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Abstract. The Lagrangian temperature anomaly decomposition has emerged as a powerful tool for quantifying the relative  

importance  of  adiabatic,  advective  and  diabatic  processes  during  heatwaves.  However,  its  sensitivity  to  the  choice  of 

Lagrangian model, whether pure-trajectory or dispersion-based, remains poorly understood. Using seven different trajectory 

sets, we apply this decomposition to the June 2021 Pacific Northwest heatwave to examine discrepancies in process attribution 

across model classes. Pure-trajectory models consistently identify diabatic heating as the dominant contributor, whereas 

dispersion  models  attribute  the  largest  fraction  to  adiabatic  warming.  A trajectory  cluster  analysis  and  parcel  position  

diagnostics reveal that this divergence does not stem from different geographic origins or the near-surface vertical distribution 

over the target region during the heatwave, which are broadly similar across trajectory sets, but from contrasting vertical  

histories. While dispersion-model parcels reside at higher altitudes before arrival, exposing them to subsidence warming, pure-

trajectory parcels remain near the surface where land–atmosphere feedbacks and antecedent dry soils amplify diabatic heating. 

These findings demonstrate that this Lagrangian framework is fundamentally sensitive to model choice, particularly to the 

representation of turbulent motion, which induce parcel vertical dispersion absent in the resolved wind fields. While this study 

does not establish which Lagrangian model class is most suitable,  it  represents a first  step toward understanding these  

discrepancies and cautions that heatwave attribution studies relying on a single Lagrangian model should interpret inferred  

process dominance carefully, as it may reflect methodological choices rather than the underlying physics alone.

1 Introduction

Heatwaves (HWs) are one of the most dangerous natural hazards worldwide (Perkins, 2015; Pascaline and Rowena, 2018; 

Barriopedro et al., 2023), typically defined as prolonged periods of abnormally high temperatures that exceed certain thresholds 

relative to the local climatology (Robinson, 2001; Di Luca et al., 2020; Barriopedro et al., 2023). The impacts of HWs are 

severe and multifaceted, ranging from direct heat-related illnesses and deaths (Ebi et al., 2021; Neal et al., 2022) to indirect 

consequences such as agricultural losses (Brás et al., 2021; Breshears et al., 2021; De Lima et al., 2021; Font et al., 2021),  

wildfires (Moritz et al., 2005; Ruffault et al., 2017, 2020; Sutanto et al., 2020; Mario et al., 2024), and infrastructure failures  
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(Vogel et al., 2019; Stone et al., 2021). Among the most devastating heat waves in recent history are the European HW of 2003, 

which caused approximately 40 000 excess deaths (Alcamo et al., 2007; García-Herrera et al., 2010), the Russian HW of 2010 

that resulted in over 55 000 fatalities, widespread wildfires, and major crop failure (Barriopedro et al., 2011), and the June 2021 

Pacific Northwest (PNW21) HW, which shattered temperature records by unprecedented margins and caused catastrophic  

damage in the town of Lytton, British Columbia (Neal et al., 2022; Philip et al., 2022; White et al., 2023; Fleishman et al.,  

2025).

Recent advances in understanding HWs have increasingly employed Lagrangian methods, which track individual air parcels 

backwards in time to identify their origins and the physical processes that modify their thermodynamic properties en route to  

the HW region (Gimeno et al., 2026). Bieli et al. (2015) pioneered the use of Lagrangian backward trajectories to characterise 

air masses associated with Central European temperature extremes, demonstrating that hot extremes occur near the centres of  

blocking anticyclones, where high temperatures result from adiabatic warming in descending air masses, as well as from 

diabatic heating by radiation and surface fluxes. Santos et al. (2015) applied this framework to study the mechanisms leading to 

temperature extremes in the Iberian Peninsula. Quinting and Reeder (2017) employed a similar trajectory-based approach to 

southeastern Australian HWs, highlighting the role of adiabatic compression during these events. Zschenderlein et al. (2020) 

further established that European heat waves are consistently associated with upper-tropospheric anticyclones whose formation 

depends on latent heating within extratropical cyclones and whose maintenance relies on convection-driven diabatic heating,  

traced through seven-day backward trajectories initialised in the anticyclones. Schumacher et al. (2019, 2020) subsequently 

developed a Lagrangian framework analogous to the moisture source identification to estimate the origins of sensible heat that 

contribute to temperature extremes, thereby enabling quantification of heat source-receptor relationships from air parcel  

trajectories. A combined Lagrangian analysis of moisture and heat sources was recently employed by Li et al. (2024) to 

examine yield deficits across Australia's largest rainfed wheat-producing region, whereas Zhou et al. (2024) applied the heat-

tracking methodology developed by Schumacher et al. (2019) to explore the relationship between upwind drought conditions  

and heat wave events in East China. Meanwhile, Pérez-Alarcón et al. (2025a) tracked atmospheric moisture and heat to 

examine compound drought-heat wave events in the Iberian Peninsula. 

While it is widely accepted that HWs are mainly triggered by horizontal transport of warm air (Sousa et al., 2019; Tamarin-

Brodsky et al., 2020), atmospheric subsidence (Zhou and Yuan, 2022; Röthlisberger and Papritz, 2023), and diabatic heating  

(Zhou et al., 2019; Miralles et al., 2019; Wehrli et al., 2022), a key limitation of the aforementioned Lagrangian trajectory-based 

studies is that they do not allow for the quantification of the contributions of these processes to the temperature anomaly. In this 

context, Röthlisberger and Papritz (2023) introduced a novel temperature anomaly decomposition approach that quantifies 

their relative contributions. This framework has been increasingly applied in recent studies to examine HWs across different  

regions. For instance, Fernandez-Alvarez (2025, 2026) identified adiabatic warming as the dominant heat driver during the  

record-breaking  2023  Amazon  drought  and  the  2022  European  mega-drought.  Similarly,  Pérez-Alarcón  et  al.  (2025b) 

examined the importance of these processes during the May 2024 HW in Cuba, finding that adiabatic processes were the  

principal air-warming mechanism. Conversely, Oppong et al. (2025) found that extreme HWs in the Caribbean region are  
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mainly driven by diabatic processes, with a lower contribution from adiabatic warming. Similar results were reported by 

Lemburg et al. (2026) for near-surface temperature anomalies during central European omega-type HWs and by Röthlisberger 

and Papritz (2023) for the PNW21 HW. In addition, Hotz et al. (2024) applied the decomposition to examine the vertical  

structure of temperature anomalies during recent HW events, providing nuanced insights into how vertical motion modulates  

temperature anomalies within anticyclones. A key theoretical development was introduced by Mayer and Wirth (2025), who 

proposed two different perspectives for understanding HWs within the Lagrangian framework, using an Eulerian method based 

on tracer advection. Their study demonstrated that characterising these temperature extremes from a Lagrangian viewpoint is  

highly sensitive to the approach adopted, with two distinct methods yielding substantial differences regarding the relative  

importance of the contributing processes. These findings carry profound implications for the interpretation of Lagrangian HW 

studies, underscoring the need for careful consideration of the methodological framework employed.

An additional layer of complexity arises from the observation that studies applying the temperature anomaly decomposition  

approach using different Lagrangian models have reached divergent conclusions regarding the dominant physical processes 

contributing to HWs. Specifically, those using air parcel trajectories from the Lagrangian FLEXible PARTicle dispersion 

(FLEXPART) model (Pisso et al., 2019; Bakels et al., 2024) have often shown that adiabatic processes are the main contributor 

to temperature anomalies during HWs (e.g., Fernández-Alvarez et al., 2025, 2026; Pérez-Alarcón et al., 2025b). In contrast,  

studies using the Lagrangian analysis tool (LAGRANTO; Sprenger and Wernli, 2015) have frequently identified diabatic  

processes as the main contributor to temperature anomalies (Röthlisberger and Papritz, 2023; Lemburg et al., 2026). The  

divergence in findings between models can be partly understood through the physical mechanisms typically associated with  

HWs, the specific characteristics of the Lagrangian model employed, and how air parcel trajectories are computed. These 

events mostly occur under the influence of persistent high-pressure systems, which are characterised by sinking air, clear-sky 

conditions, and suppressed cloud formation (Pfahl and Wernli, 2012; Schaller et al., 2018; Sousa et al., 2018; Barriopedro et al., 

2023). These conditions favour adiabatic warming as air parcels descend and compress under the anticyclonic circulation. 

Simultaneously, the clear skies and strong insolation associated with high-pressure systems enhance surface sensible heat  

fluxes, which through land–atmosphere feedbacks can significantly contribute to near-surface warming, particularly when 

antecedent soil moisture deficits reduce evaporative cooling and amplify sensible heat release (Fischer et al., 2007; Berg et al., 

2014; Stéfanon et al., 2014; Miralles et al., 2014, 2019).

Global warming is altering weather and climate variability while intensifying extreme events such as HWs, with progressively 

stronger impacts on the Earth system projected for the future (Dosio et al., 2018; He et al., 2023; Jia et al., 2026). Consequently, 

differences in reported contributions from studies using different Lagrangian models warrant further examination to clarify  

how adiabatic, advective, and diabatic processes contribute to HW development. This study compares the temperature anomaly 

decomposition  results  using  LAGRANTO,  FLEXPART,  the  Hybrid  Single-Particle  Lagrangian  Integrated  Trajectory 

(HYSPLIT) model (Stein et al., 2015), and the Hybrid Parcel Tracker (HPT; Shukla et al., 2026) for the PNW21 HW event.  

The main goal of this study is to provide an initial assessment of how model-specific characteristics influence the quantification 
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of adiabatic, advective, and diabatic contributions to temperature anomalies and to lay groundwork for interpreting Lagrangian 

HW analyses across different modelling frameworks.

2 Methods

2.1 Study case

We selected the PNW21 HW peak (28–30 June 2021)  as our case study, as it is one of the most extreme on record and among 

the most extensively documented in the literature (e.g., McKinnon and Simpson, 2022; Neal et al., 2022; Schumacher et al., 

2022; Baier et al., 2023; Oertel et al., 2023; White et al., 2023; Mass et al., 2024; Fleishman et al., 2025). Near-surface  

temperature anomalies reached 16–20°C above normal across a broad region, with numerous locations shattering all-time 

maximum temperature records by more than 5°C (White et al., 2023; Bair et al., 2023). The Canadian national temperature  

record was broken on three consecutive days, peaking at 49.6°C in Lytton, British Columbia, on 29 June (White et al., 2023). 

The event was mainly driven by an exceptionally strong ridge of high pressure in the middle and upper troposphere, consistent 

with a persistent Omega block over the northeastern Pacific and western North America (Schumacher et al., 2022; Mass et al., 

2024). The ridge strengthened rapidly beginning on 24 June, peaked over southern British Columbia on 27 June with record-

breaking 500-hPa geopotential heights, and induced widespread tropospheric subsidence (Mass et al., 2024). In addition, an 

anomalously strong East Asian jet stream and a northward-propagating monsoon rain belt forced a trans-Pacific Rossby wave 

train across the North Pacific (Qian et al., 2022). Concurrently, an unusually strong atmospheric river making landfall in Alaska 

transported low-latitude air poleward toward the northeast Pacific, while increased water vapour within the ridge enhanced the 

short-term greenhouse effect (Baier et al., 2023; Lin et al., 2022). At the surface, a strong thermal trough parallel to the Oregon 

coast blocked cooler marine air from penetrating inland (Fleishman et al., 2025). Moreover, clear-sky conditions contributed to 

anomalously high downward shortwave radiation (Terray, 2023). These conditions, together with anomalous soil moisture 

deficit (Conrick and Mass, 2023) and related land-atmosphere feedback (e.g., Stéfanon et al., 2014; Miralles et al., 2014)  

contributed to the event's magnitude and persistence. Further details of the PNW21 HW can be found in Fleishman et al. (2025).

2.1 Lagrangian Models

In  this  study,  we use  air  parcel  trajectories  from different  simulations  and Lagrangian models  to  quantify  the  relative 

contributions of  advective,  adiabatic,  and diabatic  processes  during the 2021 PNW HW (28–30 June)  by applying the  

Lagrangian temperature anomaly decomposition approach (Röthlisberger and Papritz, 2023). Using multiple set of air parcel 

trajectories allows us to assess the sensitivity of the decomposition to model-specific characteristics, including trajectory  

calculation schemes and parameterisations of subgrid-scale processes.
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2.2.1 LAGRANTO

LAGRANTO is a Lagrangian trajectory model (Sprenger and Wernli, 2015) that calculates three-dimensional kinematic 

backwards and forward trajectories by integrating the horizontal wind components and vertical velocity from meteorological  

reanalysis or model output. LAGRANTO does not parameterise subgrid-scale convection; instead, trajectories are driven solely 

by the resolved large-scale wind fields. In this work, we used the LAGRANTO simulations provided by Röthlisberger and  

Papritz (2023), which were driven by 3-hourly data from the ERA5 reanalysis of the European Centre for Medium-Range 

Weather Forecasts (ECMWF; Hersbach et al., 2020) on model levels at a 0.5° × 0.5° horizontal grid. The 15-day backward  

trajectories were started at each ERA5 grid point at 6-hourly intervals near the surface at 10, 30, and 50 hPa above ground level 

within the domain bounded by 100°–140°W and 35°–70°N.

2.2.2 FLEXPART

FLEXPART is a Lagrangian particle dispersion model (Stohl et al., 1998; Pisso et al., 2019; Bakels et al., 2024) originally  

developed for investigating the dispersion of atmospheric pollutants, which has evolved into an essential tool for simulating and 

analysing atmospheric transport processes, including moisture and heat tracking. FLEXPART calculates particle trajectories  

using a zero-acceleration scheme (Stohl et al., 2005), where the wind vector consists of a grid-scale component, a turbulence  

component, and an optional mesoscale wind disturbance component (optional from version 11 onward; in earlier versions, 

mesoscale turbulence is always active). The model includes parameterisations of turbulence in the atmospheric boundary layer 

based on Hanna (1982)  and Ryall and Maryon (1998) schemes, with added features from Cassiani et al. (2015) for skewed 

turbulence conditions. Above the boundary layer, turbulent velocities are computed following (Legras et al. 2003). Mesoscale 

turbulence is parameterised using the method described by Maryon (1998), which involves the standard deviation of wind 

velocities at surrounding grid points. Meanwhile, vertical transport by moist subgrid-scale convection is parameterized using 

the scheme proposed by Emanuel and Živković-Rothman (1999). 

In this study, we used four different sets of forward FLEXPART simulations with domain-filling global runs. In all cases, the 

model was driven by 3-hourly ERA5 reanalysis data on a 0.5° × 0.5° horizontal grid. The first dataset was produced with  

FLEXPART-v10.4, releasing 30 million air parcels (Vázquez et al., 2024); the second was produced with FLEXPART-v11,  

with 20 million air parcels (Deman et al., 2026). The third dataset was the LARA reanalysis (Bakels et al., 2025), derived using 

FLEXPART-v11 with 6 million air parcels. The v10.4 and v11 datasets were generated year by year to prevent the progressive 

degradation of particle distribution that occurs during extended continuous runs (Bakels et al., 2024). Finally, the fourth dataset 

was obtained by running FLEXPART-v11 from 1 June to 3 July 2021 with all subgrid-scale parameterisations switched off,  

including  turbulence,  mesoscale  turbulence,  convection,  and  subgrid  orographic  boundary-layer  height,  forcing  purely 

kinematic trajectories driven exclusively by the resolved large-scale wind fields (hereafter FLEXPART-TRJ). For the four  

datasets, air parcels trajectories reaching the target region (100°–140°W and 35°–70°N) near-surface (up to 50 hPa above the  
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surface; Mayer and Wirth, 2025) during the HW dates were extracted using the Lagrangian atmospheric moisture and heat 

tracking tool (LATTIN; Pérez-Alarcón et al., 2024, 2026).

2.2.3 HYSPLIT

HYSPLIT is a widely used trajectory and dispersion model that computes air parcel trajectories by integrating the three-

dimensional wind field. HYSPLIT can be run in either trajectory mode, which calculates the path of air parcels, or dispersion  

mode, which simulates transport  and dispersion processes (Stein et  al.,  2015).  In trajectory mode, HYSPLIT computes 

backwards or forward trajectories using meteorological data interpolated to the parcel position. Unlike FLEXPART, HYSPLIT 

in trajectory mode does not include explicit parameterisations of subgrid-scale turbulence or convection; instead, it relies on the 

resolved wind fields from the meteorological input data. In this study, we used HYSPLIT in trajectory mode driven by 3-hourly 

Global Forecast System (GFS) data on a 0.25° horizontal grid spacing. The 15-day backward trajectories were started at every 

0.25° grid point at 6-hourly intervals near the surface at 10, 30, and 50 hPa above ground level.

2.2.4 HPT

HPT is  a  recently developed Lagrangian framework (Shukla et  al.,  2026) that  traces forward air  parcel  trajectories by 

integrating the three-dimensional wind field. By excluding parameterisations for subgrid-scale turbulence, aerosol transport,  

and chemical dispersion, HPT provides a simplified yet physically focused and computationally efficient approach for hydro-

meteorological and temperature-extreme research. In this study, we conducted a global HPT simulation using 3-hourly ERA5 

data at a horizontal grid spacing of 0.25°. The simulation period was from June 10 to July 1, 2021. Air parcels were released at 

each grid point at 22 pressure levels ranging from 200 to 1000 hPa (in 50 hPa increments, with additional levels at 775, 825,  

875, 925 and 975 hPa). Following the same procedure as for FLEXPART, we filtered air parcels that reached the target region 

during the heat wave using the LATTIN tool.

2.3 Lagrangian temperature anomaly decomposition 

The temperature anomaly (T') decomposition approach follows the methodology of Röthlisberger and Papritz (2023), which  

integrates the material change of the Lagrangian temperature anomaly along kinematic backward trajectories. 

T ' ( x , t )−T ' ( xg , t g )=−∫
t g

sea

t
∂T
∂ t

d τ −∫
t g

adv

t

v ⋅∇h(T )d τ  

+∫
t g
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t

[ κ T
p

−
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The resulting equation yields four terms in the right hand side (from right to left): a seasonality term (seasonality T') that  

accounts for temporal changes of the climatology and the contribution from the diurnal cycle of  T ;  an advective term 

(advective T') quantifying how T' is affected by horizontal advection across climatological temperature gradients; an adiabatic 

term (adiabatic T') combining the effects of vertical advection of climatological T   and adiabatic compression or expansion; 

and a diabatic term (diabatic T') representing changes in potential temperature due to diabatic heating from radiation, surface  

sensible heat fluxes, and turbulent mixing. The climatological temperature T   is computed by averaging each three-hourly time 

step over a running 31-day window and a 30-year period (1991-2020). Meanwhile, 
∂T
∂ t

 and 
∂T
∂ p

  are computed on the basis of 

first-order (centred) finite  differences.  By integrating Eq.  1 from the genesis  time tg to t,  we can quantify the relative 

contributions of advective, adiabatic, and diabatic processes to temperature anomalies. Further details on this approach can be 

found in  Röthlisberger and Papritz (2023). This framework has been implemented in the LATTIN tool.

3 Results and discussion

3.1 Lagrangian temperature anomaly decomposition

Figure 1 shows the six-hourly averaged Lagrangian temperature anomaly decomposition for the PNW HW event from 28 June 

00 UTC to 30 June 18 UTC. The decomposition is evaluated across seven distinct trajectory sets, grouped into four pure  

trajectory models (LAGRANTO, HYSPLIT, HPT and FLEXPART-TRJ) and three Lagrangian particle dispersion simulations 

(FLEXPART-10.4, FLEXPART-11 and LARA). All configurations capture the gross spatial structure of the total temperature 

anomaly, with a pronounced warm core exceeding 12 K (solid contour in Figure 1),  peaking near Lytton, British Columbia  

(Röthlisberger and Papritz, 2023). Although the LARA-based decomposition exhibits somewhat larger deviations in the fine-

scale structure, this can be attributed to the comparatively modest number of particles tracked in the LARA reanalysis, which  

limits the effective spatial resolution for individual case studies (Bakels et al., 2025). Figure 1 reveals a striking and systematic 

divergence in the attribution of the heatwave to individual physical processes: the pure trajectory models consistently identify 

diabatic processes as the dominant contributor to the temperature anomalies, whereas the dispersion models attribute the largest 

fraction of the warming to adiabatic heating. Meanwhile, the advective contribution shows a dipole structure of cold-air  

advection flanking the warm core in all configurations, while the seasonality term is uniformly weak. 

Despite the differences in the leading-order physical process, the reconstructed budget sums remain in close agreement across 

all  models  and  closely  match  the  observed  total  temperature  anomaly,  indicating  that  secondary  contributions  largely 

compensate for discrepancies between individual process terms. This close agreement further indicates that the decomposition 

is physically consistent. Minor differences arise from the residual term inherent in the Lagrangian temperature anomaly 

decomposition, which in most instances remains below 0.5 K but can exceed this threshold when a parcel's temperature  

anomaly stays positive throughout the entire 15-day backward integration (Papritz and Röthlisberger, 2023; Röthlisberger and 
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Papritz, 2023; Lemburg et al., 2026). Overall, the differences in the relative contributions of adiabatic, advective and diabatic  

processes shown in Figure 1 suggest that the Lagrangian temperature anomaly decomposition is sensitive to how sub-grid 

turbulence and convection are represented or neglected in the model simulations.

Figure 1: Lagrangian temperature anomaly decomposition during the 28–30 June 2021 Pacific Northwest heatwave. Each row corresponds 

to  a  different  Lagrangian trajectory  model  or  configuration (from top to  bottom:  LAGRANTO, HYSPLIT,  HPT,  FLEXPART-TRJ,  

FLEXPART-10.4,  FLEXPART-11,  and  LARA).  Columns  show  (left  to  right):  the  total  temperature  anomaly,  and  its  Lagrangian  

decomposition into Adiabatic, Advective, Diabatic, and Seasonality contributions, together with the reconstructed budget (sum of the four  
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right-hand terms). All fields are averaged over 6-hourly outputs from 28 June 00 UTC to 30 June 18 UTC. The solid black contour encloses 

regions where the total temperature anomaly exceeds 12 K based on the LAGRANTO anomaly decomposition.

To gain further insight into the relative importance of each physical process across pure trajectory and dispersion models,  

Figure 2 shows the relative contribution of adiabatic, diabatic, advective and seasonality terms to the temperature anomaly,  

computed at each grid point within the 12 K contour area identified in Figure 1 and subsequently averaged across all 6-hourly 

time steps from 28 June 00 UTC to 30 June 18 UTC. The violin distributions reveal a marked and systematic dichotomy 

between model classes that corroborates the spatial patterns shown in Figure 1. Among the pure trajectory models, diabatic 

processes constitute the dominant contribution, with mean fractions ranging from 38% in HYSPLIT to 57% in LAGRANTO 

and FLEXPART-TRJ, whereas adiabatic heating remains comparatively modest (10–26%). These findings align with previous 

analyses of the PNW21 event. For instance, Röthlisberger and Papritz (2023) reported contributions of 59.2% diabatic, 37.7% 

adiabatic and 9.5% advective, consistent with the diabatic-dominant behaviour of the pure trajectory models. Schumacher et al. 

(2022) employed TRACMASS (Aldama-Campino et al., 2020; Döös, 1995) to trace air masses backward for 15 days and 

identified intense upwind latent heating over the North Pacific, fueled by tropical air masses ascending in warm conveyor belts, 

as  a  key  driver  of  the  anomalously  warm troposphere,  followed by  adiabatic  warming through subsidence  within  the  

anticyclone and downward mixing via deep boundary layers. Their trajectory-based perspective thus highlights the importance 

of both diabatic and adiabatic processes throughout the air-mass history, complementing the diabatic-dominant view of pure 

trajectory models while underscoring the role of remote advective transport. White et al. (2023) used HYSPLIT trajectories to 

estimate that approximately 78% of the net temperature change was attributed to diabatic processes and 22% to adiabatic  

subsidence; however, their study applied a different Lagrangian decomposition approach focused exclusively on adiabatic and 

diabatic processes, without separating advective and seasonality terms. This methodological distinction likely accounts for the 

higher diabatic fraction in their analysis relative to our HYSPLIT result.  The resulting budget from pure-trajectory models 

converges with the Eulerian tracer-advection analysis by Mayer and Wirth (2025), who found that diabatic heating was the 

largest process contributing to near-surface potential temperature anomalies during the HW, further supporting the diabatic-

dominant perspective from an independent, non-trajectory-based framework.
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Figure 2: Relative contribution (%) of individual processes to the temperature anomaly within the 12 K contour area during the 28–30 June 

2021 Pacific Northwest heatwave. Contributions were computed at each grid point within the 12 K contour (Figure 1) and spatially averaged 

for each 6-hourly time step from 28 June 00 UTC to 30 June 18 UTC. Violin plots show the distribution across the 12 six-hourly averages,  

with black horizontal bars indicating the median and black vertical bars the interquartile range. Coloured numbers at the bottom denote the 

median contribution (%) of each process across all time steps. 

By contrast,  when the  Lagrangian temperature  anomaly decomposition framework is  applied  to  the  dispersion models  

(FLEXPART-10.4, FLEXPART-11 and LARA), the results attribute the largest share of the warming to adiabatic processes  

(44–49%), accompanied by substantial advective contributions (37–41%) and only minor diabatic heating (2–7%). Notably,  

Baier et al. (2023) employed FLEXPART as a Lagrangian particle dispersion model to examine the deep tropical origin of the 

air masses during this event. They identified anomalous advection of sensible and latent heat from the tropics as the dominant 

process, with latent heat efficiently converted to sensible heat through precipitation. This emphasis on advective transport is  

qualitatively consistent with the substantial advective fractions in our dispersion-model results, though direct quantitative 

comparison is precluded by their receptor-oriented framework. Overall, these findings underscore that the inferred process 

contributions  are  sensitive  to  both  the  trajectory  model  class  and  the  specific  decomposition  framework  employed,  in  

agreement with Mayer and Wirth (2025).

3.2 Parcel distributions and trajectory characteristics

To investigate the origin of the systematic differences in process attribution between pure trajectory and dispersion models,  

Figure 3 shows the three-dimensional distribution of Lagrangian parcels within the 12 K temperature anomaly contour (Figure 

1) at 00 UTC on 29 June 2021. Across all seven configurations, the parcels exhibit a broadly similar bimodal vertical structure, 

and median pressures ranging from 866 hPa (LAGRANTO) to 881 hPa (HPT). This behaviour is further corroborated when 

analyzing the vertical distribution of all parcels within the 12 K contour from 28 to 30 June 2021, as shown in Figure 3h.  

Notably, dispersion models and pure trajectory models sample highly similar vertical and horizontal positions within the target 

region.  This similarity in parcel distributions indicates that the divergence in diagnosed adiabatic, diabatic, and advective  
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contributions is not primarily a consequence of different spatial or vertical sampling of the air masses over the region of interest 

when initializing the backward trajectories.

Figure 3: Three-dimensional distribution of Lagrangian air parcels within the 12 K temperature anomaly contour  (black outline) at 00 UTC 

on 29 June 2021.  Results  are  shown for  (a)  LAGRANTO, (b)  HYSPLIT,  (c)  HPT, (d)  FLEXPART-TRJ,  (e)  FLEXPART-10.4,  (f) 

FLEXPART-11 and (g) LARA. Parcel positions are coloured by pressure (hPa). The median pressure across all parcels in each configuration 

is indicated below the respective panel.  (h) Distribution of the vertical pressure (hPa) of all air parcels within the 12 K temperature anomaly 

contour from 28 to 30 June 2021 at 00, 06, 12, and 18 UTC. The mean value is shown as annotated text below each violin.

To further elucidate how these along-trajectory differences manifest in distinct air-mass histories, a cluster analysis of the  

parcel pathways is presented in Figure 4. All trajectories arriving within the 12 K temperature anomaly contour between 28 

June 00 UTC and 30 June 18 UTC were included and grouped using a k-means clustering algorithm applied to the standardised 
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longitude–latitude time series of each parcel. Two dominant clusters emerged across all seven configurations: a primary cluster 

(C1) comprising 61–80% of parcels, and a secondary cluster (C2) accounting for the remainder. Despite subtle differences in  

the exact origin and curvature between models, the horizontal pathways (left column) indicate that both clusters originate  

broadly in the central-western North Pacific and approach the PNW21 HW region from the west or northwest.

The vertical evolution and accumulated process contributions (middle and right columns) reveal more pronounced differences 

between model classes (Figure 4). In the pure trajectory models, Cluster 1 parcels remain at relatively lower pressure levels  

(predominantly 800–900 hPa) throughout the 15-day backward period, with a gentle vertical slope in the days preceding  

arrival. This limited subsidence is consistent with the comparatively modest adiabatic contributions (10–26%) diagnosed in  

these models (Figure 2). By contrast, the dispersion models show that parcels in Cluster 1 originate at relatively mid-pressure 

levels (around 600 hPa) and undergo a steeper descent toward the surface, accompanied by substantial adiabatic warming (red 

shading) in the final days before arrival. This more pronounced subsidence aligns with the larger adiabatic fractions (44–49%) 

obtained from the dispersion-model decomposition (Figure 2). Cluster 2, in turn, is characterised by a broadly similar descent 

of air parcels toward the surface in the days before arrival and consistently strong advective contributions to the temperature 

anomaly. However, the adiabatic and diabatic partitioning differs markedly between model classes, with the pure trajectory  

models showing more pronounced diabatic warming and the dispersion models exhibiting stronger adiabatic contributions and 

even diabatic cooling. 

The systematic difference in vertical histories between model classes is further illustrated in Figure 5, which shows the median 

horizontal position and pressure level of parcels 3 and 6 days before arrival at the 12 K temperature anomaly contour in the  

target region. Across all three days of the HW peak (28–30 June), the dispersion models consistently show parcels at higher  

altitudes than the pure trajectory models, while their horizontal positions remain clustered in similar regions. It is important to 

note that 6 days before arrival on June 28, the mean positions of HPT and FLEXPART-11 parcels differ somewhat from those 

of the other models (Figure 5a). Despite these differences, the budget contributions derived from HPT remain consistent with 

other pure trajectory models; similarly, the FLEXPART-11 results align with other dispersion simulations. This suggests that 

the parcel origin at longer lead times is not the dominant cause of the discrepancies in the relative contributions of the physical 

processes (Figure 1).
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Figure 4: Cluster analysis of Lagrangian backward trajectories for air parcels arriving within the 12 K temperature anomaly contour (gray  

box in the left column) during the 28–30 June 2021 Pacific Northwest heatwave. (a, d, g, j, m, p, s) Mean horizontal pathways of the two 

dominant trajectory clusters for each model, with the black dot marking the arrival location within the target region. (b, e, h, k, n, q, t) Mean 

vertical evolution and process contributions for Cluster 1. (c, f, i, l, o, r, u) Same as the middle column but for Cluster 2. Coloured filled areas 

indicate the contribution of seasonal (blue), adiabatic (red), diabatic (orange) and advective (green) processes to the temperature anomaly.
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Notably, for 29 and 30 June, the 3-day median positions lie almost directly over the PNW21 heatwave region, indicating that a 

substantial fraction of parcels resided within or near the target area for several days before the HW peak. It is noteworthy that 

the 3-day mean positions before arrival on 30 June from pure-trajectory models are broadly consistent with the median parcel 

altitudes at the target region during the HW dates (Figure 3), confirming that most parcels are near-surface. This pattern 

supports the larger diabatic contributions diagnosed by the pure trajectory models,  as parcels remain within the heated  

boundary layer and are exposed to strong sensible heat fluxes from the warm land surface. In addition, the HW was preceded by 

anomalously dry conditions marked by precipitation deficits during spring, which reduced soil moisture across much of the 

region (Baier et al., 2023; Conrick and Mass, 2023), and favoured the rising near-surface temperatures through reduced 

evaporative cooling and increased sensible heat fluxes (Stéfanon et al., 2014; Miralles et al., 2014). In contrast, dispersion 

models simulate parcels slightly higher,  reducing their  residence time within the surface layer,  thereby diminishing the 

accumulated diabatic signal and shifting the attribution toward adiabatic warming by subsidence.
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Figure 5: Median horizontal position and mean pressure level of Lagrangian air parcels 3 days (red boxes) and 6 days (blue boxes) before  

arrival within the 12 K temperature anomaly contour during the 28–30 June 2021 Pacific Northwest heatwave. Panels show arrivals on (a) 28 
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June 00 UTC, (b) 29 June 00 UTC and (c) 30 June 00 UTC. Symbols denote the median position for each model at the specified lead time;  

inset tables provide the mean pressure level (hPa) at 3 and 6 days before arrival.

Overall, this analysis demonstrates that the divergence in process attribution does not stem from different horizontal origins,  

but rather from contrasting vertical histories, specifically, the degree of subsidence experienced by the dominant air-mass  

trajectories. This finding is consistent with differences in how Lagrangian particle dispersion models and pure trajectory  

models represent sub-grid processes. While FLEXPART's stochastic turbulence and convection schemes introduce additional 

vertical  dispersion,  pure  trajectory  models  rely  solely  on  resolved  grid-scale  winds.  Therefore,  given  that  the  parcel  

distributions over the target region are nevertheless similar across all configurations (Figure 3), the discrepancies in diagnosed 

adiabatic, diabatic and advective contributions arise not from where the parcels end up, but from how their thermodynamic  

histories are reconstructed along the trajectory from the genesis  time.  Thus,  contrasting process attributions reflect  the  

sensitivity of the Lagrangian temperature anomaly decomposition to the representation or neglect of subgrid motions, which 

could modulate the accumulation of heating and subsidence during air-mass transport.

3.3 Impact of FLEXPART parameterizations

Based on the previous analysis, the differences observed in the Lagrangian temperature anomaly decomposition are likely  

linked to turbulence and convection schemes in the FLEXPART model. To better understand which parameterisations lead to 

the discrepancies observed between the pure-trajectory models and dispersion models, we also performed an additional set of  

simulations following the description for FLEXPART-TRJ but switching on/off turbulence, mesoscale turbulence, convection, 

and subgrid orographic boundary layer height parameterisations, as shown in Table 1. When turbulence is switched on, air 

parcel motion is the sum of the grid-scale wind and turbulent wind fluctuations. In addition, mesoscale wind fluctuations are  

added to the parcel velocity through the mesoscale turbulence parameterisation. These mesoscale motions are neither resolved 

by the meteorological data nor covered by the turbulence scheme. Meanwhile, the convection scheme redistributes parcels 

vertically based on convective mass fluxes, and the subgrid orographic boundary layer height parameterisation increases the 

boundary layer height over which parcels are effectively mixed to account for subgrid-scale orographic variations.

Table 1:  Selected configuration settings for the FLEXPART (v11) model simulation experiments,  used to test  the sensitivity of the  

Lagrangian temperature anomaly decomposition to increase in boundary layer height due to subgrid-scale orographic variations (SUBGRID), 

convection parameterization (CONVECTION), and mesoscale turbulence (TURBULENCE_MESO) and turbulence (TURBULENCE) 

parameterizations.

Simulation ID SUBGRID CONVECTION TURBULENCE_MESO TURBULENCE

no-TURB ON ON ON OFF

no-ALL_TURB ON ON OFF OFF
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no-MESO ON ON OFF ON

no-CONV ON OFF ON ON

no-SUBGRID OFF ON ON ON

Figure  6  shows  the  six-hourly  averaged  Lagrangian  temperature  anomaly  decomposition  resulting  from the  additional  

FLEXPART model simulations outlined in Table 1. Simulations where turbulence is disabled (no-TURB and no-ALL_TURB) 

likely reproduce the diabatic-dominant behaviour observed in the pure-trajectory models (Figure 1). Collectively, these results 

isolate turbulence parameterisation as the primary driver of the discrepancies between the two model classes. This can be  

understood from the fact that, in FLEXPART, turbulence superimposes stochastic three-dimensional wind fluctuations onto the 

resolved flow via Langevin equations, causing air parcels to disperse vertically throughout the atmospheric column and sample 

thermodynamic environments different from those along the pure trajectory (Pisso et al., 2019; Bakels et al., 2024). In the 

boundary layer, turbulent mixing is represented by autocorrelated random perturbations with reflections at the surface and 

boundary layer top, while in the free troposphere fluctuations are driven by wind shear and stability, both of which drive parcels 

away from the grid-scale path (Pisso et al., 2019; Bakels et al., 2024). Consequently, the inclusion of stochastic turbulence 

allows parcels to disperse vertically and sample contrasting thermodynamic environments, effectively shifting the temperature 

anomaly budget from the diabatic-heating signature of pure trajectories toward the adiabatic-subsidence pattern observed in the 

full dispersion model. This demonstrates that the model-dependent divergence observed in Figure 1 originates fundamentally 

from the representation of turbulent transport, rather than from convection or mesoscale effects. 

17

360

365

370

375

https://doi.org/10.5194/egusphere-2026-5144
Preprint. Discussion started: 8 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 6: As Figure 1 but for the additional set of FLEXPART simulations switching off turbulence (no-TURB), all turbulence schemes (no-

ALL_TURB), mesoscale turbulence (no-MESO), convection (no-CONV), and subgrid orographic boundary-layer height (no-SUBGRID).

In summary, a trajectory represents a mean air parcel moving through a well-mixed boundary layer, with boundaries open to 

subgrid-scale exchanges in pure-trajectory models (Sprenger and Wernli, 2015; Shukla et al., 2026). That is, in a well-mixed  

boundary layer heated by surface sensible heat fluxes, the air parcel will be heated through turbulent exchanges, showing up as 

diabatic T’ as the air parcel moves with the mean flow through the boundary layer. Meanwhile, in dispersion models (with 

turbulence parameterisation set ON), trajectories follow the turbulent motions (not the mean flow) through the boundary layer 

and have closed boundaries with respect to turbulent exchanges (Stein et al., 2015; Pisso et al., 2019; Bakells et al., 2024). As a 

result, trajectories are generally diabatically heated only when located directly above the surface (or due to radiative or cloud  

processes). Consequently, these differences in the treatment of parcel motion alter the modelled vertical mixing and the spatial 

spread of trajectories, ultimately modulating their exposure to land-atmosphere feedbacks.
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4 Final remarks and conclusions

The Lagrangian temperature anomaly decomposition has become an increasingly prominent tool for examining the physical 

drivers of heatwave events, offering process-level attribution of temperature extremes to adiabatic, advective, and diabatic  

contributions  along  air  parcel  trajectories  (Röthlisberger  and  Papritz,  2023).  However,  this  study  reveals  substantial 

discrepancies in process attribution using Lagrangian pure-trajectory or dispersion models (Figure 1). We used seven sets of air 

parcel trajectories: three from the FLEXPART dispersion model and four from pure trajectory models, including a FLEXPART 

simulation with all sub-grid parameterisations switched off. While the pure trajectory models consistently identify diabatic  

processes as the dominant contributor to the PNW21 heatwave, the dispersion models attribute the largest fraction of warming 

to adiabatic heating. Notably, the three-dimensional distribution of near-surface air parcels within the target region during the 

HW peak is broadly similar across all seven trajectory sets, with comparable median origins in the central-western North  

Pacific Ocean. This indicates that the divergence in process attribution does not stem from different geographic origins or  

vertical distributions over the target region, but rather from contrasting vertical histories during the backward trajectories. The 

median altitude of parcels in the dispersion models was substantially higher than in the pure trajectory models during the days 

before arrival (Figures 4 and 5), exposing them to greater subsidence warming. In contrast, near-surface parcels from pure 

trajectory models, particularly from 3 days before arrival on 29 and 30 June, were more strongly influenced by sensible heating 

and land–atmosphere feedbacks (Stéfanon et al., 2014; Miralles et al., 2014). This raises fundamental questions about the  

sensitivity of this Lagrangian-based process attribution to the representation of sub-grid turbulence, which alters the vertical  

position of air parcels.

The differences between dispersion and pure trajectory models extend beyond their  numerical  schemes to the physical  

processes they represent. FLEXPART, for example, incorporates stochastic turbulence parameterisations that account for  

unresolved sub-grid vertical motions and turbulent mixing (Pisso et al., 2019; Bakels et al., 2024), which enables tracing of air 

parcels from near the surface (Baier et al., 2023), whereas pure trajectory models are based on resolved grid-scale wind fields 

and cannot capture such mixing. Moreover, while convective transport schemes (Emanuel and Zivkovic-Rothman, 1999;  

Forster et al., 2007) resolve the smaller-scale vertical motion that pure trajectory models miss, they do not result in the  

discrepancies  observed  in  the  temperature  anomaly  budget.  Consequently,  differences  in  turbulence  representation 

fundamentally  reshape  the  vertical  distribution  of  parcels  throughout  their  backward  evolution,  thereby  altering  the 

accumulated heating and cooling histories that feed into the Lagrangian process attribution.

Overall, this study reveals a critical sensitivity in the relative contribution of adiabatic, advective and diabatic warming when  

applying a Lagrangian temperature anomaly decomposition (Röthlisberger and Papritz, 2023). The inferred process dominance 

depends fundamentally on whether a Lagrangian pure-trajectory or dispersion model is employed. However, given that this 

analysis is based on a single case study, these results should not be generalised.  It is crucial to extend this assessment to a 

broader range of case studies, encompassing different geographic regions with varying land-surface characteristics (e.g.,  

diverse  vegetation  cover)  and  climate  regimes  (e.g.,  semi-arid  environments).  This  will  help  determine  whether  these 
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differences are unique to this exceptional HW event or represent a more systematic model dependency. Additionally, we  

acknowledge that while we only consider FLEXPART within the dispersion model class, it is widely used in Lagrangian  

trajectory analysis, and the availability of several datasets (e.g., Vázquez et al., 2024; Bakels et al., 2025; Deman et al., 2026) 

makes it an attractive choice for applying the Lagrangian temperature anomaly decomposition. 

Finally, this study does not establish which model class is most suitable, it represents a first step toward systematically  

investigating these discrepancies. The growing body of HW attribution studies that rely on a single Lagrangian model should  

therefore be aware that the inferred dominance of adiabatic versus diabatic processes may reflect the choice of model class 

rather than the underlying physics alone. Future work should examine whether the vertical-history sensitivity identified here 

can be reconciled through modified decomposition formulations or hybrid Eulerian–Lagrangian frameworks that better capture 

the full tropospheric column. Ultimately, the question of which physical process drove a HW event may have no unique answer; 

it depends on the perspective (and the model) from which the event is examined.

Code and data availability

The European Centre for Medium-Range Weather Forecasts ERA5 reanalysis can be freely downloaded through the C3S 

Climate Data Store and https://doi.org/10.24381/cds.143582cf, respectively. The air parcels trajectories from LAGRANTO are 

available at https://doi.org/10.1038/s41561-023-01126-1, while the global outputs from the FLEXPART-10.3, FLEXPART-11 

and LARA reanalysis  are available at https://doi.org/10.5281/zenodo.13682647, https://doi.org/10.5194/essd-2026-115, and 

https://doi.org/10.5194/essd-17-4569-2025,  respectively.  The  HPT  source  code  is  available  at 

https://github.com/ManishShukla001/Hybrid-Parcel-Tracker---Main. The HYSPLIT, HPT and FLEXPART-TRJ trajectories 

are available upon request to the corresponding author.  The Lagrangian atmospheric moisture and heat tracking (LATTIN) tool 

is accessible through its GitHub repository at https://github.com/apalarcon/LATTIN. 
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