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Crucial role of Black Sea warming in amplifying the
2012 Krymsk precipitation extreme
Edmund P. Meredith1*, Vladimir A. Semenov1,2,3,4, Douglas Maraun1, Wonsun Park1
and Alexander V. Chernokulsky2
Over the past 60 years, both average daily precipitation
intensity and extreme precipitation have increased in many
regions1–3 . Part of these changes, or even individual events4,5 ,
have been attributed to anthropogenic warming6,7 . Over the
Black Sea and Mediterranean region, the potential for extreme
summertime convective precipitation has grown8 alongside
substantial sea surface temperature increase. A particularly
devastating convective event experienced in that region was
the July 2012 precipitation extreme near the Black Sea town of
Krymsk9 . Here we study the effect of sea surface temperature
(SST) increase on convective extremes within the region,
taking the Krymsk event as a showcase example. We carry out
ensemble sensitivity simulations with a convection-permitting
atmospheric model and show the crucial role of SST increase
in the extremeness of the event. The enhancement of lower
tropospheric instability due to the current warmer Black Sea
allows deep convection to be triggered, increasing simulated
precipitation by more than 300% relative to simulations with
SSTs characteristic of the early 1980s. A highly nonlinear
precipitation response to incremental SST increase suggests
that the Black Sea has exceeded a regional threshold for the
intensification of convective extremes. The physical mechanism we identify indicates that Black Sea and Mediterranean
coastal regions may face abrupt amplifications of convective
precipitation under continued SST increase, and illustrates
the limitations of thermodynamical bounds for estimating the
temperature scaling of convective extremes.
Extreme precipitation responds sensitively to both dynamical
and thermodynamical forcings10–12 . Changes in precipitation
extremes can occur owing to changes in evaporation, the increased
saturation vapour pressure in a warmer climate13 , and changes in
storm dynamics12 . Global climate models project increased heavy
precipitation, mainly over the tropics and high latitudes14,15 . As
temperature increases, large-scale precipitation extremes tend to
scale at about 7% K−1 , along the thermodynamical bounds given
by the Clausius–Clapeyron (CC) relation3 . Convective extremes,
however, are strongly influenced by mesoscale dynamics and may
scale well above the CC rate10,11 . Local factors, such as orography
and moisture availability, can also impact the convective response
to temperature increase.
The Krymsk precipitation extreme saw a daily precipitation total
that exceeded all previous annual daily maxima since 1936 by a
factor of two (Fig. 1a), and a flash flood that killed over 170 people9 .
On the basis of statistical evidence from the pre-2012 record,
the magnitude of the Krymsk event should have been virtually
impossible (Supplementary Discussion 1), suggesting a shift in the

background climate. Risk underestimation may thus have played a
role in the high death toll.
Understanding the Krymsk precipitation extreme is not only
important because of its unprecedented magnitude9 , but also
because the event is representative of a broad class of intense
convective systems affecting Black Sea and Mediterranean
(BSM) coastal regions during summertime (Supplementary
Discussion 2), when precipitation is dominated by infrequent
intense events16 . To simulate the response of such convective
systems to climatic changes, accurately resolving local storm
dynamics is essential17 . Increased computational expense, however,
makes global convection-permitting experiments infeasible. The
Krymsk event thus provides a showcase example, suitable for
studying mechanisms of changes in extreme precipitation in the
BSM region with a relatively inexpensive regional model set-up.
The precipitation event was centred over a coastal topographical
ridge exceeding 500 m elevation. It was related to a cyclone moving
slowly across the eastern Black Sea on 6/7 July 2012. The evolution
of the event can be tracked using operational analyses (Fig. 1b and
Supplementary Movie 1), which show the cyclone advecting moist
air across the Black Sea towards the western foothills of the Caucasus. Strong onshore winds increased shoreward moisture transport,
and gave rise to a first wave of convection, as thunderstorms formed
mostly on the maritime side of the coastal topography. As the
depression tracked slowly into the northern Black Sea, a tongue
of warm and moist air embedded in the cyclonic flow extended
across the Black Sea towards Krymsk, coinciding with a second
wave of precipitation. With orographic lifting of the onshore flow,
convective cells organized into a larger mesoscale convective system
(MCS). A steady infusion of warm and moist maritime air towards
the developing MCS followed, where its high energy content fuelled
deep convection and the consequent extreme rainfall.
The Krymsk event’s rareness raises the question of whether
it is a mere statistical outlier, or whether changes in climatic
conditions contributed to the extremeness. Indeed, Black Sea June–
July mean sea surface temperatures (SSTs) have steadily increased
over the period 1982–2012 (ref. 18), by 2 K (Fig. 1c); this trend is
likely to be a superposition of anthropogenic warming and natural
variability19 . The warming has been accompanied by an upward
trend in convective available potential energy (CAPE), greatest over
the eastern Black Sea (Supplementary Fig. 5). The co-location of
increased instability and SSTs during summer is evident across many
midlatitude regional seas, including the eastern Mediterranean
(Supplementary Fig. 6). Cyclone characteristics and large-scale
atmospheric circulation have also changed over recent decades20 ; in
particular, there are indications of increased summertime cyclonic
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Figure 1 | Krymsk event and model domain. a, Time series of annual and summer (JJA; June–August) daily precipitation maxima at Krymsk meteorological
station (44.911◦ N, 38.005◦ E) from 1936–2012. b, Column-integrated precipitable water (colour scale) and sea level pressure (hPa, contours) on 6 July
2012, at 18 UTC. Based on NCEP Final Analyses. See also Supplementary Movie 1. c, Time series of Black Sea area average SST for the June to July mean,
from 1982 to 2014. The linear trend covers the 1982 to 2012 period. d, WRF simulation domains and the difference in SST between the SSTobs and SSTcold
ensembles. The dark green line along 38.0◦ E in domain 3 marks the cross-section shown in Fig. 3. In b and d the location of Krymsk is marked by a cross
and orography contours are in 150-m steps.

activity in much of the BSM region21 . The focus of our study,
however, is solely on sensitivity to SSTs. Higher SSTs lead to
a moister lower atmosphere through increased surface moisture
flux, and by enabling higher water vapour concentrations through
sensible heating. Such heating can also reduce stability by breaking
down low-level inversions. The resulting combination of increased
moisture and instability provides a clear potential for enhanced
precipitation. We thus seek to understand whether the extreme
precipitation near Krymsk would have been possible if the same
cyclone had passed during a colder SST regime, characteristic of
preceding decades. Additionally, we investigate potential threshold
behaviour in the precipitation response to SST increase.
To this end, we carry out convection-permitting sensitivity
simulations with the Weather Research and Forecasting model22
(WRF). High-resolution regional atmospheric models, especially
when run at convection-permitting resolution, can substantially
improve the representation of localized extreme precipitation23 .
We first create an ensemble of convection-permitting (600 m)
simulations using a triply nested regional domain (Fig. 1d), and
observed SST forcings (SSTobs ). This ensemble is then repeated
with identical set-up, except that the 1982–2012 warming trend
is removed from the SST field (SSTcold ). Importantly, large-scale
dynamics are kept consistent between ensembles by nudging largescale circulation above the planetary boundary layer (PBL) towards
the forcing analyses. Nudging is carried out only in the outermost
domain, so that storm-scale dynamics can respond freely to SST
forcing. Each ensemble contains 6 members, initialized at different
times. See Methods for details.
2

Our high-resolution WRF simulation with observed SSTs (SSTobs ,
Fig. 2a) succeeds in reproducing the intensity and location of the
extreme precipitation where lower-resolution forecast models run
at the time of the event could not (Supplementary Fig. 9). Our
simulations give a 24 h ensemble mean total precipitation of 182 mm
(s.d. 27 mm) at Krymsk, compared to 171 mm in the local station
data. See Supplementary Information for detailed validation.
Crucially, without the warmer observed Black Sea, the extreme
precipitation is not reproducible (SSTcold , Fig. 2b). There is no
evidence of deep convection, extreme precipitation around the
coastal hills disappears, and the ensemble mean 24 h total at Krymsk
reduces to 21 mm (s.d. 4 mm).
Between the SSTobs and SSTcold ensemble means, there is a
more than 300% increase in the simulated precipitation around
Krymsk (rectangle, Fig. 2). To understand this pronounced increase,
we address the relative roles of thermodynamical and dynamical
changes. With observed SST forcing, the greater surface heating
and moisture flux (Supplementary Figs 10 and 11) lead average
moisture content to increase by up to 20% in parts of the lower
atmosphere (Fig. 3), compared with the SSTcold ensemble. This
increase is achieved partly through higher relative humidity around
the upper PBL (Supplementary Fig. 12). With atmospheric moisture
increasing on a basin-wide scale, it is clear how local precipitation
increases could be magnified through moisture convergence.
These thermodynamical changes, however, clearly cannot account for the much larger increase in precipitation. Dynamical
changes due to the triggering of deep convection play the main
role in the precipitation increase. Enhanced vertical velocities over

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

© 2015 Macmillan Publishers Limited. All rights reserved

NATURE GEOSCIENCE DOI: 10.1038/NGEO2483
b

45° 40’ N

45° 20’ N

Latitude

45° N
44° 40’ N
44° 20’ N

45° 40’ N

45° 20’ N

mm

330
270
220
180
140
110
90
72
58
46
35
27
20
13
7
2

44° N

Latitude

a

LETTERS

45° N
44° 40’ N
44° 20’ N
44° N

36° 30’ E

37° E

37° 30’ E 38° E 38° 30’ E
Longitude

39° E

36° 30’ E

37° E

37° 30’ E 38° E 38° 30’ E
Longitude

39° E

Figure 2 | Simulated precipitation using observed and reduced SST. a, Simulated 24 h precipitation total (colour scale), from 6 July at 03 UTC to 7 July at
03 UTC, using observed SSTobs . b, The same as in a, but using the reduced SSTcold . Both images show one member of each ensemble, initialized on 5 July at
06 UTC. Remaining members show similar patterns (Supplementary Figs 7 and 8). The magenta rectangles show the area over which precipitation totals
are averaged for comparison. Thin black lines show orography contours in steps of 150 m. Krymsk is marked with a black cross.

the coastal hills and increased specific humidity in the upper
troposphere are evident in the SSTobs ensemble, indicating deep
convection centred over the mountain ridge (Fig. 3). The deep
convection results from increased CAPE upstream of Krymsk
(Supplementary Fig. 13), a direct consequence of higher SSTs. Despite the same synoptic forcing, the higher CAPE gives a markedly
different response to orographic lifting of the onshore flow (Fig. 3).
In SSTcold , orographic lifting cannot trigger deep convection
owing to the stability of the onshore flow. Instead, negatively
buoyant parcels simply restore downwards in the lee of the hills,
back to their equilibrium levels (Supplementary Fig. 14). In contrast,
convective latent heat release, in response to lifting moister and less
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Figure 3 | Triggering deep convection in response to observed SST.
Cross-section through 38.0◦ E (as marked in Fig. 1d) showing the
percentage change in ensemble mean specific humidity between SSTobs
and SSTcold in domain 3. Vectors show differences in vertical velocity
maxima between the two ensemble means, calculated by taking the vertical
velocity maxima of each member and then averaging this across all
ensemble members. The temporal period over which these values are
calculated is the same as in Fig. 2. The green and magenta lines are
cross-sections of the precipitation in Fig. 2a,b, respectively. Tan filling
represents orography.

stable air, drives further vertical motions in the SSTobs ensemble
(Fig. 3). These must be offset by increased convergence towards
the lifting zone, fuelling further convection and intensifying the
MCS. In this sense, the thermodynamic and dynamic changes are
interrelated and cannot be fully separated.
The pronounced shift from a state without notable convection to
one with deep convection suggests studying the transition behaviour
for increasing SSTs in more detail. We therefore create additional
ensembles using intermediate and extrapolated SST states. These
SST states consist of subtracting (adding) the 1982–2012 SST trend
from (to) the observed 2012 SST field in 20% increments, giving a
total of 11 ensembles whose SSTs differ from the observed field by
between −100 and +100% of the warming trend. For the Krymsk
event, the marked precipitation increase from SSTcold to SSTobs does
not continue inexorably with further SST increase. Instead, precipitation stabilizes once SSTs cross a certain threshold (Fig. 4a).
Humidity increase is initially at the CC rate, keeping relative humidity constant, before falling sub-CC (Fig. 4b). Reduced relative
humidity inhibits latent heat release from ascending air parcels,
tempering enhancement of updraughts (Fig. 4c), and hence precipitation. Similar reduction in relative humidity at higher temperatures
has been observed elsewhere24 ; we find such decreases primarily in
the lower PBL. In our simulations, the decrease in low-level relative
humidity results from the inability of the surface layer to remain saturated when surface warming sets off vertical motions at ever faster
rates. Additionally, reduced lower tropospheric humidity enhances
convective downdraughts, which can locally dampen low-level instability. Increased precipitation over the sea in the warmer SST
ensembles also limits the moisture that reaches the Krymsk region.
When attributing extreme events to different forcings, two main
modelling approaches have been pursued. Probabilistic event attribution25 compares the likelihood of a certain type of event between
two different climates, based on large ensembles of global climate
model simulations under different forcings. This approach has been
used to both identify and exclude anthropogenic contributions to
recent temperature5,25 and precipitation4,5 extremes. A second approach involves using a regional model to simulate an observed
event under different boundary forcings26 . Fixing the large-scale
boundary conditions gives a higher signal-to-noise ratio, allowing
finer-resolution simulations that offer better understanding of localscale processes not resolved by global models. We further develop
this idea to study the sensitivity of a small-scale convective extreme
to long-term SST trends, using convection-permitting resolution
across a spectrum of forcing strengths.
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Figure 4 | Nonlinear response to incremental SST increase. a, Percentage precipitation increase for increasing SST. b, Two-metre specific humidity versus
SST. Dashed magenta and cyan lines show the CC and double CC rates of increase, respectively. c, Column average vertical velocity maxima versus SST.
SST values are area averages over all sea points in domain 3. All other variables are area averaged over the rectangle marked in Fig. 2. Small squares denote
95% confidence intervals. The temporal period is the same as in Fig. 2.

Our results reveal a physical mechanism linking a sudden
amplification of coastal convective precipitation extremes to
gradual SST increase. The increased lower tropospheric humidity
provides a richer moisture source for convective precipitation and
contributes to low-level instability. More importantly, the nearsurface warming reduces static stability, allowing deep convection
to be more easily triggered. The strongly nonlinear nature of
the precipitation response also suggests that the thermodynamic
bounds of atmospheric moisture increase may not be a reliable
predictor of changes in regional convective precipitation extremes;
static stability and mesoscale dynamics also play important roles.
Extreme precipitation in coastal regions may instead be governed
by regional tipping points, whereby SST thresholds favouring more
powerful convective systems are key. With climate projections
predicting increased SSTs (ref. 27) and summertime cyclone
activity28 in the BSM region, this suggests a corresponding increased
risk of intense convective precipitation events. Other coastal regions
with comparable geographical features may, where similar trends are
projected, be similarly affected.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 28 October 2014; accepted 10 June 2015;
published online 13 July 2015
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Methods
In this study, we use the WRF regional model, version 3.4.1 (ref. 22), to simulate the
Krymsk event at high resolution. A triply nested regional domain covering
southwest Russia, the Sea of Azov, and all but the westernmost Black Sea is created,
with the higher-horizontal-resolution inner domains focusing in over the Krymsk
region (Fig. 1d). A nesting ratio of 5:1 is used between each domain, with
resolutions of 15, 3 and 0.6 km for domains 1–3 respectively. Nesting between
domains is carried out only on a 1-way basis, meaning that the higher-resolution
domains do not influence the large-scale flow as simulated in domain 1.
Convection is parameterized in the outermost, 15-km-resolution, domain. In the
convection-permitting 3- and 0.6-km-resolution domains, no convective
parameterizations are used. See the Supplementary Methods for a full list of model
parameterizations. In the vertical, 38 unevenly spaced terrain-following levels are
used, with a model top at 10 hPa. See the Supplementary Methods for a more
detailed discussion of model vertical and horizontal configuration.
Initial conditions, except for SSTs, and 6-hourly lateral boundary forcings come
from 1◦ NCEP (National Centers for Environmental Prediction) final analysis
(FNL) data29 . For daily SST forcing, NOAA’s (National Oceanic and Atmospheric
Administration’s) 0.25◦ optimum interpolation data set (NOAA-OI) is used18 . We
select this as it is the highest-resolution SST data set available that is also long
enough to compute climatological trends (that is, >30 years).
Ensemble simulations are carried out over the domain to assess the sensitivity
of the Krymsk event to SST. Two ensembles are presented in detail here (SSTobs and
SSTcold ), differing only in SST forcing. Individual members are initialized at
6-hourly intervals from 4 July at 00 UTC to 5 July at 06 UTC, to estimate the
robustness of the results. This gives 6 members per ensemble, and allows at least
21 h for the atmosphere to adjust to the imposed SST forcing before the first
observed precipitation of the event. Analyses show that our set-up gives a high
signal-to-noise ratio, thus allowing fewer members, and allows adequate
precipitation spin-up time. A more detailed analysis of these issues is provided in
the Supplementary Methods.
The SSTobs ensemble is forced with the SSTs observed during the period of the
event. For SSTcold , the trend in Black Sea SSTs from 1982–2012 of an averaged
31-day period, centred on the 6 of July, is calculated. This trend, equivalent to
1.5–2.0 K over most of the eastern Black Sea and Sea of Azov, is then subtracted

from the observed SST field to give the SST forcing for the SSTcold ensemble.
Importantly, the wind fields (U and V ) in domain 1 of both ensembles are
spectrally nudged above the PBL ( & 470 m) for wavelengths greater than that of
(domain-relative) wavenumber 3, equivalent to roughly 300 km. Nudging takes
place at 6-hourly intervals, with a relaxation period of just under 1 h. This reduces
the sensitivity to domain geometry30 and initial conditions, allowing the event to be
consistently reproduced despite staggered initialization times. It also serves to keep
the structure of the cyclone’s large-scale wind field broadly similar between
ensembles, without suppressing the response at smaller scales. No nudging takes
place in domains 2 or 3, allowing the local wind field to respond freely to changes
in SST forcing. Additional sensitivity studies with two-way nesting and without
nudging showed all of our conclusions to be insensitive to this altered set-up. With
staggered initialization times, however, the nudged set-up facilitates the creation of
a larger ensemble, thus adding confidence to the results by increasing the
signal-to-noise ratio. Results are evaluated on the basis of the highest-resolution
output, that is, from domain 3.
To investigate the transition behaviour of the precipitation field between a
colder and warmer Black Sea, additional ensembles are then created using
intermediate and extrapolated SST states. These SST states consist of subtracting
(adding) the 1982–2012 SST trend from (to) the observed 2012 SST field in 20%
increments, giving a total of 11 ensembles whose SSTs differ from the observed
field by between −100 and +100% of the warming trend.
For the analysis, we seek to understand to what extent and through which
mechanisms the increasing SSTs influence the precipitation field. The simulation
data are available from E.P.M. on request.
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