl,

2004; Wohltmann and Rex, 2008; Liu et al., 2010; Li et al., 2020).

4 Summary and discussion

Lagrangian trajectories’ representation of the path of air through the TTL is degraded when the vertical and/or temporal
resolution of the trajectory input data is decreased, but it is not significantly impacted by improvements to the horizontal
resolution of the input data beyond 1.0° x 1.0°. We found that lowering the temporal resolution of the instantaneous input data
from 1 hour to 3 or 6 hour increased the variance in displacement for trajectories initialized in the tropical lower stratosphere
by an order of magnitude, though the difference between 6 and 3 hour is greater than the difference between 3 and 1 hour (see
Figure 5 for the variance of 1 and 6 hour trajectories after 20 days of integration). This is consistent with Liu et al. (2010), which
found kinematic trajectories with 6 hour resolution to be overly dispersive relative to diabatic trajectories run with the same
temporal resolution, and Li et al. (2020), which found that diabatic and kinematic trajectories run with hourly data represented

convection up to the tropopause layer better than those run with 6 hourly data (though we cannot comment on the performance
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of trajectories run with diabatic data here). This excess dispersion causes the meteorological fields along the trajectory path to
be undersampled; in particular, the distributions of Lagrangian cold point temperatures for 3 and 6 hour trajectories run during
boreal winter from 2010 to 2019 have average warm biases relative to the 1 hour trajectories of 0.5 K and 1.4 K, respectively.
Due to the nonlinear relationship between temperature and water vapor mixing ratio, the shifted temperature distribution for
the 6 hour data results in a 26% increase in water vapor, which is greater than expected for the increase in mean CPT (positive
water vapor anomalies from the warm tail of the CPT distribution are of a larger magnitude than negative water vapor anomalies
from the cold tail).

For reductions to the vertical resolution of the input data, we show that the warm bias in the cold point temperature is caused
by undersampling of the temperature field. Trajectories are not able to observe the temperature at the cold point and are instead
forced to sample temperatures at the nearest grid points; as a result the cold point height distribution of trajectories on our
reduced resolution grid is bimodal, while the distribution on the full resolution grid is smoother and unimodal. For reductions
in temporal resolution, we show that the warm bias is caused by undersampling of both the temperature and wind fields. The
majority of trajectories experience their cold points in the same “cold trap” regions regardless of temporal resolution, but there
is a warm bias within these regions for the lower resolution trajectories, and the cold points erroneously measured outside of
these regions by the 6 hour trajectories are 3 K warmer than those measured within. About one third of the warm bias can be
explained by sampling the 1 hour output every 6 hours, while the remaining two thirds can be explained by the altered path
taken by the 6 hour trajectories.

The increased dispersion of trajectories resulting from decreased temporal resolution also increased the fraction of trajecto-
ries traced to the troposphere from the lower stratosphere during DJF 2010 to 2019 from 0.58 for 1 hour input data to 0.62 and
0.64 for 3 and 6 hour data, respectively. This reflects the impact of dispersion on the trajectories’ treatment of the tropopause
transport barrier, though the fractions may be sensitive to the length of integration. The trajectories that are erroneously traced
upwards into the stratosphere are unlikely to return to the lower stratosphere or cross into the troposphere on a timescale rele-
vant to studies of troposphere—to—stratosphere transport, so the fraction of trajectories traced to the troposphere could end up
being too low for longer integrations without sufficient temporal resolution. The origin of air largely controls the composi-
tion of the lower stratosphere, so under- or overestimating the portion of air recently traced to the troposphere will result in a
composition that is biased by this error (i.e. too dry for too large of a fraction or too moist for too low of a fraction).

Here, we have showed that the statistics obtained from Lagrangian trajectories run across the TTL are sensitive to the
temporal and vertical resolution of their input data but not horizontal resolution increases beyond 1°. Although we cannot
evaluate the trajectories calculated with 1 hour data relative to the ground truth, it is clear from this work that lower stratospheric
trajectories run with 3 and 6 hour data are impacted by excess dispersion in the TTL. The improvement from 6 hour to 3 hour
is larger than that from 3 hour to 1 hour, implying that further improvements could be small (the mean cold point temperature
decreases by 0.9 K when increasing from 6 hour to 3 hour resolution and 0.5 K when increasing from 3 hour to 1 hour
resolution). Similarly, input data with the full ERAS 137 level vertical grid smooths out the distribution of trajectories’ cold
point heights and decreases their cold point temperature distribution, but it remains possible that additional vertical levels

could further improve the trajectories’ representation of troposphere—to—stratosphere transport through the TTL. Consistent
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with Bowman et al. (2013), we found that improvements to horizontal resolution beyond 1.0° x 1.0° do not significantly
change the cold points observed by trajectories. Future studies of this region should consider these results when selecting
input data, although work still needs to be done to compare trajectories run with 1 hour kinematic vertical velocity and with
diabatic vertical velocity. Of course, the highest temporal and spatial resolution would minimize error if storage and computing
resources are not an issue, but reducing the horizontal resolution to 1.0° x 1.0° will not meaningfully degrade results of
Lagrangian trajectory studies within this region, and the temporal resolution can also be reduced to 3 hourly if a warm cold

point temperature bias on the order of 0.5 K is acceptable.

Code and data availability. The ERAS hourly data on native model levels from 2010 to 2019 used in this paper can be accessed through
Copernicus Climate Change Service (C3S), https://apps.ecmwf.int/data-catalogues/eraS/?class=ea. The source code for LAGRANTO pow-
ered by ERAS data is available upon request from Michael Sprenger. The LAGRANTO trajectories and MATLAB code to analyze trajectories
is archived and publicly available in Zenodo: https://doi.org/10.5281/zenodo.6410194 (Bourguet, 2022). The colormaps were created with
the publicly available code for cbrewer (Charles, 2022), and violin plots made using publicly available code from Bechtold (2016).
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