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Abstract
We investigate temperature tendency mechanisms operating over northern
Africa following midlatitude upper-level winter troughs. A case study sequence
reveals how Iberia and Central Mediterranean troughs perturb the prevailing
cold advection of the Harmattan winds, leading to a several-day warming event
over northeastern Africa, especially marked over the eastern Sahel (ESL). Data
used includes a reanalysis product that attributes three-hour temperature ten-
dency to specific mechanisms. Focused over Days 3–5 (Day 0 is the strong Iberia
trough), ESL experiences strong anomalous low-level warming due to dynam-
ics, attributable to anomalous meridional advection, with partial damping by
turbulence, leaving a net low-level tendency of about +1◦C/day. However, these
tendency features are confined to the lowest layers; by 700 hPa, they are absent.
Net tendency behaves differently, and remains positive up to near 650 hPa, where
the boundary layer anomalously rises to in the afternoon, allowing turbulence
to share some of the anomalous warm advection to these levels. In this winter
case study, there is no evidence of any other substantial forcing or feedback (e.g.,
from atmospheric moisture radiation, surface latent heating, surface solar radi-
ation), therefore we propose that over ESL, the land-surface—boundary-layer
system adjusts towards a new equilibrium, driven by the several-day reduced
cold advection from near-surface to about 850 hPa. The trough sequence induces
a continental-scale cold front, that approaches ESL with distinct advection prop-
erties; however, on average, extended warming in ESL events is attributed to
advection by the climatological meridional wind operating on the anomalous
temperature gradient. During build-up (e.g. Day 0), anomalous descent over ESL
contributes a modest adiabatic compression warming tendency at low levels. In
contrast, averaged over Days 3–5, there is modest anomalous ascent, one aspect
of the boundary-layer characteristics during the reduced cold advection that are
explored. Generalization of highlighted processes now requires more cases.
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1 INTRODUCTION

There is a clear need to better understand the causes of
the observed low-level synoptic timescale temperature
variability generally within the climate system, and in par-
ticular, in vulnerable locations like northern Africa. Such
advances will enable better characterization of heat (e.g.,
Fontaine et al., 2013; Hu et al., 2019; Ragatoa et al., 2024)
and cold waves (Vizy & Cook, 2014) to improve numerical
and statistical weather forecasts (e.g., Rasheeda Satheesh
et al., 2025) and to improve incorporation of the features
in models for climate projection (e.g., Cook & Vizy, 2015,
2024).

In this study, we focus on a particular type of tem-
perature variation in winter over northern Africa that is
known to be associated with, and persist after, the pres-
ence of midlatitude winter troughs to the north (Knippertz
& Fink, 2008; Taylor et al., 2018, hereafter, T18; Ward
et al., 2023, hereafter, W23). We consider this a useful
entry point to the causes of large temperature variation
over several days in this region at this time of year. In addi-
tion, the analysis contributes further understanding to the
operation of this mode of winter weather variation, that
also includes equatorial rainfall to the south, and taken
together, forms an important regional seasonal climate
fluctuation (Knippertz & Fink, 2008; Ward et al., 2021,
hereafter, W21).

A particular emphasis is the eastern Sahel (ESL,
approximately 9–15◦ N, 24–34◦ E), which is very dry with
desiccated soils at this time of year, and where the tempera-
ture fluctuation following upper-level troughs is especially
strong and persistent at these low latitudes. While the
warmest temperatures in this region are climatologically
found a little later in the annual cycle in spring, the temper-
ature variability in winter is still relevant to human activity,
both anomalies of cold and heat, and especially in late
winter, temperatures can climb to heat-stress levels. For
example, in early February 2018, daytime maximum tem-
peratures reached over 40◦C at Khartoum, while in March
2024 several consecutive days of maximum temperatures
above 40◦C were experienced across ESL with significant
impacts (NASA, 2024). Furthermore, winter warm spells
in this region are considered physical drivers of unusually
heavy rainfall events to the south over northern Congo
(T18; W21), so better representation of ESL temperature in
models can also be expected to lead to improved rainfall in
weather forecasts and climate projections over the Congo
(Andrews et al., 2024; Cook et al., 2020; Hart et al., 2019).

This paper analyses a case study event (in February
2018) that follows the sequence identified in W21, with
a strong upper-level trough first over Iberia, that transi-
tions over 2–3 days to the Central Mediterranean, leading
to large-scale spatially-evolving low-level warming across

northeastern Africa (approximately 5–35◦ N, 5–35◦ E),
particularly strong over the subsequent few days extending
deeply into the tropics and especially ESL. The research
addresses the physical and dynamical processes that give
rise to the temperature tendencies across northern Africa
during these days. In other words, we focus on the mech-
anism of warming (and cooling) once the large-scale
circulation anomaly is in place.

In addition to ERA5 (Hersbach et al., 2020), the paper
draws on an enhanced ECMWF product for the recent
period 2018–2020 (referred to as Year of Polar Prediction,
YOPP, Bauer et al., 2020), in which each 3-hour temper-
ature tendency at each grid location is broken out into
six process components, the most useful here being ten-
dency due to dynamics, turbulent diffusion and radiation.
Each of these could potentially have a strong role to play.
In some northern Africa spring heat waves, a key role
for radiation is proposed due to increased moisture lead-
ing to a night-time water vapour greenhouse effect (e.g.,
Largeron et al., 2020; Oueslati et al., 2017), although cases
in moist monsoon flow are in contrast to the arid case here.
In a composite analysis of heatwaves in central northern
Africa (7–15◦ N, 15–30◦ E) conducted across all seasons,
Hu et al. (2019) argued for an important role for an aspect
of dynamical process, namely horizontal low-level advec-
tion, with the full wind (mainly northerly) operating on
the anomalous meridional temperature gradient. While
their analysis made that conclusion through subjective
visualization of wind and temperature composite maps,
here we make a more objective calculation. In fact, the
YOPP dynamics term is contributed to by both horizontal
advection, and by the impact on temperature tendency by
vertical motion (compression). We therefore separate the
dynamics term into those two components. In addition,
using ERA5 (1982–2020), we make a separate cross-check
validation of the horizontal advection at 850 hPa, and
then formally separate that horizontal advection into its
mean and anomaly components, thereby providing objec-
tive assessment to compare with the conclusions of Hu
et al. (2019). The focus is on the low-level warming. How-
ever, it is recognized that in such semi-arid climate settings
as the Sahel, the boundary layer undergoes a very marked
diurnal cycle, and can rise to near 600 hPa at the peak
of afternoon heating (e.g., Garcia-Carreras et al., 2015).
Therefore, in the detailed ESL analysis, focused interest
extends up to these levels.

Section 2 describes the data used, methods applied, and
the selection of the case study, establishing its large-scale
and local presence with observations from satellite images
and ESL station observations. Section 3 starts by giving a
large-scale perspective following W21 (drawing on ERA5).
The section then transitions to the use of YOPP data (here,
day-mean fields of standard variables), delivering insights
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into the lower and upper boundary layer over northeastern
Africa that assist interpretation of the dynamics
temperature tendencies presented in subsequent sections.
Section 4 presents a continent-scale perspective on the
contribution of key tendency processes during the case
study in the lower boundary layer. Section 5 provides a
detailed assessment of the warming that occurs over the
ESL, including the vertical profile of the tendency terms,
and relating findings below 650 hPa to the diurnal cycle of
the boundary layer. The functioning of near-surface and
surface conditions is also considered for evidence of possi-
ble land-surface feedback. Section 6 highlights aspects that
may bring nuance to this particular case study, including
the role of different anomaly advection terms, potentially
influenced by the approach of a cold front from the north,
and conditions to the south of ESL, including storms that
develop on Day 3; therefore, Section 6 introduces some
secondary departures from the general evolution of the
case study. Section 7 summarises conclusions.

2 DATA, METHODS AND CASE
STUDY SELECTION

2.1 YOPP data

The YOPP dataset (Bauer et al., 2020; Jung et al., 2025) of
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) contains forecasts from the operational
ECMWF integrated forecast system (IFS) model, initial-
ized at 0 UTC each day in the period July 2017–October
2020, and available with temperature tendency attributed
to physical processes at 3 hourly intervals for the first
48 h of the forecast (t + 0 to t + 48). The data are therefore
well-suited for the purpose of this paper, to understand
the development of low-level temperature anomalies over
northern Africa.

The 3-hourly data for temperature tendency and other
selected variables have been downloaded on the same
grid used in T18 and W21 (0.75◦x 0.75◦). The model con-
tains 91 levels, and for the longitudes of ESL, data are
accessed for all levels 91–71 (the lowest level to about
650 hPa) and then every third level to 47 (about 180 hPa).
For large-scale analysis at continental scale, a smaller set
of key model levels were selected. Most results presented
use the model level data. The exact pressure level that
each model level corresponds to varies slightly according
to surface pressure, and this has been accounted for in
all calculations (following Bauer et al., 2020). Addition-
ally, pressure-level (served for a few interpolated levels
only), surface and special case variables were accessed
as needed, the latter including boundary-layer height
(BLH, meters). We have used the hypsometric relation

(see Supporting Equations S1) to translate this to its
corresponding pressure height coordinate (hPa) to locate
the BLH on plots using pressure as height variable.

The target case study is in February 2018, but data
were downloaded for all YOPP Februaries, i.e., 2018, 2019
and 2020 (85 days). Drawing on these days to form an
85-day climatology was valuable to get a better perspective
of the anomalous conditions in February 2018 (see also
Section 2.3, Figure S1). Where results are presented in
anomaly format, the following procedure is applied to each
grid-box: the anomaly of variable 𝜑 at forecast hour t + h
in forecast run initialized at 0 UTC on day d is calculated:

𝜑′(d)t+h = 𝜑(d)t+h − 𝜑t+h, (1)

where 𝜑t+h is the time-mean value of variable 𝜑 at forecast
hour t + h (h= 0 for initial conditions), with the time-mean
calculated over all 85 forecasts. This leaves a small annual
cycle component running through February, but this does
not substantially impact results because the day-to-day
anomalies focused upon are much larger. If the variable
𝜑 is a temperature tendency, then Equation 1 is applied
with the additional referencing of t + h1 and t + h2, where
tendency is calculated from forecast hour h1 to hour h2.

In considering the temperature tendency data, it is
helpful to have in mind the Eulerian form of the ther-
modynamic temperature tendency equation, which can be
written (Carlson, 1994):

𝜕T
𝜕t

= −V ⋅ ∇p T + 𝜔

(
RdT
cpp

− 𝜕T
𝜕p

)
+

Q̇nd

cp

Term 1 Term 2 Term 3
(2)

where 𝜕T
𝜕t

is the local temperature tendency (K/s),
−V ⋅ ∇p T is the horizontal advection of temperature (T)
by vector wind (V) on a constant pressure surface, 𝜔 is
the vertical motion (Pa/s), p is pressure, Rd and cp are
constants (gas constant for dry air and specific heat at con-
stant pressure) and Q̇nd is total diabatic heating rate. The
summation of Term 1 and Term 2 may be considered the
tendency attributed to dynamics as served in the YOPP
data (Dyna), while Term 3 encompasses the other five
contributions served as temperature tendencies, namely
Radiation (Radi), Turbulent Diffusion (Turb), Convection
(Conv), Cloud Scheme (Clou), and parameterized sub-grid
orography effects (Bauer et al., 2020; Jung et al., 2025).
The tendency attributed to each of the six contributions
is accumulated through the model forecast integration.
Thus, the tendency over (h1= 0, h2= 3) for Dyna is the
local change in temperature (K) attributed to dynamics
from t + 0 (initialization) to t + 3.

While the motivation for YOPP was polar prediction,
Bauer et al. (2020) note that, since the ECMWF data are
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from the global IFS, they may be studied in any region
of the world. One caveat is that the model was subject to
regular operational enhancement once each year during
YOPP (covering model cycles 43r3, 45r1, 46r1). These
system changes could potentially impact the February
2018–2020 mean values, in turn impacting the calculated
YOPP anomalies (Equation 1); therefore results have been
checked using the YOPP February 2018 base period and
using ERA5 reanalysis. The anomalies that we empha-
size stand out clearly regardless of these dataset and base
period changes.

2.2 ERA5 reanalysis data and trough
index calculation

Use is made of ERA5 to identify the case study, and also to
support interpretation of the YOPP data. Daily mean fields
of ERA5 (Hersbach et al., 2020, 2023) were downloaded at
0.75◦ × 0.75◦ resolution over 1982–2020 (W21). ERA5 uses
the same version of IFS throughout (based on 41r2), to
increase homogeneity over time. Daily anomalies (using
1982–2016 base period) were calculated for each grid loca-
tion, using a 31-day running mean climatology (W21). To
identify strong trough days at a target longitude, a trough
parameter (TP) index was calculated with averages over
35–45◦ N:

TP =
(

Z1+Z3

2

)
− Z2 (3)

where Z2 is the average geopotential height anomaly at
200 hPa (Z200) for a 10◦ longitude zone centred on the
target trough longitude, and Z1 and Z3 are average Z200
anomalies for the 12.5◦ zones to the west (Z1) and east (Z3)
of Z2. Large values of TP indicate the presence of a strong
trough; explicitly, it measures the zonal gradient into the
target trough longitude (Knippertz, 2004) and may also
be considered a finite difference measure of the curvature
associated with the trough. Values of TP targeting Iberia
(IB) (Z2 centred at 2.5◦ W) and Central Mediterranean
(CM) (Z2 centred at 12.5◦ E) are used (Figure 1a).

2.3 Case study selection and its
presence in non-ERA5 products

Although W21 found that IB and CM troughs (Figure 1a)
could independently excite warming over northeast-
ern Africa, the largest warming signal occurred with a
sequence of strong IB trough, followed by strong CM
trough about 2–3 days later. This heralded warming that
spread southeastward to deliver particularly strong and
persistent low-level warming in ESL. In W21, the 850-hPa
temperature (T850) index for the ESL domain (Figure 1a)

IB CM

NEC

Z2 Z2

ESL

KH

0

10

20

30

40

50

−20 −10 0 10 20 30 40 50

Elevation (m)

<200

200
to

400

400
to

700

700
to

1000

1000
to

1400

1400
to

2000 >2000

(a)

0 1 2 3 4 5 6 7

24

26

28

30

32

34

7 8 9 10 11 12 13 14

Case study day number

Day of Feb 2018

C
el

si
us

Index
ESL: 850
ESL: 925
KH: 925
KH: Obs

(b)

F I G U R E 1 (a) Some key locations used in the study, along
with topographic elevation for reference (as constructed in W23).
Target central longitude (vertical dash lines) for Iberia (IB) and
Central Mediterranean (CM) upper-level trough index calculation,
showing the central zone 2 (Z2) box (Equation 3). Domain for the
eastern Sahel (ESL) temperature indices (termed N45 in W21), and
location of Khartoum (KH) weather station. For reference, the
domain of northeastern Congo (NEC) is also shown. Local time
over ESL longitudes is approximately UTC+ 2 hours. (b) Daily
mean temperature evolution over ESL and Khartoum during the
case study event. For ESL domain, ERA5 850-hPa temperature
(blue), ERA5 925-hPa temperature (red). For Khartoum, station
observations (brown dash line) and an ERA5 925-hPa approximation
for Khartoum, taken to be the average of the 4 closest grid-boxes
15.00–15.75◦ N, 32.25–33.00◦ E (brown solid line). Upper x-axis
denotes the case study day number that is used in the text and other
figures. [Colour figure can be viewed at wileyonlinelibrary.com]

showed strongest temperature signal at these low latitudes
and also showed maximum (positive) correlation with
enhanced convective activity to the south over northeast-
ern Congo (NEC, Figure 1a). Therefore, the case study was
identified based on the sequence of IB and CM troughs
and ESL T850 tendency.

The day of the strong IB trough defines day 0. An
identification procedure sought days in December–March
when IB trough strength was in the top 10 percentile of
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days, followed by strong (10 percentile) CM at Day 2 or
Day 3, and with strong (10 percentile) ESL T850 tendency
measured as the mean anomaly for Days 4–6 (relative to
mean anomaly conditions in the 3 days prior to Day 0). In
the period of YOPP data, Day 0 of 7 February 2018 is the
only day to satisfy these criteria (IB trough Day 0, p= 0.06;
CM trough Day 3, p= 0.05; ESL T850 tendency, p= 0.07;
where p is the percentile in the daily anomaly values over
December–March 1982–2020).

For context, over 1982–2020, a total of 23 winter events
are identified when applying the above strong p< 0.1 cri-
teria. The ESL T850 anomaly reached in the February 2018
event (+6.5◦C) is the highest of those 23 events. Taking the
strongest 20% of CM troughs (following the methodology
in W21 and W23), the peak anomaly of+6.5◦C ranks 18 out
of the 946 strong trough events. The composites of these
events were extensively tested and shown to be highly
statistically significant (W21, W23). Therefore, this case
study can be considered a strong example from composites

that have previously been shown to be highly statistically
significant.

Given the above case selection is based on ERA5 data
alone, it was considered useful to seek independent valida-
tion of the presence of the major event, both its large-scale
northern Africa expression and the local ESL tempera-
ture expression (including longer-term context). For the
local expression, no long weather records that extend into
recent years could be located within the ESL domain, but
Khartoum (KH) is very close to the northeast corner of
ESL (see Figure 1a), and almost complete daily surface
temperature observations, served through WMO Global
Surface Summary of the Day (NOAA, 1999), are available
to analyse for 2011–2020. Encouragingly, both these KH
data and ERA5 ESL indices agree that February 2018 is
the warmest February in the decade (2011–2020) and their
year-to-year variations match very closely (Figure S1).

For the case study days, evolution of the ESL low-level
temperature in ERA5 data shows a steady warming

F I G U R E 2 10 February 2018 (Day 3) at
16 UTC, as seen in large-scale satellite imagery.
(a) MSG-SEVIRI (Spinning Enhanced Visible
and InfraRed Imager), showing clouds
(brown/orange), dust (pink/purple) and
differences in surface emissivity retrieved in
the absence of dust or clouds (light blue/blue).
No substantial dust is interpreted in this field,
and particularly relevant to the case study,
none ahead of the trailing front into
northeastern Africa. (b) Same as (a) but for the
enhanced Meteosat IR/Visible image with
color enhanced 10.8 micron brightness
temperature. On the images, the thin white
lines mark country boundaries, and the red
and orange boxes indicate location of eastern
Sahel (ESL) and northeastern Congo (NEC)
domains respectively. [Colour figure can be
viewed at wileyonlinelibrary.com]
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(Figure 1b), especially from Day 2 to Day 5, with the
very warm conditions continuing (though not growing
further) into Day 6, after which temperatures fall. This
general daily evolution is also seen in the KH observa-
tions (Figure 1b); the KH index does peak slightly later
(Day 6), but this is reproduced in an ERA5 925-hPa index
for a smaller domain centred on KH (Figure 1b). Over-
all, the agreement with KH observations (Figures 1b, S1)
builds confidence in the ERA5 ESL low-level temperature
indices.

A large-scale perspective over northern Africa and
Europe is achieved using products from Meteosat Second
Generation (MSG) Spinning Enhanced Visible and
Infrared Imager (SEVIRI) (see Laing et al., 2017). The
products inspected were: (i) the MSG-dust product, which
is an RGB (Red, Green, Blue) composite from the Infrared
(IR) channels IR8.7, IR10.8 and IR12.0; the product detects
many phenomena, but is specifically designed to detect
dust and has been applied over the Mediterranean/North
Africa (Flaounas et al., 2022); (ii) the widely-used IR
color-enhanced single band 10.8 micron brightness
temperature, revealing clouds and convection. Both
products reveal many of the synoptic features discussed
during the case study, including equatorial convection and
large-scale cloud patterns over northern Africa (illustrated
for Day 3 in Figure 2). The images validate the presence of
a major continental-scale event, and are further referred
to in subsequent sections.

3 LARGE-SCALE SYNOPTIC
SETTING

3.1 Northern Africa and
Mediterranean continent-scale features

3.1.1 Build-up through Day 2

The days prior to Day 0 also experienced strong IB trough
conditions (TP >100, percentile p< 0.07, continuously
back to Day −3, still strongly positive through Day −7).
Thus, the case study represents the end of a sequence
that resembles the composite based on NEC highest rain-
fall days (W21), in which several precursor days display
IB trough conditions, during which a pattern is gradually
established of anomalous cool conditions in northwestern
Africa and warm conditions in northeastern Africa. This
pattern is therefore already in place on Day 0 of the case
study (Figure 3a), with signature confined mostly to the
north of 20◦ N.

A major Mediterranean cyclone developed in this
setting (Varga, 2020, and see Figure S2a, DWD Surface
Analysis). It tracked along the forward edge of the IB
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F I G U R E 3 Large-scale setting for the case study event, based
on ERA5 data. (a) Anomalies for Day 0 (7 February 2018) for
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(contours, m) and vector wind at 850 hPa. (b) Same as (a) but for
Day 3 (10 February 2018). (c) Same as (a) but for Day 6 (13 February
2018). [Colour figure can be viewed at wileyonlinelibrary.com]
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trough, but with the large-scale trough situation remaining
almost stationary through Day 2 (IB TP still 83.2, p< 0.10).

3.1.2 Days 3–6

As the upper-level trough finally propagates eastward,
reaching CM longitudes by Day 3, so another Mediter-
ranean cyclone is spawned, which this time takes a more
eastward track. The cyclonic low-level circulation is cen-
tred near 18◦ E on Day 3 (Figure 3b). We have confirmed
that ERA5 and YOPP match closely in their treatment of
this and the earlier Mediterranean cyclone (Figure S2e–h).
On Day 3, the DWD Surface Analysis (Figure S2b) places
a trailing cold front into North Africa, engaging and now
transitioning southeastward, the large-scale west–east
cold-warm contrast over northern Africa that had been set
up during the persistent IB trough of the previous days.

There is a trailing high-level cloud band across north-
eastern Africa (Figure 2) that also reflects a persistent
strong mid-level moisture plume (see Figure S3a–f) associ-
ated with the earlier persistent IB trough (consistent with
Knippertz & Fink, 2008). The cloud band subsequently
tracks the progression of the cold front (not shown). How-
ever, for this particular event, the mid-level ridge over
Arabia is strongly persistent, and does not allow the mois-
ture plume to penetrate south and east during Days 3–5
(see Figure S3a–c). It is not until the Arabia ridge fully
decays around Days 8–10 that strong positive moisture
anomalies become established over ESL (see Figure S3e,f).

By Day 3, the strongest positive temperature and
southerly wind anomalies are over 20–35◦ E, now
extending from ESL latitudes northward into the
Mediterranean region (Figure 3b). The wind anomalies
established over and to the north of ESL on Day 3, con-
tinue through Days 4–5 over ESL (see Section 4.1), with
further continued warming, making Days 3–5 most rep-
resentative of the event over ESL. The trailing cold front
continues to transition southeastward on these days (e.g.,
Figure S2c,d); the existence of the cold front is likely not
needed for the overall warm event, but nonetheless, it
does add nuance to the evolution (see Section 6.1).

During winter months, Tucker and Pedgley (1977,
hereafter TP77) found almost all cold fronts in the Nile
Valley were originally trailing from a Mediterranean
cyclone with a nearby upper-level trough. However,
warm dusty khamsin weather (Al-Mutairi et al., 2023;
Goudie, 1983; Morales, 1980) was not prevalent in winter
ahead of the front, when any dust activity was behind
the front in enhanced gusty northerly winds. This makes
a role for radiative impacts from dust in the warming
process unlikely, and indeed, for the case study, there is
no dust evident in the satellite dust product on Days 3–5

(illustrated for Day 3, Figure 2a). By Day 6 (Figure 3c) the
low-level advection discontinuity (see TP77), that marks
the remnants of the cold front, approaches ESL. Further-
more, near-surface temperatures over ESL cease to rise
further from Day 5 (Figure 1b), confirming Days 3–5 as
the key ones to understand for the warm event over ESL.

3.2 Days 3–5 low-level features over
northeastern Africa and climatological
context

This section builds context for interpretation of the ten-
dency process results (Sections 4–5). Also, by now using
YOPP day-mean standard fields (Figure 4), it establishes
the YOPP data’s general consistency with the ERA5
day-mean discussion (Section 3.1). In the low-to-mid
boundary layer, climatological wind over northern Africa
is marked by the well-known Harmattan, winds with a
northerly component, generally effecting cold advection,
extending in latitude from the northern Sahara southward
to near the intertropical discontinuity (ITD), and in lon-
gitude from the Atlantic to the Red Sea / Ethiopian High-
lands (see Fink et al., 2017; Lavaysse et al., 2009). These
winds are particularly strong with northerly component
on the eastern side of the continent and especially over ESL
longitudes. They operate on a strong meridional tempera-
ture gradient to effect cold advection (the low-level wind
and temperature climatologies are at Figure 4a,b). This
mean cold advection becomes interrupted from northern
Egypt to the southern border of ESL during the case study
Days 3–5 (Figure 4d,e, fields that are consistent with ERA5,
Figure 3b). Therefore, modified temperature advection is a
prime candidate to account for the temperature tendencies
at these levels.

This situation dramatically contrasts with conditions
at 700 hPa (Figure 4c,f). Climatological wind is weak at
ESL latitudes, with prevailing westerlies extending north-
ward to the Mediterranean, and with near-zero merid-
ional component. Therefore, there is no climatological
cold meridional temperature advection to be perturbed at
this 700-hPa level. Moreover, wind anomalies associated
with the upper-level trough are also very weak at ESL
latitudes (Figure 4f).

4 THE DAY-MEAN LOW-LEVEL
TEMPERATURE TENDENCY FIELDS
OVER NORTHERN AFRICA

This section summarizes the temperature tendency fields
in the low-to-mid boundary layer. After experimentation,
model level 83 (about 890 hPa over ESL) is used to give
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(e) 850−hPa Days 3−5 anomaly
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(f) 700−hPa Days 3−5 anomaly

F I G U R E 4 (a) 925-hPa
vector wind and temperature
averaged over the 85 February
days available in the ECMWF
YOPP 24-hour forecast
archive (i.e., averaged over
February 2018, 2019 and
2020). The southern gray box
marks the NEC domain, while
the gray box to its northeast
marks the ESL domain (see
Figure 1a). (b) Same as (a)
but for 850 hPa. (c) Same as
(a) but for 700 hPa. (d) Same
as (a) but now the mean
anomaly (relative to the
85-day climatology) for Days
3–5 of the case study (i.e.,
10–12 February). (e) Same as
(d) but for 850 hPa. (f) Same
as (d) but for 700 hPa. For
visual clarity, wind vectors are
averaged into 2.25◦ × 2.25◦

boxes (i.e., averaging the 9
constituent 0.75◦ × 0.75◦

boxes). Shaded fields are
masked gray whenever a
grid-box is estimated to be
below the surface based on
the YOPP day-mean surface
pressure values. Similarly,
wind vectors are removed
from the plot if >50% of the
vector’s constituent boxes
were estimated to be below
the surface. Light brown lines
indicate country boundaries.
[Colour figure can be viewed
at wileyonlinelibrary.com]

a representative indication for much of northern Africa
(Section 5 details ESL at all levels). Also, discussion is con-
fined to the terms that determine the bulk of the tendency
during the case study (Dyna, Turb and, to a lesser extent,
Radi).

4.1 Dynamics tendency (Dyna)

The large-scale evolution of low-level anomalous Dyna
during the case study (Figure 5) reveals a northern
Africa continental-scale sequence. For Day 0 (Figure 5a),
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F I G U R E 5 (a) The 24-hour temperature tendency anomaly
at model level 83 attributed to dynamics (shading) for the forecast
initialized at 0 UTC on 7 February 2018, i.e., Day 0 in the case study
sequence. Level 83 represents about 890 hPa over ESL. Also shown
is the 7 February 2018 day-mean low-level vector wind anomaly
(925 hPa) as served in the YOPP data pressure level archive of the
forecasts. Anomalies are relative to the 85-day climatology formed
from model forecasts on each February day, 2018–2020. The
southern gray box marks the NEC domain, while the gray box to its
northeast marks the ESL domain. (b) Same as (a) but for 9 February
2018 (Day 2). (c) Same as (a) but for 10 February 2018 (Day 3). (d)
Same as (a) but for 12 February 2018 (Day 5). (e) Same as (a) but for
13 February 2018 (Day 6). Wind vectors processed as in Figure 4,
except now at 3.75◦ × 3.75◦ resolution. [Colour figure can be viewed
at wileyonlinelibrary.com]

when the near-stationary IB trough prevails, anomalous
warming tendency is found over northeastern Africa,
weaker but nonetheless present down to ESL latitudes. It
is noticeable that low-level horizontal wind anomalies are
near zero at ESL latitudes, suggesting a role for vertical
motion in the slow Dyna warming (see Section 5.5).

Over northwestern Africa during Day 0, anomalous
Dyna cooling generally prevails (Figure 5a), but with some
detail, likely reflecting the Mediterranean cyclone ahead
of the IB trough (see Section 3.1). By Day 2 (Figure 5b) the
dynamics are becoming more organized at the large scale,
with a strong boundary between anomalous Dyna cooling
and Dyna warming extending from close to the Mediter-
ranean coast in northern Libya, southwestward to the
equatorial latitudes of northern Ghana. To the west of that
Dyna cooling/warming boundary, strong northwesterly
low-level wind anomalies are consistent with enhanced
cold advection. In contrast, anomalous Dyna warming and
anomalous southerly wind extends over much of north-
eastern Africa, now with moderate warming extending
southward to ESL.

It is on Day 3 (Figure 5c) that anomalous Dyna warm-
ing over ESL becomes established at its strongest lev-
els, with southerly wind anomalies now extending to
ESL latitudes. This situation continues through Day 5
(Figure 5d). Averaged over Days 3–5, the anomalous Dyna
warming tendency (Figure 6d) clearly represents a strong
reduction of the climatological Dyna cooling over this
region (see Dyna climatology, Figure 6a). Inspection of
Figure 4 suggests the anomalous Dyna warming tendency
(Figure 6d) represents anomalous meridional advection.
However, consistent with Figure 4, these tendency fea-
tures are focused in the lowest levels, and by 700 hPa
(Figure S4d) they are absent.

The anomalous low-level Dyna cooling to the north
(Figure 6d) occurs close to the frontal boundary; inspec-
tion of the northerly wind anomalies suggests horizon-
tal advection (Equation 2, Term 1) may not be sufficient
to explain all the anomalous Dyna cooling, pointing to
a possible role for vertical motion (Equation 2, Term 2)
in this anomalous cooling tendency (as speculated by
TP77 for Nile cold fronts). This interpretation is rein-
forced by the continued existence of Dyna cooling in the
vicinity of the front above 850 hPa (Figure S4d), where
it forms the main Dyna tendency feature at that level in
the region.

During Days 3–5 at low levels (Figure 5c,d), the bound-
ary of anomalous Dyna cooling and warming advances
consistent with the earlier synoptic discussion (Section 3),
and strongly extends to the Arabian Peninsula. The bound-
ary enters ESL at the lowest levels on Day 6 (Figure 5e),
which is marked by much stronger low-level ascent over
ESL than any other case study day (Figure S8).
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(e) Turb Days 3−5 anomaly
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(f) Radi Days 3−5 anomaly

F I G U R E 6 (a) Climatology of the 24-hour dynamic temperature tendency at model level 83 and 925-hPa vector wind, based on the 85
February days available in the YOPP 24-hour forecast archive (i.e., averaged over February 2018, 2019 and 2020). Level 83 represents about
890 hPa over ESL. (b) Same as (a) but for turbulence temperature tendency. (c) Same as (a) but for radiation temperature tendency. (d) Same
as (a) but now the mean anomaly (relative to the 85-day climatology) for Days 3–5 of the case study (i.e., 10–12 February 2018). (e) Same as
(d) but for turbulence temperature tendency. (f) Same as (d) but for radiation temperature tendency. Wind vectors processed as in Figure 4.
[Colour figure can be viewed at wileyonlinelibrary.com]
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4.2 Turbulence tendency (Turb)

Considering similar continent-wide anomaly maps for
Turb (Figure S5a–e) reveals a general first order damping
of the low-level Dyna anomalies by the Turb anomalies.
Climatologically, Turb is warming the lower boundary
layer over the Sahel and Sahara (Figure 6b). During the
warm event, Turb is less effective, and this leads to a
damping of the warm anomaly (Figure 6e). In opposite
sense, where enhanced cold advection anomalies appear
to be operating behind the cold front (Figure 6d, near
15–20◦ N, 0–10◦ E) so the climatological warming ten-
dency of Turb is enhanced to deliver positive anomalies
(Figure 6e). Over northern Egypt across Days 3–5, there are
no Turb anomalies of substance damping the Dyna cool-
ing anomaly (Figure 6d,e), again suggestive of a different
mechanism arrangement close to the front (hypothesized
to involve vertical motion).

4.3 Radiation tendency (Radi)

Ahead of the front, in the warm dry air, Radi generally
operates (Figure S6a–e) to provide a further damping to
the anomalous Dyna warming (Figure 5). The magni-
tudes are about 3 times smaller than Turb (Figure S5),
but the signal is clear over Days 3–5 (Figure 6f), corre-
sponding to an increase in the climatological cooling role
for Radi at this level (Figure 6c). The way the patterns
track the broad-scale moisture (Figure S3) is indicative of
a role for water vapour anomalies perturbing night-time
cooling (detailed for ESL in Section 5.3). Figure S4a–f
(near 700 hPa) provides a summary of the contrasts with
the lower boundary-layer Dyna, Turb and Radi features
(Figure 6a–f); the vertical profile contrasts are discussed in
detail for ESL in the next section.

5 TENDENCY MECHANISMS
OVER ESL: VARIATIONS WITH
HEIGHT

5.1 Days 3–5: Dynamics (Dyna)
and turbulence (Turb)

The ESL anomaly vertical profile of each tendency
term (Figure 7) confirms that for levels up to about
850 hPa, the primary impression from Figure 6d,e pre-
vails, with anomalous Dyna warming, and partial damping
from Turb.

Higher up, between 825 and 650 hPa, the Dyna
anomaly reverses sign (returned to in Section 5.2), while
Turb now contributes anomalous warming that is large

enough to deliver an overall continued net warming to
near 650 hPa (Figure 7). Typically, the BLH reaches about
750 hPa in the afternoon (Figure 8a), however, during
the anomalously warm Days 3–5, the BLH reaches near
650 hPa (Figure 8a), which is the level on Figure 7 that the
anomalous Turb warming reaches.

Therefore, it is proposed that the anomalous Turb
warming is attributed to mixing (feeding on the low-level
warm anomalies) during the afternoon BLH extension into
the 825–650 hPa zone. To support this interpretation, the
afternoon 3-hour tendency profile (Figure 9a) shows very
clearly the anomalous Turb warming 825–650 hPa, and
this is absent or trivial at other times of the day (e.g.,
Figure 9b–d).

Above 650 hPa, tendency anomalies are relatively
small (Figure 7) and not considered indicative of pri-
mary processes that contribute to the low-level warming
on these days. However, there may be repeating signa-
tures occurring during the warm event, to be checked in
future studies, such as the anomalous cooling tendency
near 600 hPa, contributed to by Dyna, Clou, and Radi, and
partly damped by Conv (Figure 7).

5.2 Days 3–5: Dynamics (Dyna) due
to horizontal and vertical motion

To better understand Dyna, it is helpful to separate
it into tendency attributable to horizontal advection
(Equation 2, Term 1, hereafter Dyna(hori)) and verti-
cal motion (Equation 2, Term 2, hereafter Dyna(vert));
the sum of these two terms is the served YOPP Dyna.
Dyna(vert) has been estimated (Equation 2) using finite
difference approximations across the vertical model lev-
els (see Supporting Equations S2). Horizontal winds on
constant pressure surface are not available for the model
levels, but Dyna(hori) can be estimated as the difference
between Dyna(vert) and the YOPP Dyna. To provide a fur-
ther estimate of Dyna(hori) at 850 hPa, a horizontal advec-
tion analysis has been undertaken using 850-hPa ERA5
data (see Supporting Equations S3 and Figure S7a–f).

The ESL climatology (Figure 10a) shows that Dyna
and Dyna(vert) are very similar through the bulk of the
free troposphere (200–800 hPa) suggesting the Dyna(vert)
warming tendency makes the main contribution to the
winter climatology of Dyna at these levels. Below 850 hPa
(Figure 10a), Dyna is very large and negative, while
Dyna(vert) is small (consistent with a well-mixed bound-
ary layer), implying Dyna(hori) contributes the vast major-
ity of the negative Dyna climatological tendency in these
low levels.

Over Days 3–5 in the case study (Figure 10b), the clima-
tological low-level Dyna cooling is dramatically reduced,
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F I G U R E 7 Area-average over ESL for the 24-hour temperature tendency anomaly attributed to each tendency term. The 24-hour
tendency anomaly is averaged for forecasts initialized at 0 UTC on 10 February, 11 February and 12 February 2018. This gives the mean
signature during the strongest days of low-level warming during the case study (Days 3–5). Anomalies are relative to the 85-day climatology
formed from model forecasts on each February day, 2018–2020. The terms plotted are tendencies attributable to dynamics (Dyna), radiation
(Radi), turbulent diffusion (Turb), convection (Conv), and the cloud scheme (Clou). Contribution from the remaining term, sub-grid
orography, is trivially small here, and is dropped from the plot. The summation of all terms (Sum) gives the net 24-hour tendency anomaly
predicted by the model. The circled value highlights model level 83, which is used in plots (e.g., Figure 5) to illustrate the low-level signature.
For context, boundary-layer height information averaged for Days 3–5: Pink horizontal dashed line is the boundary-layer height averaged
over 12 UTC and 15 UTC; light blue dashed horizontal line is the day-mean boundary-layer height. [Colour figure can be viewed at
wileyonlinelibrary.com]

with very large positive tendency anomalies below
875 hPa. These anomalies are attributed to Dyna(hori);
anomalies of Dyna(vert) are five times smaller than
Dyna, and in fact, of mostly opposite sign, therefore act-
ing to modestly damp the driving Dyna(hori). Higher
up, by 850 hPa, Dyna and Dyna(vert) continue to have
opposite sign, but have now become comparable in mag-
nitude (Figure 10b), with Dyna(vert) about −1◦C/day,
and Dyna about +1◦C/day; this implies a Dyna(hori) of
about +2◦C/day at 850 hPa. Encouragingly, this is con-
sistent with the estimate of 850-hPa Dyna(hori) based
on the ERA5 (+2.34◦C/day, brown dot on Figure 10b),

with the meridional advection component dominant
(+3.02◦C/day); indeed there is a small damping by
zonal advection (−0.68◦C/day) (see Figure S7a–f for
maps of ERA5 advection estimates, including zonal and
meridional separation).

Over 800–650 hPa, Dyna and Dyna(vert) are very sim-
ilar (Figure 10b), ranging about −1.2◦C/day near 800 hPa
to −0.3◦C/day at 650 hPa. Therefore, the presence of the
negative Dyna anomalies over these levels on Figure 7 is
attributable to Dyna(vert), related to anomalous ascend-
ing motion that is present from near-surface to 650 hPa
(illustrated for Day 4, Figure S8).
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(b) Radiation 3−hour tendencies for Level 86 (~917 hPa)

F I G U R E 8 (a) Boundary-layer height diurnal cycle averaged
over ESL for the 85-day February climatology (green line) and for
the mean of forecasts for 10 February, 11 February and 12 February
2018 (i.e., Days 3–5 of the case study) (purple line). (b) Same as (a)
but for 3-hour temperature tendency attributable to radiation at
Level 86 (representing about 917 hPa over ESL), climatology (blue
line) and Days 3–5 (red line). Local time over ESL longitudes is
approximately UTC+ 2 hours. [Colour figure can be viewed at
wileyonlinelibrary.com]

For the aims of this paper, the main finding is that
the dominant driving of the low-level warming is hor-
izontal advection. The reasons for the small damping
by anomalous ascending motion are beyond the scope
of this paper. However, an avenue for future research
could assess whether during the warm event (Days 3–5),
boundary-layer conditions move closer to the situation
presented in detail for summer West Africa (Parker
et al., 2005) and southern Africa (Attwood et al., 2024),

in the vicinity of heat lows. In such situations, during
the day, dry convection maintains a warm boundary layer
which has a tendency to ascend on the large scale, how-
ever the convective turbulence also suppresses convergent
winds, therefore limiting the strength of this ascent (e.g.,
Parker et al., 2005). At night, the low-level winds are free to
converge, and large-scale ascent of the residual boundary
layer (Garcia-Carreras et al., 2015; Oke, 1987) may con-
tinue to occur; over time, this leads to adiabatic cooling
and a weakening of the pressure gradients, with Attwood
et al. (2024) showing that vertical motion may persist until
around midnight. Indeed, the anomalous cooling associ-
ated with anomalous ascent over ESL over Days 3–5 at
850–650 hPa occurs most clearly in the late evening into
early overnight hours (see Figure 9b,c). Specific Dyna(vert)
plots (not shown) confirm the 850–650 hPa Dyna anoma-
lies in Figure 9b,c are primarily attributable to Dyna(vert),
as in the day-mean results (Figure 10b).

5.3 Days 3–5: Radiation (Radi)
(not near-surface)

Away from very close to the surface, up to about 825 hPa,
the Radi tendency anomaly is negative (Figure 7) and
therefore represents a further damping on the warm event.
This damping in the large-scale maps appeared to track
ahead of the cold front where the air was anomalously dry
(Section 3), suggesting a reduced night-time greenhouse
effect as a candidate to explain the damping.

In support of that explanation, the negative Radi
anomaly is confined to over-night hours (Figure 8b). It is
possible that other events with a tropical moisture plume
over ESL will show Radi making a positive contribu-
tion. However, the results of this case study here (e.g.,
Figure 8b) confirm that a major warming following mid-
latitude troughs does not require that such a moisture
feedback be engaged.

5.4 Days 3–5: Lowest-levels Radi,
surface variables and diurnal cycle

This section considers the evolution of conditions over
ESL at or very near the surface. First, we address the
surprising absence of positive net tendency anomaly for
the lowest model layer (about 3.5-hPa thick) over the
ESL (Figure 7). This appears attributable to an aspect
of initialization for these extremely warm days. This is
implied because calculating tendencies using the t + 24
to t + 48 time-frame of the forecasts (i.e., h1= 24 and
h2= 48, see Equation 1) and validating on Days 3–5, the
net near-surface tendency problem is no longer present
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(a) t+12 to t+15:  3−hour tendency, Days 3−5 anomaly
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(c) t+21 to t+24:  3−hour tendency, Days 3−5 anomaly
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(b) t+18 to t+21:  3−hour tendency, Days 3−5 anomaly
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(d) t+6 to t+9:  3−hour tendency, Days 3−5 anomaly

F I G U R E 9 Same as Figure 7, but for selected 3-hour tendency windows through the day (and for clarity, here not showing Clou and
Conv tendencies). (a) Tendency anomaly for t+ 12 to t+ 15, (b) Tendency anomaly for t+ 18 to t+ 21, (c) Tendency anomaly for t+ 21 to
t+ 24, (d) Tendency anomaly for t+ 6 to t+ 9. Local time over ESL longitudes is approximately UTC+ 2 hours. For context, boundary-layer
height information averaged over 10–12 February 2018 (Days 3–5): Blue dashed line is the start of the 3-hour period, and pink dotted line is
the end of the 3-hour period; for example, in (a) blue dashed line (pink dotted line) is for 12 UTC (15 UTC). [Colour figure can be viewed at
wileyonlinelibrary.com]

(Figure S9c), with smooth transition of positive tendency
anomalies down to the lowest model level. The tenden-
cies near the surface and indeed through the depth of the
atmosphere validate well with the “observed” tendency
implied by the forecast analyses at 0 UTC (Figure S9d, see
near-surface contrast for h1= 0 and h2= 24, Figure S9a,b).
Furthermore, and most relevant for this paper, the attri-
bution of the warm event to tendency processes is almost
identical regardless of whether we use the first 24 hours
of the forecast (h1= 0 and h2= 24, Figure 7) or the second

24 hours of the forecast (h1= 24 and h2= 48, Figure S9c).
This is considered a strong endorsement of the method-
ology being adopted, and suggests the lowest model layer
issue is not critical for the overall attribution of pro-
cesses. This has been found true for all results presented.
For example, results for the other near-surface and sur-
face features discussed below (Figure 11, based on the
first 24 hours of the forecast) are essentially identical
to results based on the second 24 hours of the forecast
(Figure S10a–e).
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(a) Climatology, dynamics tendency terms
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(b) Days 3−5, dynamics tendency terms, anomalies
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(c) Build−up days, dynamics tendency terms, anomalies

F I G U R E 10 (a) February climatology (85-days, 2018–2020),
averaged over the ESL domain, for (i) the 24-hour temperature
tendency attributed to dynamics as served by YOPP (red line, Full);
(ii) the 24-hour temperature tendency estimated as attributable to
vertical motion in the YOPP forecasts (blue line, Vert); (iii) the
difference between (i) and (ii), interpreted as the 24-hour
temperature tendency attributable to the horizontal temperature
advection (brown line, Hori). The brown dot is the ERA5 estimate
(February 2018–2020) based on 850-hPa horizontal advection
analysis. (b) Same as (a) but for the mean anomaly of the 24-hour
tendency values for Days 3–5 (10–12 February 2018). Hence, these
values are calculated in the same way as for Figure 7, and the red
line here (“Full”) is identical to the magenta line (“Dyna”) in
Figure 7, except the lowest and highest model layer is omitted to
match the “Vert” profile (since Vert requires vertical finite
difference calculations, such that estimates of Vert are not available
for the lowest and highest model layers). (c) Same as (b) but
illustrating conditions in the build-up to Days 3–5, showing 7
February 2018 (Day 0, thick lines and filled brown dot) and mean of
1–7 February (thin lines and open brown dot). [Colour figure can be
viewed at wileyonlinelibrary.com]

The Radi tendency anomaly in the lowest model
layer is positive (Figure 7). This positive tendency
anomaly occurs exclusively in the morning daylight hours
(Figure 11a). These hours also mark key developments
at the surface. This is the time of strongest sensible heat
anomalies warming the surface (Figure 11b), with skin
temperature anomalies (Figure 11c) rising rapidly from 6
to 9 UTC, consistent with the positive anomalies of implied
upward thermal radiation (Figure 11d) that is a candi-
date to drive the positive anomaly in lowest level Radi
(Figure 11a).

This chain of morning developments is preceded by
the build-up of heat overnight at levels just above the
night-time boundary layer, when anomalous warm advec-
tion continues, but with zero or very little Turb anomaly
damping (Figure 9b,c, 925–875 hPa). After sunrise, this
zone of warmth build-up experiences reset by Turb cool-
ing (Figure 9d). While it seems likely this is related to
the strong evolution of surface and near-surface features
over these hours (Figure 11a–d), this will require more
detailed investigation of boundary-layer processes and
may require data at finer temporal resolution than 3 h to
trace the causal developments. Nonetheless, the develop-
ments may be considered part of the land surface moving
towards equilibrium with the prevailing anomalous warm
advection, with strongest anomalous near-surface tenden-
cies during the morning hours (following the overnight
build-up of heat due to the anomalous warm advection
above the nocturnal boundary layer).

Incoming solar radiation is not perturbed through
the warm event (not shown) so anomalous land surface
heating is not present through that mechanism. A fur-
ther potential role for land-surface feedback would be
associated with an anomalously dry land surface, lead-
ing to positive anomalies of latent heat (i.e., less cool-
ing). However, in ESL at this time of year, surface mois-
ture levels are extremely low, such that latent heat flux
and latent heat flux anomalies are an order of magni-
tude smaller than those of sensible heat flux (compare
Figure 11b,e). Therefore, we do not find at this stage evi-
dence for a feedback role of the land surface in this type
of warm event, rather, it appears as a participant in the
land surface—boundary-layer atmosphere system moving
towards equilibrium with the prevailing several days of
anomalous low-level warm advection.

5.5 Build-up through to Day 0:
Dynamics tendency contrasts with Days 3–5

Section 4.1 (Figure 5a) noted modest low-level anoma-
lous Dyna warming on Day 0 over ESL, even though
the low-level wind anomalies were very different from
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(a) Radiation 3−hour tendencies for lowest model level
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(b) Surface sensible heat flux
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(d) Surface upward thermal radiation flux

F I G U R E 11 Same as Figure 8b, but for (a) 3-hour tendency due to radiation at Level 91 (the lowest model layer), (b) Surface sensible
heat flux, (c) Surface skin temperature, (d) Surface upward thermal radiation flux, (e) Surface latent heat flux. Note all values plotted are
actual values, so the anomaly is the difference from the blue line, and the anomaly tendency is the rate at which the anomaly changes through
the day (hence the negative anomaly tendency of skin temperature in the afternoon into early evening, essentially temperature cooling down
faster than normal). Local time over ESL longitudes is approximately UTC+ 2 hours. [Colour figure can be viewed at wileyonlinelibrary.com]
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those on Days 3–5. Applying the Dyna separation proce-
dure to Day 0 fields (Figure 10c, thick lines), Dyna(vert)
and Dyna(hori) both contribute about +1◦C/day from
near-surface levels to 875 hPa. Therefore, here Dyna(vert)
contributes half of the warming, in contrast to Day 3–5,
when it damps the warming.

Above 875 hPa, Dyna(hori) becomes weakly nega-
tive, a switch supported by the ERA5 Dyna(hori) esti-
mate (Figure 10c). However, more notably above 875 hPa,
Dyna(vert) continues to contribute positive tendency
anomaly of typically +0.5 to +2◦C/day through 500 hPa
(Figure 10c) and in fact, up to 200 hPa (not shown),
implying amplification of the climatological Dyna(vert)
warming signature (Figure 10a). The Dyna(vert) anoma-
lous warming signature is consistent with Day 0 anoma-
lous descent (Figure S8). Anomalous low-level winds
(Figure 5a) are near-zero over ESL, while southeasterly
anomalies are established just to the north, delivering
a generally divergent pattern over ESL consistent with
anomalous descent, while at upper-levels, the anomalous
descent driving Dyna(vert) is occurring in the presence
of the downstream upper-level ridge extending southward
towards ESL (Figure 3a).

The profiles for Day 0 (Figure 10c) contrast greatly with
Days 3–5 (Figure 10b), revealing a very different Dyna sig-
nature on the IB trough day. Indeed, as noted in Section 3,
strong IB trough conditions generally prevailed through
1–7 February, and the mean over these days (Figure 10c,
thin lines) reproduces much of the 7 February (Day 0) sig-
nature, especially Dyna(vert) anomalous warming. Condi-
tions on Days 1–2 (not shown) over ESL display transition
from the profiles in Figure 10b,c.

6 SOME INTRA-EVENT
SPECIFICS DURING THE CASE
STUDY

6.1 Horizontal advection terms over
ESL

Section 5 found that for the key Days 3–5, the primary con-
tributor to the ESL warm event was anomalous low-level
meridional temperature advection. This is consistent with
Hu et al. (2019) where it was proposed through inspection
of temperature and wind fields that the temperature advec-
tion anomaly resulted primarily through the full wind
(mainly northerly) operating on the anomalous merid-
ional temperature gradient, especially in the mature phase
of the warm events they analyzed. This can be explored
in more detail by breaking out the meridional advection,
following standard procedure, into its climatological and
anomalous components (see Supporting Equations S3).
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(a) ERA5 Case Study
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(b) ERA5 composite

F I G U R E 12 ERA5 850-hPa meridional temperature
advection (estimated from ERA5 day-mean 850-hPa fields) averaged
over the ESL domain. (a) Meridional temperature advection
anomalies during the case study. Full meridional term (Merid), and
meridional terms Merid1, Merid2 and Merid3) (as described in the
text and Equation S3b). The average is made applying the orography
mask as shown on Figure S7 (gray shading) and values are rescaled
to be for the anomaly relative to the 85-day mean based on February
2018–2020 (for comparison with YOPP results). (b) Same as (a) but
for the mean composite anomaly for the 20% of strongest winter
Central Mediterranean upper-level troughs (applying the
methodology as in W21, therefore compositing a total of 946
troughs). Lag 0 is the advection composite averaged on the same
day as the strong troughs, and Lags 1–5 shows the advection
observed in the Days 1–5 following the day of strong trough. For the
case study, 10 February is the day of strong Central Mediterranean
trough, therefore for reference, Lag 0 on (b) may be compared with
10 February on (a), Lag 1 on (b) compared with 11 February on (a),
etc. [Colour figure can be viewed at wileyonlinelibrary.com]

Over ESL, the full meridional advection during Days
3–5 (i.e., 10–12 February, see Figure 12a, Merid) is con-
tributed to almost equally by the mean wind operating
on the anomalous temperature gradient (Merid1) and the
anomalous wind operating on the mean temperature gra-
dient (Merid2). Based on Hu et al. (2019) we anticipated
that Merid1 would grow to dominate as the event devel-
oped, but that does not happen here during Days 3–5.
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Furthermore, by Day 4, and especially Day 5 (12 February)
the anomalous wind operating on the anomalous temper-
ature gradient (Merid3) serves as a strong damping on the
event.

We suspected this evolution may be atypical, and
to check this, undertook an analysis of the advection
evolution following all strong CM troughs (top 20 per-
centile) during winters 1982–2020, applying the composite
methodology in W21. Now (Figure 12b), the evolution
supports the hypothesis of Hu et al. (2019), with Merid1
becoming the leading term 1 day after the CM trough
(equivalent to Day 4, i.e., 11 February in the case study
sequence) and indeed, Merid1 dominates onwards. The
Merid3 term has a damping sense as in the case study, but
very much weaker.

We hypothesize that the atypical behavior of the terms
in the case study (Figure 12a) results partly from the
approaching cold front, impacting the timing and detailed
nature of the wind anomalies. Indeed, north of ESL, winds
can briefly become weak actual southerlies as the front
approaches, but without a long track of actual souther-
lies from the deep tropics. However, in addition to the
approaching cold front, conditions to the south of ESL
(Section 6.2) may also be influencing the atypical term
behavior over ESL itself. Such details require further inves-
tigation in other ESL warm event settings. Nonetheless, a
key conclusion here is that, averaged over all CM troughs,
we do see the process proposed by Hu et al. (2019) oper-
ating to extend the longevity of the ESL warm event, here
objectively calculated as term Merid1.

6.2 Conditions to the south of ESL

Over ESL, there is a general transition from anomalous
descent in the case study build-up, to anomalous ascent
up to 650 hPa (averaged over Days 3–5) associated with
anomalous Dyna(vert) cooling (Figure 10b). However, Day
3 is unique in its anomalous vertical motion signature,
pausing the transition and actually displaying moderate
anomalous low-level descent (Figures 13a and S8). A can-
didate to explain this pause in transition are the Day 3
anomalies just to the south of ESL (Figure 13a,b), extend-
ing southward into NEC where strong convective storms
develop (Figure 2). Indeed, anomalous low-level warmth
over ESL enhances the chances of such storm development
(T18, W21), even though they are climatologically rela-
tively rare in February, when rainfall is typically confined
south of NEC. It turns out that for the case study sequence,
this is the only day of strong NEC storms.

The composite low-level circulation associated with
NEC high rain days at this time of year (W21) and in the
event here (Figure 13a) shows anomalous southwesterly
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F I G U R E 13 (a) Day 3 (10 February 2018) YOPP day-mean
forecast fields for anomalous vertical motion at model level 80
(approximately 850 hPa over ESL) along with anomalous 850-hPa
wind. (b) Same as (a) but for model level 50 (approximately 210 hPa
over ESL) and anomalous 200-hPa wind. (c) Same as (a) but for Day
5 (12 February 2018) actual 850-hPa fields of temperature and wind.
Gray masking and wind vectors removed for areas below the surface
(same procedures as Figure 4). [Colour figure can be viewed at
wileyonlinelibrary.com]
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extending through NEC, continuing and converging into a
zone just south of ESL, interpreted to represent an anoma-
lously northward migration of the ITD/heat low (HL)
complex (Fink et al., 2011; W23), and showing on the satel-
lite images over these latitudes with partially developed
convection clouds (Figure 2). The major storms are fur-
ther south (Figure 2), with vertical motion penetrating to
upper levels (Figure 13b). Therefore, an avenue for future
research is to consider whether the proximity to ESL of the
NEC storms in conjunction with the even closer ITD/HL
and strong anomalous rising motion through the boundary
layer (Figure 13a) can systematically induce anomalous
descent over ESL and the accompanying warming con-
tribution from adiabatic compression. Nonetheless, such
contribution during the case study is secondary in nature,
and of much smaller magnitude compared to that from
horizontal advection (Figure 10b).

The presence of strong anomalous low-level southerly
wind anomalies near and north of ESL during Days 3–5
(Figures 4d,e, 13a) poses the question of whether low-level
winds actually turn southerly and tap into air to the south
of ESL from the deep tropics. In fact, over ESL, winds
remain northerly throughout the case study Days 0–4, and
only on Day 5, is there actual southerly flow that penetrates
into southern parts of ESL (Figure 13c). By this time, the
latitude of warmest low-level temperatures at these longi-
tudes has migrated north to reside over ESL (Figure 13c),
so it is considered that the collapse of northerly cold
advection has been sufficient to allow this migration. This
interpretation is supported by consulting the HL latitude
calculations of W23 which, averaged over ESL longitudes,
suggests HL migration from 6.4◦ N on Day 0 to 11.0◦ N
on Day 5. On Day 5, the southerly flow entering southern
parts of ESL is part of a strong push of southeasterlies from
East Africa (Figure 13c) including through the Turkana
Channel (Talib et al., 2023). Because the temperature max-
imum is now located over ESL, these winds cannot rep-
resent actual warm advection, however they can continue
the anomalous warm advection and also can be expected
to herald a change in weather type, representing a further
research avenue to assess the details and frequency of this
transition during ESL warm events.

7 CONCLUDING DISCUSSION

A better understanding of the low-level northern Africa
temperature changes following midlatitude winter
troughs has been sought through focus on the tempera-
ture tendency mechanisms that operate. A case study was
undertaken, containing the transition from a strong Iberia
(IB) trough (Day 0) to strong Central Mediterranean (CM)
trough (Day 3). The case study was selected as a strong

example of the repeating sequences composited in previ-
ous papers (W21, W23). While the case study has many
features that suggest it is representative, it is important to
caveat that the mechanisms identified now require verifi-
cation across other events to appreciate the extent of their
general applicability, and the details for ESL, need to be
checked in other sub-regions.

At the regional scale, the low-level temperature ten-
dency during this case study is primarily attributed to
dynamics (Dyna), with the next most important tendency
term being turbulent diffusion (Turb), that acts to partially
damp Dyna. The strong IB trough initiates anomalous
Dyna warming over central northern Africa that weakly
extends to eastern parts, while anomalous Dyna cooling
prevails near and behind the trough. When the IB trough
transitions to CM trough, warm anomalies grow over the
subsequent days over northeastern Africa. Days 3–5 mark
the most pronounced extension of the warming southward
into the eastern Sahel (ESL). For this case study, moisture
anomalies are generally negative in the areas impacted by
anomalous Dyna warming, such that anomalous radiation
tendency in the boundary layer is generally negative (away
from the surface) and therefore also acts as a damping
agent, though with much less magnitude than Turb.

At this time of year, over ESL and much of north-
ern Africa, the low-level Harmattan northerly is delivering
cold advection. The wind anomalies associated with the
CM trough (and more weakly, with the IB trough) dial
down the northerly over northeastern Africa, leading to
reduced cold advection. Anomalous low-level southerly
winds prevail, but these do not represent actual southerly
winds tapping into air from the deep tropics; rather the
collapse of northerly cold advection is sufficient to lead
to the substantial warming over northeastern Africa that
in the case study even migrates the latitude of maximum
low-level temperature northward into ESL. It is proposed
that this specific weather sequence phenomenon, capable
of delivering rapid swings of warming (and cooling), moti-
vates more detailed human health impact perspectives.

The anomalous Dyna process is confined to low levels;
over ESL to below 800 hPa. Above this level, climatological
winds become light over ESL, quickly becoming predom-
inantly westerly to the north, with very weak meridional
component by 700 hPa over the broad northeastern Africa
region, both in the climatology and in the anomalies for
Days 3–5; hence there is no opportunity for meridional
temperature advection anomalies.

During Days 3–5 over ESL, the afternoon BLH rises to
near 650 hPa for several hours, when Turb shares some
of the low-level anomalous warming from advection into
the 800–650 hPa zone. This results in the net tendency
anomaly remaining positive to near 650 hPa, though with
diminishing magnitude.
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Over ESL, Dyna has been separated into its contribu-
tions from horizontal motion (Dyna(hori), i.e., horizon-
tal advection) and vertical motion (Dyna(vert)). During
the core of the warm event over ESL (Days 3–5), gener-
ally anomalous rising motion occurs up to 650 hPa, and
Dyna(vert) contributes a negative temperature tendency
anomaly. From near-surface to 800 hPa, this represents a
small damping on the anomalous Dyna(hori) warming.
However, from 800 to 650 hPa, Dyna(vert) is the main
Dyna tendency, and delivers a moderate damping to the
Turb warming at these levels. Further work is needed to
confirm if this is indicative of the boundary layer mov-
ing closer to the type identified in Parker et al. (2005) and
Attwood et al. (2024) in the vicinity of summer West and
southern Africa heat lows.

The land surface warms, but there is no suggestion of
any anomalous source other than the anomalous warm
advection in the lower boundary layer. The warming
becomes shared with the land surface through interaction
of the diurnal cycle with the anomalous warm advection,
leading to the land surface warming especially fast in the
morning hours. However, there is no evidence of any pos-
itive feedbacks, such as surface latent heating. A caveat
concerns the use of model fields, and especially for the sur-
face aspects, further validation using observations (beyond
the surface temperature reported here for KH) will add
further confidence to the interpretations. Nonetheless, the
initial conditions of the YOPP forecasts draw on a variety
of observational sources, and through this, the first hours
of the forecasts are observationally constrained. A further
aspect that builds confidence in the results is their consis-
tency whether t + 0 to t + 24 or t + 24 to t + 48 segments of
the forecasts are drawn upon.

Ahead of the case study days, there is a persistent
strong IB trough (a feature also seen in W21). On these
days, anomalous descent is generally found through the
depth of the ESL troposphere, and Dyna(vert) contributes
to a slow low-level warming tendency (Figure 10c). This
motivates further investigation, including to assess if a
strong persistent IB trough situation could amplify the
impact of the subsequent CM trough on ESL. It is also
found that NEC storms, which are more likely in the pres-
ence of ESL warmth (T18), are associated in the case study
with distinct circulation signature over ESL. Also needing
further consideration, is a possible role for intraseasonal
tropical atmospheric modes (Guigma et al., 2021) in mod-
ulating the receptiveness of the Sahel to the winter trough
impacts.

Based on previous work (Hu et al., 2019) it was antic-
ipated that the longevity of the warm event over ESL
might be attributed to the strong climatological norther-
lies operating on the anomalous temperature gradient
(Merid1, Supporting Equations S3b). A composite over

all strong CM troughs does confirm this expectation
(Figure 12b). However, for the case study Days 3–5, anoma-
lous wind operating on climatological temperature gradi-
ent (Merid2) continues to be equally important, possibly
related to the approaching cold front. Therefore, the case
study has not had opportunity to study in detail days
when the warm event is uniquely extended by Merid1.
In such situations when circulation anomalies become
weak, the way in which the anomalous temperature gra-
dient is maintained, with a possible role for land surface
persistence, needs to be considered.

Other examples of cold front engagement need to
be studied to draw general conclusions on frequency of
occurrence and typical impacts within the trough-induced
warm event. Similar frontal activity has been noted in
other sub-tropical semi-arid settings as well (e.g., Berry
& Reeder, 2016). Substantial advances in Mediterranean
cyclone knowledge in recent years (Flaounas et al., 2022;
Hatzaki et al., 2023; Lionello et al., 2016) have mostly
focused on the Mediterranean and impacts northwards;
results here motivate extension to situations where a cold
front develops and trails into northern Africa. Indeed,
more generally, how the tropical circulation anomalies
are excited by the midlatitude troughs warrants further
investigation, and will likely involve recourse to Rossby
wave propagation and type (e.g., De Vries et al., 2024;
Knippertz, 2007).

In summary, the case study has highlighted multi-
scale processes leading to weather anomalies at regional
and sub-regional scales. Regional-scale upper-level win-
ter troughs (Figure 3a,b), that likely relate to Rossby
waves on the nearby midlatitude and subtropical waveg-
uides (e.g., Röthlisberger et al., 2016; Knippertz, 2007;
W23), develop expression in low-level wind and tem-
perature anomaly fields over northern Africa reaching
southward to near 5–10◦ N (Figures 3b,c, 4d,e). The key
temperature driver is Dyna, mainly horizontal advection,
in the low-to-mid boundary layer (Figures 5b–d, 10b),
with widespread warming resulting over northeastern
Africa (with similarities to Hu et al., 2019). Focusing at
the sub-regional scale on ESL, the boundary-layer diur-
nal cycle is perturbed in the presence of the reduced
cold advection. Boundary-layer height is much above nor-
mal in the afternoon hours (Figure 8a), and anomalous
turbulent warming in the upper boundary-layer devel-
ops (Figures 7, 9a), drawing on the anomalously warm
lower levels. The early hours of the day after sunrise
is when near-surface warming tendency is most anoma-
lous (Figures 9d, 11a,c), when accumulated overnight
warm advection anomalies (Figure 9c) appear to be now
shared towards the surface, and morning surface features
become strongly perturbed (Figure 11a–d). By Day 5 of
the case study, the latitude of maximum low-level heat
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has migrated northward into ESL (Figure 13c), consis-
tent with the anomalous boundary-layer characteristics
(Fink et al., 2011; Parker et al., 2005). Further multiscale
developments occur because the presence of the troughs
can spawn Mediterranean cyclones (Figures 3a,b, S2e–h)
which may (TP77), and indeed in this case did, develop
a trailing cold front (Figures 3b,c, S2b–d) that brings
smaller-scale focus to the resulting cold and warm advec-
tion anomalies, as well possible vertical motion cooling
impacts, over northeastern Africa (Figures 5c–e, 6d, S4d).

To assess the extent to which ESL results are more
widely applicable, the analyses now need repeating across
other northern Africa domains and in association with
winter troughs through the full eastern Atlantic—East
Mediterranean belt that have all been shown to trigger sev-
eral days of low-level warming extending to deep tropical
latitudes (Knippertz & Fink, 2008; W23). This case study
did not have a strong moisture plume or dust activity in the
area of anomalous warm advection, both of which could
potentially provide a feedback on the warming. In fact, as
TP77 suggested, dust would be more likely in the pres-
ence of enhanced northerly cold advection at this time of
year, with the anomalous warm advection typically asso-
ciated with weakening of wind magnitude and therefore
less chance of dust generation. In contrast, fronts in the
transition seasons over northeastern Africa are often asso-
ciated with desert cyclones (khamsin cyclones) and the
khamsin weather type ahead of the associated front, with
strong warm southerly winds that often entrain dust (e.g.,
TP77; Morales, 1980; Goudie, 1983; Al-Mutairi et al., 2023).
This motivates consideration of the representation of dust
in more detail in models like the IFS. However, in the
absence of such features operating here, this case study has
therefore illustrated how the driver of low-level horizon-
tal advection anomalies has been able to generate a major
low-level warm event, that extends into the surface and
higher up to the afternoon levels of the boundary layer.
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