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Increased melting level height impacts surface
precipitation phase and intensity

Andreas F. Prein® ™ and Andrew J. Heymsfield

The global near-surface temperature increased by ~0.155K per decade during 1979-2012, which resulted in decreasing snow
and increasing rain events, retreating mountain glaciers and more frequent and intense rainfall extremes. Although surface
temperature increases are well studied, less attention is given to the associated changes in the tropospheric thermal structure,
such as melting level height, which affects cloud microphysics and surface precipitation. Here we use observations and reanaly-
ses to show that the melting level height increased by 32 + 14 m per decade over global land areas during 1979-2010, consistent
with a warming atmosphere. This causes a transition from snow to rain, the enhanced melting of hail and an increased depth of
warm cloud layers (cloud base to melting level distance). Warm cloud layers with a depth beyond ~3.5 km result in an intensifi-
cation of extreme precipitation at twice the rate of the atmospheric moisture increases. Days with such environments increased

by 25% per decade in populated regions, such as the eastern United States.

1850 with a higher warming over land than over oceans'. The

bulk of the warming occurred since the late 1970s. Although
near-surface warming is well studied, less attention has been paid
to warming at higher levels of the troposphere (the lowest layer of
the Earth’s atmosphere) other than studies that investigated changes
in the vertical temperature profile’”. Tropospheric temperatures
directly impact the formation, composition and dynamics of clouds
and therefore precipitation at the surface®. Particularly important
for cloud processes and surface precipitation is the height of the
melting level (ML), defined as the zero-degree wet-bulb tempera-
ture’, above the surface. We use the wet-bulb temperature because
an ice particle will not begin melting until the ambient wet-bulb
temperature (or ice-bulb temperature) reaches 0°C. The phase and
size of hydrometeors determine their fall speed®, which is, in turn,
proportional to the precipitation rate at the surface. The fall speed
of liquid drops ranges from 0.0003ms™" for small drops (diameter
~0.001mm) to 9ms™' for very large drops (~6 mm; drops >3 mm
have a high probability of breaking up into smaller drops)’. Snow
falls at ~1 ms™, with rimed snow and graupel falling faster'’. Large
hail can reach velocities of more than 40ms™" (ref. ). The highest
rainfall intensities are observed for clouds with large drops that fall
fast and evaporate little before they reach the surface.

So far, there is poor quantitative understanding of how climate
change affects ML heights and the corresponding surface precipita-
tion characteristics. Here we document changes in ML heights and
investigate their impacts on the precipitation phase and intensity by
focusing on societally relevant processes, such as snowfall, damag-
ing hail and heavy rain. For this purpose, we combined radiosonde
sounding (RS) measurements and data from two reanalysis products
to derive the best estimate of the effect of historic climate change
on the ML height and related variables that span a common period
from 1979 to 2010. The mid-troposphere is a poorly observed region
and RSs'” as well as reanalyses'>'* are known to have homogeneity
issues, which can result in spurious trend estimates. Therefore, we
quality controlled all the records and removed those with spurious
breaking points from the analyses (see Methods and Supplementary
Fig. 1). All the results are presented with error margins based on

( i lobal near-surface temperatures have increased by ~1 K since

the differences among the three datasets. The annual and seasonal
absolute variabilites of quality-controlled ML heights at RS locations
are remarkably similar between the three datasets; however, the
European Centre for Medium-Range Weather Forecasts (ECMWEF)
Interim Reanalysis (ERA-Interim)" had systematically lower ML
heights than the RS observations and ECMWF’s Twentieth-Century
Reanalysis (ERA-20C)'® (Supplementary Fig. 2; note that the RS
data are assimilated into ERA-Interim but not into ERA-20C). We
used linear regression and piecewise linear fit models'” that allow
for non-linear trend estimates in annual and seasonal time series
between 1979 and 2010, which is the common period covered
by all datasets. Additionally, we show results from ERA-20C that
reach back to 1900 and ERA-Interim and RS results covering up to
2017. Linear and piecewise linear trend estimates agree within 10%,
which indicates that changes are mostly linear within the evaluation
period (see Supplementary Fig. 3 for an example). For the sake of
simplicity, we decided to show only linear trend estimates.

Over global land regions, the ML height has significantly
increased by 32+ 14m per decade (dec™) from 1979 to 2010 (Fig.
1b). The ML height increases correlate well with the near-surface
temperature (T2M, or air temperature measured 2m above the
surface) changes on continental scales. Globally, the rate of ML
height increases per degree of surface warming was 206 +90mK-".
Interannual variability (Supplementary Fig. 2) and trends are more
similar between the datasets in the Northern (Fig. 1d,£h) than in
the Southern (Fig. le,g,i) Hemisphere, probably due to the lower
observation density in the latter. ML increases were highest in
the ERA-20C and lower in the ERA-Interim and RS observations.
The reanalysis datasets agree that the largest ML height increases
occurred in the tropics and the northern mid-latitudes, whereas
the Southern Ocean and Polar regions experienced small changes
because the ML height is predominantly at the surface (Fig. 1k).
The trends in ML heights are spatially more uniform than the T2M
changes (Fig. 1j,k). Although T2M and the ML height increases
correlate well on the global and continental scales (Fig. la-i), on
regional scales, the rates of increase in the ML height per degree
of T2M warming differ widely (Fig. 11). The largest increases can
be found over the ocean, as 47% of ocean areas exceed trends of
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Fig. 1| Annual average ML height changes (AML) since 1900. a-i, AML globally (a), over land (b), over ocean (c) and over continents (d-i). The thin
blue and red lines show data from the ERA-20C and ERA-Interim, respectively, reanalyses and the thin black lines show the RS data. Surface temperature
increases (AT2M) from ERA-20C are shown in grey (right-hand y axis). The thick lines show the ten-year running means of annually averaged data. The
number of RS locations per continent is shown in the title of panels d-i. j-I, The average linear trend estimates from ERA-20C and ERA-Interim between
1979 and 2010 are shown for T2M (), ML height (k) and ML height changes per degree local warming (). Right and left tilted hatched areas indicate
statistically significant trends in ERA-20C and ERA-Interim, respectively, based on a two-sided Wald test with t-distribution (P=0.05).

300 m K~! compared with only 13% of land regions. However, trends
over ocean regions are more uncertain and dependent more on
the reanalysis model due to the far lower density of observations
compared with those of land regions. ML heights also increase in
regions that experienced a cooling of T2M, which indicates a decou-
pling between local near-surface temperature trends and ML height
trends, probably due to a decreasing lapse rate driven by convection
in the convectively most-active regions. This decoupling probably
occurs due to mixing and transport processes in the free tropo-
sphere that make the temperature field more homogeneous along
the horizontal. Seasonally, large increases of over 65 mdec™ occur in
mid- and high-latitude regions over the Northern Hemisphere dur-
ing June, July and August and September, October and November
(Extended Data Fig. 1). The above results are based on all the days
in the record, but ML height trends are similar for wet or dry days
only (Supplementary Figs. 4-6).

A theoretical estimate of the ML height increases can be derived
by assuming a constant standard atmosphere temperature lapse rate
of -6.49 Kkm™ (ref. '*), which corresponds to an ML height increase
of 154mK™". This is lower than, but still within the error margins
of, our estimate of 206 +90mK-". Such differences can occur due
to the simplicity of these assumptions, uncertainties in ML height
records, changes in low-level relative humidity and changes in the
tropospheric lapse rate. Low-level relative humidity did not change
significantly in the RS records (Supplementary Fig. 6), but tropo-
spheric lapse rates are expected to stabilize under global warming,
which would result in smaller lapse rates that, in turn, accelerate

ML height increases™!. Our results are consistent with this expec-
tation and show a predominant increase in surface-to-ML-height
lapse rates (Extended Data Fig. 2). Our ML height increase estimate
of 206 +90m K™ corresponds to an average temperature lapse rate
of -4.9 (-8.6 to 3.4) Kkm™! given a warming of 1°C. These changes
are, however, much more uncertain than changes in ML height
(Supplementary Fig. 7) and vary in magnitude and sign between
datasets and regions.

An expected consequence of increasing ML heights is a decrease
in snowfall and an increase of rainfall events, here measured as a
decreasing snow-day to precipitation-day ratio (Extended Data
Fig. 3 and Supplementary Fig. 8). Results from ERA-20C suggest
that this ratio was constant or increased between 1900 and 1980 in
North America, Europe and Asia. All the datasets show significant
decreases between 1979 and 2010, by -1.0+0.2% dec™ in Europe,
-1.4+0.6%dec™ in Asia and -0.5+0.4%dec™ in North America,
in agreement with previous work'>*’. The lower decreases in North
America and the large increase in Scandinavia and western Russia
are partly related to climate internal variability™.

Another potential consequence of increasing the ML heights is
an increase in the depth of the warm cloud layer (WCL)—the dis-
tance between the cloud base height (lifting condensation level) and
the ML height, if the cloud base height increases by less than the ML
height. The WCL depth influences the liquid water content in the
cloud and precipitation rates at the surface because large, fast-falling
drops form very efficiently by collision and coalescence (warm
rain process) in clouds with deep WCLs®. This is supported by
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Fig. 2 | WCL depths increased over the period 1979-2010 on days with more than 1Tmm of precipitation, which enhanced the risk for extreme rainfall.

a, Linear trends in the annual average WCL depth on precipitation days showing average ERA-20C and ERA-Interim (contours) and RS (dots) trends. Right
and left tilted hatches show significant trends in ERA-20C and ERA-Interim, respectively, and black circles show significant trends in RS data based on a
two-sided Wald test with t-distribution (P=0.05). b, Similar to a, but for frequency increases of days with WCL depths deeper than 3.5km. ¢, Relationship
between daily average RS WCL depth and daily precipitation accumulation from MSWEP V2 (Multi-Source Weighted-Ensemble Precipitation version 2)
for the 95, 99 and 99.9 percentiles (P95, P99 and P99.9, respectively) within 100-m bins with an overlap of +250 m. Black dashed lines show exponential

function fits for increases of 17% km~" (below a WCL depth of 3.5km) and 70% km~" (above a WCL depth of 3.5km), and red dotted lines show the
expected increases from the Clausius-Clapeyron (C-C) relationship. Colours show the average cloud base mixing ratio. d, Similar to ¢, but showing the
cloud base mixing ratio versus extreme rainfall rates; the colours correspond to the average WCL depth.

observational studies, which show that precipitation intensity
responds non-linearly with a deepening of clouds* and precipita-
tion efficiency increases with mid-tropospheric humidity*.

Over global land regions, thee WCL depth increased by
15+ 12mdec™ from 1979 to 2010 on days with more than 1 mmd™!
rainfall (Fig. 2a). The uncertainty range of the changes in WCL
depth (and changes in cloud base height) is large compared to
that of changes in the ML height. RS and ERA-20C show signifi-
cant increases in most land areas, whereas positive (in the north-
ern mid-latitudes) and negative (in the tropics) trends cancel out in
ERA-Interim (Extended Data Figs. 4 and 5). WCL depth increases
of over 65mdec™ are found in June, July and August in many
Northern Hemisphere mid-latitude regions (Extended Data Fig. 5).
This agrees with high-resolution climate change simulations, which
show a deepening of the WCL by ~200 m K™ in the vicinity of heavy
precipitation convective storms in the United States by the end of the
century*. WCL change is mainly driven by increases in the ML height
rather than by the cloud base height. The latter is less systematic and

more uncertain (Extended Data Fig. 4),which agrees with observa-
tional results”. Using 10 mmd™" instead of 1 mmd™! as the precipi-
tation threshold to identify wet days has minor impacts on the ML
height trends, but decreases the cloud base height trends from 2m
to ~23mdec’. This results in an enhanced deepening of the WCL
depth for more intense precipitation events (Supplementary Fig. 5).
A consequence of the deepening WCL is a more active warm rain
process within clouds. An exponential relationship between heavy
rainfall at the surface and the WCL depth is observed at RS locations
(Fig. 2¢). The rate of increase is 17%km™" for WCLs up to ~3.5km.
This corresponds to approximately half the rate that is expected
from atmospheric moisture increases (Clausius-Clapeyron rela-
tionship), which is 32.5%km™!, assuming a moist adiabatic lapse
rate of 5Kkm™ and a saturation vapour pressure increase of 6.5%
per degree of warming (that is, 5Kkm™Xx6.5% K'=32.5%km™").
The rate of extreme rainfall increases fourfold (70%km™) in envi-
ronments with WCLs deeper than ~3.5km, which corresponds to
double the Clausius-Clapeyron rate. A similar transition can be
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seen for mean precipitation (not shown). Using the WCL depth
derived from ERA-Interim for the scaling analysis results in even
stronger responses of extreme precipitation to a deepening of WCLs
beyond ~3km, especially over ocean regions (Supplementary
Fig. 9). These results are in agreement with weather forecasting
guidance, which relates environments with a WCL depth >3.3km
to flash flood events**. This steep increase is probably due to the
increasing rainfall efficiency related to the collision and coalescence
of raindrops (warm rain process) in clouds with deep WCLs* and
higher water vapour contents available for condensation (Fig. 2¢)*,
and might also be associated with an enhanced organization of con-
vective storms (Extended Data Fig. 6). Extreme precipitation inten-
sifies with the convective available potential energy (CAPE) up to
1,000]kg™". Further increases in CAPE do not result in the further
intensification of extreme precipitation”” (Extended Data Fig. 6).

Environments with a WCL depth >3.3km mainly occur in
the tropics and extend into mid-latitudes during the warm sea-
son (Extended Data Fig. 6). Extreme precipitation events in these
areas are mainly related to mesoscale convective systems and tropi-
cal cyclones. Many land regions experienced significant increases
in days with WCL depths >3.5km, with values of 25%dec™ in
the eastern United States from 1979 to 2010 (Fig. 2b). Extreme
precipitation increased with cloud base mixing ratios at the
Clausius-Clapeyron rates at a maximum (Fig. 2d), which is in line
with theory and previous studies that related extreme precipita-
tion changes with near-surface temperature and humidity”*-'.
We see similar transitions in scaling rates when we constrain our
RS-based analyses to tropical regions, North America and Europe
(Supplementary Fig. 10).

Increasing the ML heights and WCL depths also causes an
enhanced melting of hailstones because they fall through a deeper
and warmer layer before they reach the surface. Hail observa-
tions from the United States and Australia show that damaging
hail with maximum diameters larger than 50 mm rarely occurs in
environments with ML heights above 4.5 or 3.8km (ERA-20C or
ERA-Interim, respectively) (Fig. 3a), because of the enhanced melt-
ing of hail*>* (the lower threshold in ERA-Interim is due to a sys-
tematically lower ML height in this dataset; Supplementary Fig. 2).
Such high MLs are typically found in the tropics and subtropics,
but can extend into the mid-latitudes during the warm season. The
increasing ML height results in a non-significant reduction of poten-
tial damaging-hail frequencies (Fig. 3b). This is due to an increas-
ing trend in the ratio of days with severe convection environments
(significant severe parameter (SSP) > 10,000 m’s=> (ref. **)) that also
have MLs higher than 3.8 or 4.5km (ERA-Interim or ERA-20C,
respectively) (Fig. 3b). The largest trends in potential hail-frequency

Fig. 3 | Increases in ML height (above the surface) reduce the risk of
damaging hail in tropical and subtropical regions due to enhanced
melting. a, The kernel density plot shows the probability distribution of
daily mean ERA-20C ML heights and observed maximum hail diameters
at the surface. The red and blue lines show the 99th percentile of hail
diameters for 400-m-wide bins calculated every 100 m (an overlap of
300 m between bins) for ERA-Interim and ERA-20C, respectively. b, Mean
linear trend estimates from ERA-Interim and ERA-20C (filled coloured
contours) of the annual ratio between days that have favourable severe
convective environments but with MLs that are too high and all favourable
days. The latter feature SSPs* that are larger than 10,000 m3s— and

the former additionally have ML heights >4.5 or 3.8 km in ERA-20C or
ERA-Interim, respectively. Most of the changes are non-significant.

¢, Annual average changes in this ratio over global land in the ERA-20C
and ERA-Interim reanalyses (thin blue and red lines, respectively). The
corresponding surface temperature increases (AT2M) from ERA-20C are
shown as a thin grey line (right-hand y axis). Thick lines show the ten-year
running means of annually-averaged data (thin lines).

reductions are found in the tropics. However, the SSP tends to
overestimate damaging-hail risks in this region®, which raises the
question whether this reduction translates into a real decrease in
damaging-hail hazards. Trends also start to emerge in some of the
world’s hail hot spots in the central United States, Argentina, south-
east China and the foothills of the Himalayas. However, most of
these trends are not significant regionally due to the large interan-
nual variability in severe convective environments. Over global land
regions, the ratio of days with severe convective environments and
MLs higher than 3.8 or 4.5km (ERA-Interim or ERA-20C, respec-
tively) relative to all severe convective days increases significantly
by 1.3+0.2% dec! (Fig. 3¢). These results agree with hail modelling
studies that show a significant decrease in damaging hail frequen-
cies in subtropical regions due to an enhanced melting under future
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Increased ML
height

32 + 14 m dec™

Intensification of
hydrologic cycle

Decrease in snow-to-
precipitation ratio

1.0 + 0.2% dec™

Transition from
snow to rain

10 + 8 m dec™’
More intense

Deeper WCL

Increase in severe
convective
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with high MLs

downpours
1.3 £0.2% dec™

Enhanced
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Fig. 4 | Increasing ML heights results in decreases in the surface snowfall, increases in heavy rainfall, an enhanced melting of hail and an accelerated
surface runoff. Over land, ML heights increase by 32 +14 mdec”, which results in significant decreases in the snowfall-to-rainfall ratio in northern
latitudes. This increase also results in an enhanced melting of hail, which reduces the risk of damaging hail by 1.3 +0.2% dec, particularly in tropical and
subtropical regions. The WCL depth of precipitating clouds increases at rates of 10 + 8 mdec™, which results in an increased risk for rainfall events that
produce flash floods. Shown are the mean trends and spread based on results from RS, ERA-Interim and ERA-20C data.

climate change®”. The enhanced melting could, however, increase
future flood risk, as heavy precipitation that arrives at the surface as
rain instead of hail substantially increases runoff’>*.

Our main results are summarized in Fig. 4. We show that the ML
heights increased from 1979 to 2010 in most land areas at an average
rate of 32+ 14mdec™. The rates of ML height increases per degree
of near-surface warming frequently exceed 300m K" in the tropics
and subtropics. The reasons for these large changes are unclear and
demand future investigations, but significant increases in the atmo-
spheric lapse rates over ocean regions are identified as one contribu-
tor. A continuation of the ML height trends into the future could
have substantial impacts on tropical glaciers and associated water
resources’”*.

The ML height increases result in a significant reduction of snow
events and a corresponding increase in rain events in the Northern
Hemisphere regions and seasons with close to freezing-level tem-
peratures, in agreement with previous studies”.

The global land average WCL depth on precipitation days
increased by 10+8mK™" with the increases frequently exceeding
65mK™" in northern mid-latitudes during the warm season. The
deepening of the WCL depth resulted in a rapid increase in the fre-
quency of environments associated with downpours (WCLs deeper
than 3.5km) on the order of 10-20% dec™! from 1979 to 2010. The
deepening of WCLs beyond 3.5km and the associated changes in
cloud microphysics and dynamics could be partly responsible for the
observed extreme precipitation increases® that are larger than the
saturation moisture increases (the latter increase according to the
Clausius-Clapeyron relationship at 6.5% per degree of warming*).
Our results suggest that climate change could result in an intensi-
fication of precipitation extremes beyond the Clausius-Clapeyron
rates. The possibility of this so-called super Clausius-Clapeyron
scaling is actively debated in the scientific literature®*'-*.

ML height increases also result in the additional melting of
small hail in all the regions and a reduction of large-hail frequency
(25 mm diameter or larger) in tropical and subtropical regions, con-
sistent with hail modelling studies’>”’. However, melting-related
decreases are contrasted by a general lack of frequency trends in
observed damaging hail**.

In general, increases in the ML height accelerate the hydrological
cycle in all seasons due to a transition from solid to liquid precipita-
tion and an increasing rate of environments that produce extreme
rainfall. Additionally, increases in ML height might also affect cloud
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properties such as cloud brightness and spatiotemporal structures.
Assessing the ability of climate models to reproduce historical
changes in ML heights and associated effects on surface precipita-
tion should be the focus of future investigations.
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Methods

Observational datasets. We used four sources of observational data for our
analysis: (1) RS data, (2) reanalysis data, (3) gauge-based and gridded precipitation
records and (4) US and Australian hail observations.

Two sources of RS data were used. The first is the Integrated Global
Radiosonde Archive Version 2%, which is a quality-control dataset. However,
jumps and other inconsistencies caused by changes in observing practice,
instrumentation or station location have not been corrected. The second data
source is the atmospheric sounding record from the Wyoming Weather Web*".
Both datasets provide records at 00:00 and 12:00 universal coordinated time. We
investigated the common period between 1979 and 2018 and only uses station
records that were at least 80% complete in each year or season and had data for at
least 80% of all years. This resulted in close to 500 stations globally.

We used two reanalyses, ERA-Interim'® and ERA-20C'*. ERA-Interim covers
the period 1979 to present and has a horizontal grid spacing of approximately
80km with 60 vertical levels. A large variate of in situ and remote sensing
observations are assimilated (including RSs) from various data sources that can
change over time. This can lead to discontinuities in the simulated time series™”.
ERA-Interim captures historical atmospheric states with a high accuracy compared
to those of other reanalysis products**.

ERA-20C has a horizontal grid spacing of approximately 125km and 91 vertical
levels'®. It covers the period 1900-2010 and only assimilates surface pressure and
surface marine wind observations. Changes in observational systems do introduce
discontinuities, particularly in regions with sparse coverage, such as the Southern
Hemisphere™-*.

We used two datasets for rain and snow accumulations. The Global Historical
Climatology Network station dataset provides quality-controlled rain and snowfall
observations with global coverage™. The MSWEP V2 gridded precipitation
dataset provides three-hourly precipitation estimates on a 0.1° grid globally from
1979 to 2017°>*°. We used MSWEP V2 to calculate the daily precipitation rates
at RS locations.

For analysis that include the maximum hail diameter, we used observations
from the Storm Prediction Center’s Storm Events dataset’” and Australian Bureau
of Meteorology’s Severe Storms Archive™ within the period 1979-2017.

Procedures. Wet-bulb temperature was calculated using air temperature and
relative humidity™. The height of the zero wet-bulb temperature level above
the surface was estimated by linearly interpolating between the two closest
measurements that enclose the ML. This was done for each RS measurement
and for six-hourly reanalysis output on model levels. If the surface wet-bulb
temperature was below zero, the ML height was set to zero.

The mean CAPE and lifting condensation levels (cloud base hight) were
calculated with the Python cape_2d algorithm. This algorithm first finds the
maximum equivalent potential temperature (6,) height level in the lowest 3,000 m
above ground. Centred on this level, a mean layer parcel with a depth of 500 m
ascent was calculated.

Snow-day to precipitation-day ratios were calculated for events with more
than 1 mmd~! precipitation at all locations with a median of more than two
snow days per year or season. For the reanalyses and the RSs, a snow probability
parameterization was used, which is based on the near-surface wet-bulb
temperature, surface temperature and low-level vertical-temperature lapse
rate®’. A snow day occurs if the snow probability is larger than 50% and the daily
precipitation accumulation is larger than 1 mm (precipitation at the RS locations is
derived from the nearest grid cell in the MSWEP dataset). We also used a 1mmd™"
precipitation threshold for the analysis of WCL depth and associated precipitation
changes. We also tested 2 and 5mmd~! thresholds to define wet days, which did
not change the results substantially.

The relationship between daily average WCL depth/cloud base mixing
ratio and the daily precipitation accumulation from MSWEP was calculated as
follows for records with more than 1 mmd~! precipitation. Daily precipitation
accumulations were conditioned by binning daily mean WCL depth/cloud base
mixing ratios by using bin intervals of 100m/0.7 gkg™" with a 250m/1.5gkg™
overlap (for example, 2,000-2,500 m, 2,100-2,600 m and so on). Percentiles were
calculated for bins with more than 1,000 precipitation records.

The SSP** was used to identify environments in which severe convective
storms can develop. SSP is defined as the product of mean layer CAPE multiplied
by mid-level vector shear (surface to a height of 6km). SSP values larger than
10,000 m’s™* are statistically associated with hailstones larger than 2.5 cm in diameter.

Uncertainty estimates correspond to the spread between the RS, ERA-Interim
and ERA-20C estimates.

The raw RS data were quality-controlled for non-physical outliers. The
thresholds for outlier detection are summarized in Supplementary Table 1. RS
observations were only considered if they had at least seven records below 300 hPa.
Surface-to-ML lapse rates were only calculated if there were at least three records
below the ML. CAPE and cloud base heights were only calculated for RSs with
more than nine contiguous observations up to at least 150 hPa that monotonically
increase in height above ground.

To remove non-homogeneous records, we tested all the annual average time
series presented in this article (for example, ML height and WCL depth) for
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breaking points using the ruptures®' package in Python. Four breakpoint detection
algorithms were applied: (1) binary segmentation®>®, (2) exact segmentation
using the Pruned Exact Linear Time method®, (3) bottom-up segmentation®>*
and (4) window-based change point detection” with a width of 10yr. In the first
three methods, we used a penalty (P) to detect breakpoints with a magnitude of
P=std(T)"*s™ with T being the annual time series and N being the number of
years in the time series. All the time series for which more than two of the four
breaking-point detection algorithms identified a breaking point in the same year
were removed from the analysis.

Data availability

The ERA-Interim and ERA-20C data used in this study are available from
ECMWPF’s MARS archive (https://apps.ecmwf.int/datasets/). The Wyoming
radiosonde dataset can be downloaded from http://weather.uwyo.edu/upperair/
sounding.html. The Integrated Global Radiosonde Archive radiosonde data

can be obtained from https://www.ncdc.noaa.gov/data-access/weather-balloon/
integrated-global-radiosonde-archive. Global Historical Climatology Network
data can be downloaded from https://www1.ncdc.noaa.gov/pub/data/ghcn/daily/
by_year/. Maximum hail diameter reports are accessible from https://www.ncdc.
noaa.gov/stormevents/ for the United States and from http://www.bom.gov.au/
australia/stormarchive/ for Australia.

Code availability

The code for the statistical analysis and visualization of data in this
document can be accessed under https://github.com/AndreasPrein/
Increasing-Melting-Level-Height.git (ref. ©*).
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precipitation).
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Extended Data Fig. 6 | Scaling of extreme precipitation with warm cloud layer (WCL) depth (a), convective available potential energy (CAPE, c),

and the size of the rainfall producing precipitation object (d) on wet days (precipitation larger 1 mm). Results are based on daily averaged radiosonde
soundings within the period 1979-2016. The symbol colors show the associated cloud base mixing ratio. Precipitation is conditioned by binning WCL
depth/CAPE /precipitation size in bins of 124 m/kJ kg='/1,000 km? distance with 500 m/kJ kg='/1,000 km? overlap centred on each bin. (b) Frequency of
daily precipitation accumulations larger than 100 mm under warm cloud layer depth (WCLD) conditions of greater 3.5 km.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

	Increased melting level height impacts surface precipitation phase and intensity

	Online content

	Fig. 1 Annual average ML height changes (ΔML) since 1900.
	Fig. 2 WCL depths increased over the period 1979–2010 on days with more than 1 mm of precipitation, which enhanced the risk for extreme rainfall.
	Fig. 3 Increases in ML height (above the surface) reduce the risk of damaging hail in tropical and subtropical regions due to enhanced melting.
	Fig. 4 Increasing ML heights results in decreases in the surface snowfall, increases in heavy rainfall, an enhanced melting of hail and an accelerated surface runoff.
	Extended Data Fig. 1 Mean linear trend estimates of daily average melting level (ML) height from 1979 to 2010.
	Extended Data Fig. 2 Similar as Electronic Data Fig.
	Extended Data Fig. 3 Annual (a) and seasonal (b-e) linear trend estimates for snow-day to precipitation-day ratio (precipitation [liquid and solid] ≥ 1 mm d−1) between 1979-2010.
	Extended Data Fig. 4 Annual average linear trend estimates for cloud base height (a–c), melting level height (d–f), and warm cloud layer depth (g–i) from 1979 to 2010.
	Extended Data Fig. 5 Similar as Electronic Data Fig.
	Extended Data Fig. 6 Scaling of extreme precipitation with warm cloud layer (WCL) depth (a), convective available potential energy (CAPE, c), and the size of the rainfall producing precipitation object (d) on wet days (precipitation larger 1 mm).




