10

15

20

Distinct bias structures for extratropical cyclones with strong or
weak diabatic heating

Qidi Yu'?, Clemens Spensberger'-?, Linus Magnusson®, and Thomas Spengler!~

'Geophysical Institute, University of Bergen, Norway
2Bjerknes Centre for Climate Research, Bergen, Norway
3European Centre for Medium-Range Weather Forecasts, Reading, United Kingdom

Correspondence: Qidi Yu (qidi.yu@uib.no)

Abstract. The development of extratropical cyclones (ETCs) is often significantly altered by diabatic processes, yet the repre-
sentation of these processes in numerical weather prediction models has been shown to lead to significant forecast biases. To
provide a systematic quantification of 12-hour ETC forecast errors, this study uses a cyclone-centred composite framework for
North Atlantic wintertime (DJF) ETCs using the ERAS5 reanalysis for the period 1979 to 2022. Cyclones are categorised into
strong and weak diabatic heating at the time of their maximum intensification based on the domain-averaged 70th and 30th
percentiles of vertically integrated diabatic heating.

While both groups exhibit a systematic underestimation of cyclone intensity, the error structures are markedly distinct. The
weak heating group is characterised by an intensity underestimation near the cyclone core, whereas the strong heating group
features a pronounced southwestward displacement bias together with a domain-wide intensity underestimation.

After removing the displacement bias, the strong heating group reveals—an-overestimation—of—exhibits distinct structural

errors. In the warm sector, a clear underestimation of moisture transport and temperature, combined with an underdeveloped
upper-level ridge, indicates a misrepresentation of the intense moisture transport pathways and associated warm-sector moist
processes. Conversely, in the cold sector, low-level winds are overestimated within the cold conveyor belt (CCB), sting jet
(S8]), and dry intrusion regions;-but-a-clearunderestimation-of-moisture-transport-in-the-warm-seetor—These-(DI) regions. The
wind field biases are accompanied by a pronounced overestimation of 850 hPa kinematic frontogenesis near the centre;tikety
assoctated-with-the-wind field-errors; and-a-substantial-, The strong frontogenesis is associated with an enhanced secondary.
circulation and vertical velocity, yielding the overestimation of total column liquid water observed along the bent-back warm

front, =ebesssssen e e Lot st o D D D sl ie e es e ans i s il Do s poe L s s s e

eirewlation—In contrast, cyclones in the weak heating group exhibit an underestimation of wind speed and moisture near
the centre, consistent with the near-eentre-near-centre intensity underestimation. Our—findings—highlight-the-Overall, our
findings demonstrate the critical impact of diabatic heating on structural eycloneforecast-biasesthat-ean-guide-future-model
improvementsforecast biases, highlighting that the representation of moist processes and the interaction with atmospheric
dynamics through diabatic processes is a key area for future model developments.
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1 Introduction

Extratropical cyclones (ETCs) represent a fundamental component of mid-latitude weather, contributing substantially to the
global energy balance through the poleward transport of heat (Holton and Hakim, 2013) as well as being the main cause of ex-
treme wind and precipitation events, yielding significant socio-economic losses (Pinto et al., 2012; Catto and Pfahl, 2013). The
intensity and detailed structure of ETCs, particularly for extreme cases, are closely linked to diabatic processes, predominantly
related to latent heat release associated with phase changes (e.g., Robertson and Smith, 1983; Vaughan et al., 2015; Joos and
Forbes, 2016). Consequently, the representation of these physical processes through parameterisations in numerical weather
prediction (NWP) models remains a key source of systematie-forecast errors and biases (Davies and Didone, 2013; Martinez-
Alvarado et al., 2014b, 2016; Baumgart et al., 2018; Grams et al., 2018; Wimmer et al., 2022). Unsurprisingly, diabatic heating
has thus been identified as a major contributor to forecast deficiencies for ETCs (Wernli and Gray, 2024; Sanchez et al., 2020).
However, we still lack a systematic understanding how diabatic heating influences structural NWP errors for cyclones. Hence,
we employ a cyclone-centred composites to contrast NWP biases and errors in ETC cases categorised by strong versus weak
diabatic heating.

The well-known forecast failures of severe storms, such as the QE II storm (1978) and the President’s Day storm (1979),
served as a wake-up call for extensive research into the role of diabatic processes in cyclone evolution (Gyakum, 1983; Bosart,
1981). Subsequent investigations rapidly established that latent heat release associated with moist processes is vital to simulate
realistic cyclone development, demonstrating the capacity of latent heating to significantly intensify cyclones and fundamen-

tally modify frontal structures (Balasubramanian-an =2 e : 5 2 Davis et al., 1993; Balasubrar

. Specifically, diabatic heating can modify key substructures, such as Warm Conveyor Belts (WCBs) and Cold Conveyor Belts

(CCBs). While diabatic heating along WCBs can modify upper-tropospheric Potential Vorticity (PV) and thus the larger-scale
flow (Wernli, 1997; Harvey et al., 2020; Oertel et al., 2020), diabatic heating in CCBs is related to the maintenance of frontal
precipitation and the cloud structure in the cyclone core (Browning, 1990; Schultz, 2001; Martinez-Alvarado et al., 2014a).
Furthermore, interactions-between-the-CCB-and-the descent of dry intrusions (DIs) ean-enhance-boundary-layer-turbulence

fluxes. This process reduces the static stability of the boundary layer on the cyclone’s cold side and further meodifying-modifies
the CCB structure (Raveh-Rubin, 2017). Given the profound influence on both the intensity and structural details of ETCs,

a systematic analysis focusing on the impact of diabatic heating on the structural representation of extratropical cyclones in

NWP models is therefore essential.
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. As demonstratedby Gray et al. (2014); Pfahl et al. (2015); Binder et al. (2020 erroneougepresentatiomf |atentheat

Given the aforementioned systematic biases in ETCs forecasts, we extend the study by Yu et al. (2025) by employing a
cyclone-centred composite framework to quantify short-term (12-hour) forecast biases for wintertime maritime ETCs cate-
gorised into strong and weak diabatic heating. We select the 12-hour forecast lead time, as error growth during this initial
period is predominantly dominated by diabatic processes (Baumgart et al., 2019), making a comparison with the respective
analysis highly effective in isolating ‘fast-physics' errors in NWP models (Xie et al., 2012; Klocke and Rodwell, 2014). We fo-
cus on wintertime maritime ETCs, as their intensi cation and structural evolution are critically in uenced by diabatic processes
(Hoskins and Hodges, 2002; Joos and Forbes, 2016). By applying a composite approach, we provide a statistically aggregate«

2 Data and methods
2.1 Data and variables

We perform our analysis over the North Atlantic using the European Centre for Medium Range Weather Forecasting (ECMWF)
ERAGS reanalysis for the period from 1979 to 2022 at a spatial resolutiorbof 0:5 for DJF (December, January, February)
(Hersbach et al., 2020). Following Yu et al. (2025), we calculate 12-hour forecast errors using the analyses and respective

Palmer, 2007).
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We use mean sea level pressure (MSLP), temperature at 850 hPa, wind at 925 hPa, total column water vapour (TCWV),
total column liquid water (TCLW), total column ice water (TCIW), water vapour ux (WVF), and potential vorticity (PV) as

(e.g., Sanders and Hoskins, 1990)
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where is potential temperature, arid;v) are the horizontal wind components.
2.2 Cyclone detection and tracking

ETCs are detected and tracked using the algorithm based on Murray and Simmonds (1991a, b), as implemented and re nec
by Spensberger and Marcheggiani (2024) and Marcheggiani et al. (2025) (algorithm is publicly available as part of dynlib,
Spensberger, 2024). We identify cyclones as local maxima in the Laplacian of the analysis MSLP eld and track them over
time using a nearest-neighbour approach combined with the most probable propagation direction. In addition, we apply several
criteria to Iter out non-developing and spurious systems: tracks must have a minimum lifetime of 24 hr and travel a minimum
distance of 500 km during their lifetime over the North Atlantic region (38 N, 80 W-12 E). All identi-ed-trackedcyclone

centres are required to be identi ed as a closed system at least once within their lifetime, in line with Murray and Simmonds

retained. Our subsequent composite analysis focuses on the timestep of maximum intensi cation, de ned as the most rapid
decrease in central sea level pressure. Given that our analysis is based on 06 or 18 UTC, we chose the analysis time closest |
the timestep of maximum intensi cation. Other timesteps, such as genesis or maximum intensity, feature similar but weaker

patterns (see Supplement Fig. S1).

2.3 Compositing based on vertically integrated diabatic heating
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Cyclones with the heating above the 70th percentile are classi ed as strong heating (red shading in Fig. 1a), while cyclones
below the 30th percentile are classi ed as weak heating (blue shading in Fig. 1a). Note that maximum intensi cation of
strong heating cyclones predominantly occurs at lower latitudes, often located around the SST front regions along the Gulf

the strongheatingcyclones.To ensurethat the presentecbias patternsare relatedto. diabaticheatingratherthan latitudinal

differenceswe alsoanalysedtyclonesrestrictedto a latitudinal bandbetwee45°-55°N.As the resultsare qualitativelythe



135 Figure 1.(a) Probability density function of the vertical integral of diabatic heating (excluding radiation) averaged over the horizontal extent
of the cyclone(rh s ®) at maximum intensi cation, and (b) geographical distribution of cyclone centres for the strong and weak heating

groups at maximum intensi cation.
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We analyse cyclone forecast biases at maximum intensi cation using cyclone-relative composites for the two heating cate-

cempesitewarmandcold fronts, thatwould thenbe smoothecbut duringthe averagingprocess.

The thus derived composites illustrate why we chose to include one additional step in the analysis method (Fig. 2). Cyclone-
centred error composites for both weak and strong heating show a systematic underestimation of intensity, with forecasted
MSLP contours (blue contours) having a smaller radius compared to the analysis (black contours, Fig. 2a,b). For weak heating,
this intensity underestimation is also clearly depicted by the positive MSLP bias (shading, Fig. 2b) and the corresponding
negative bias in the 925 hPa wind around the cyclone centre (Fig. 2 d).

For strong heating, however, the MSLP bias features a pronounced dipole pattern (Fig. 2a), attributable to a southwestward
displacement of the forecasted cyclone, implying a too slow propagation of the cyclone in the forecast. This positional bias is

forecast bias for weak heating is predominantly associated with an underestimation of intexsitjgraslight southwestward

displacement is also evident.



Figure 2. Biases for (a,c) strong heating group and (b,d) weak heating group: (a,b) mean sea level pressure (MSLP) (hPa) bias composite
160 (shading), analysis composite (black contours), forecast composite (blue contours) and (c,d) wind speed bias (m/s) at 925 hPa (shading)

black (blue) quivers show analysis (forecast) wind composite.
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To focus on cyclone-centre-relative errors, we remove the aforementioned positional bias by rede ning the respective cy-
clone centres in both analysis and forecast as the location of the nearest minimum in MSLP compared to the originally detected
cyclone centre in the analysis. Analogous to the tracking, the MSLP eld is spatially Itered using spectral triangular truncation
(T84). This ltering procedure effectively Iters out small-scale noise. We require that the identi ed MSLP minima in both
the analysis and forecast must be withi@%0km radius of the originally detected centre in the analysis. Any cyclone record
failing this criterion is discarded.

The “strong' and "weak' heating groups, de ned as the top and bottom 30% of the diabatic heating distribution, initially
comprise 801 and 799 cyclones, respectively. After this Itering and re-centring, a total of 774 and 627 analysis-forecast pairs

centred data for analysis and forecast to compile our cyclone-centred composite analysis. Given that both analysis and forecas
are now centred on the position of minimum MSLP, the positional bias in the composites has been removed (compare Figs. 2
and 3).

3 Cyclone-centred error composites
3.1 MSLP and 925 hPa wind

Cyclone-centred MSLP biases reveal an underestimation of cyclone intensity, with structural differences for the two groups

Notably, a comparison with the non-centred results (Fig. 2a, b) reveals that the recentred composites (Fig. 3a, b) exhibit a
smaller domain-averaged bias but a larger domain-averaged RMSE. This counter-intuitive increase is most likely due to the
elimination of error compensation, where the position bias originally masked the systemic intensity underestimation. Specif-
ically, in the non-recentred composite (Fig. 2a, b), the southwestward displacement partially overlaps with the regions of in-
tensity underestimation, leading to a cancellation of biases over the left-hand quadrants of the composite. Once recentred (Fig
3a, b), this spatial offset is removed, revealing a more consistent and domain-wide intensity bias. While recentring reduces the
large error magnitudes near the cyclone centre, broadly distributed errors lead to a higher domain-averaged RMSE.

The weak heating group displays an underestimation of 925 hPa wind around the cyclone centre (Fig. 3d), which is con-
sistent with the underestimated depression in MSLP (Fig. 3b). The strong heating;gmtig-otherhand;exhibits a wind

speed underestimatiosrh~-in the warm sectorwhile-wind-speedis-overestimatedn-the-cold-secterover(Fig. 3c)-the
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ERAS5 (Gentile and Gray, 2023). Despite these spatial variations, both heating groups demonstrate a domain-averaged undet
estimation of 925 hPa wind speed, which generally aligns with previous feature-based analyses (Yu et al., 2025).

Figure 3. As in Figure 2, but after removing the position shift.
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3.2 Moisture elds

For the strong heating group, the total column water vapour (TCWV) composite reveals a distinct negative bias, indicative of
a moisture de cit in the forecast (Fig. 4a). This underestimation is most pronounced in the warm sector, especially along the
boundaries of high TCWV lament (about%). A comparison of the composite contours shows that the water vapour in the
forecast (blue) is narrower compared to the analysis (black). In addition, a pronounced negative bias of the water vapour ux
(WVF) is evident in both the along and across components relative to cyclone propagation on the warm side of the cyclone
(Fig. 4e, ). The TCWV de cit is thus consistent with insuf cient moisture transport in the warm sector, most likely coinciding

The high-value core of total column ice water (TCIW) is located at the upper right-hand quadrant of the composite cyclone,

with its trailing region at the bottom right-hand quadrant. There is a negligible bias within the maximum of TCIW, with
negative/positive biases at the leading/trailing edge of the TCIW maximum (Fig. 4b). The TCIW plume in the forecast (blue
contours) is more elongated than in the analysis (black contours). This more elongated structure of the forecasted TCIW is
the main cause of the positive bias in the trailing region, indicating that the ice water is less cyclonically wrapped up in the
forecast. This weaker wrap-up is consistent with the insuf cient moisture transport and underestimated wind (Fig. 3c,d).

In contrast to the underestimation for vapour, the total column liquid water (TCLW) shows a notable positive bias (approxi-

mately 10% overestimation) within the upper two quadrants of the composite close to the cyclone centre, commonly referred

thermodynamic and kinematic observations, which may feature systematic deviations, potentially yielding the positive liquid

water bias.

11
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Given that vertical velocity in the analysis is diagnosed and not directly observed, we employ the kinematic frontogenesis of
potential temperature ) as a proxy, as it quanti es the dynamic forcing that drives a secondary vertical motion (Sawyer, 1956;
Eliassen, 1962). Pronounced frontogenesis at 850 hPa is evident in the upper left- and right-hand quadrants of the cyclone centr
(Fig. 4d). The frontogenesis positioned closer to the cyclone centre is associated with a positive bias in frontogenesis near the

geostrophic wind, consistent with the wind speed overestimation (Fig. 3c). The intensi ed frontogenesis is also associated with
a secondary circulation that produces enhanced vertical motion on the warm side of the front (not shown). This ascent can
enhance condensatigmtentialhyresulting in an overestimation of liquid water along the warm front (B, which-weould
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Figure 4. Biases for the strong heating group: (a) total column water vapour, (b) total column ice water, (c) total column liquid water, (d)
kinematic frontogenesis, (e) along-motion water vapour ux, and (f) cross-motion water vapour ux.
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Compared with the strong heating group, the weak heating group exhibits a much weaker bias of TCWV, mainly around the
centre (approximately 1%) as well as on the left side of the high TCWV lament (Fig. 5a). Accordingly, moisture transport
also shows only very weak biases near the centre (Fig. 5e,f). The biases are smaller and exhibit a more symmetric distribution

of posmve and negative bias compared with the strong heatlng group (compare Fig. 4e,fand F@m%ha&hesebiases

Both TCIW and TCLW composites also dlsplay notably smaller negative biases in the respective hlgh-value rety¥ons (
Fig. 5b,c). The smaller biases for both liquid and frozen water for the weak heating group is likely also related to the lower
moisture availability at higher latitudes, also resulting in the reduced diabatic heating.

Consistent with the biases above, the bias in kinematic frontogenesis is also much smaller compared to the strong heating
group (Fig. 5d). This primarily re ects the weaker baroclinicity and frontogenetic intensity of these higher-latitude cyclones.
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