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Introduction to Rain On 'S

Rain on snow (ROS) conditions often produce substantial floods In regions with a seasonal snow cover. Projected climate
change is likely to further increase the frequency and area that such events can occur. Unfortunately, ROS floods are notoriously
hard to predict due to the complexity of the processes involved and their large spatial and temporal heterogeneity. To improve the
abllity to simulate ROS floods, a study aimed at observing the spatial and temporal variability of the snow cover and the individual
terms of the snowmelt energy balance and specifically how this variability impacts ROS floods was initiated. The study was car-
ried out in the Black Forest” region of southwestern Germany, a medium elevation (350 - 1500 m asl) mountain range with a tem-
perate climate. The study used the approach of deploying numerous (up to 100) relatively low cost ,Snow Monitoring Stations®
measuring snow depth, surface temperature, iIncoming global radiation, windspeed, total preeipitation, atmospheric pressure,
and air temperature and - humidity. The data enables the calculation of a complete snow surface energy balance for any location.

The instrument locations were chosen to cover a wide range
of slopes, elevations, and expositions. Furthermore, "paired
stations” located In close proximity to each other, one In the
open andone underneath various forest canopies, were set
up to investigate the influence of vegetation on snow dyna-

mics. More information on the study setup and results are
given in Pohl et al. (2014).

Rain on Show Floods

For the study, a ROS flood was defined as having more than
3 mm rain, a pre-event basin wide average snow water
equivalent exceeding 10 mm, and an Initial snow covered
area of larger than 33%. Overthree winters, 15 ROS events
In the three basins used as study areas were observed
(Table 1). The contribution of snowmelt water to the overall
runoff volume was substantial for all floods ranging from 27
to 64 %. This proves that the meltwater contribution enhan-
ced the floods considerably, resulting in much more dan-
gerous floods than If only precipitation water would have
peen able to contribute to the flooding event.
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Introduction to ROS Events

Two ROS events in December of 2012 in the ,Brugga® research basin were analyzed Intensively. The Brugga basin has a fairly ;
strong relief with elevations ranging from 400 to 1500 m asl. 70 % of the basin Is covered by forest, 25 % are open (mostly pasture) *

meadows and 5 % are human settlements. The two events occurred over a relatively short time span with only six days between

®the events. Howewver, the conditions prior to and during the two events were very different, making them ideal for a study on ROS

Nrunoff generation: Lhe first ROS event (ROS: 1) was preceded by a prolonged cold perod that allowed a fairly substantial shew

pcover with a basinaverage SWE 0f 198 mm to accumulate. Thus the snow cover at the beginning of ROS 1 was fairly deepand §

Bcold. \The climatigaconditions were 'dominated by a low intensity but long lasting rainfall and temperatures just above 0°C
throughout the area. These.conditions led to a long lasting high runoff plateau. ROS 2 can be characterized by awarm, maoist pre-
R&vent snow covera shortbut intengg_ﬁjlmf;a_I_event and ’[EEI‘E’[U res of well above 5°C. This led to @ sharp'increase in mnoff With

with-a quick runoff peak and a flood level equal to 2 @&
20 year return penod flood at the basin outlet. §
Figure 1 shows the basin averageconditions during §

B the study period.
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Albedo measured/calculated The amount of energy available for snowmelt was defined by:

Satterlund {1978), *
ﬁaﬂdum Hﬁl‘.’;{.’?_?; under forest W melt™ Y netsw T Y net tw T Y senginle heat T Y Latent heat T 6ro
n&’@f_%r Essery et al. (2008) melt “SnetSW © S netlw - = Sensible heat © ™ Latent hea ——
s W R The individual terms of the snow surface energy balance were
e R measured or calculated from simple empirical formulae. The
R calculations were done on an hourly basis for all the SnoMoS

locations to show the spatial variability within the study basin.

PN oo o rempera ”“EJ Bulk Aerodynamic Formula

surface tempe aﬁ!‘. e, airpressure. | ,
‘Constant H'-i BleNNsierination of energy balance components from
Qi Precipitation, Air temperature SnoMoS measurements

Snowmelt Energy Balance for Different Me aditions
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Figure 2 shows hourly averages of dlﬁerent cﬂmpmnen@ ::.-; i eltenergy balance during ROS conditions and a clear sky spring period.

=N al m ) fﬂl’ both land covers during ROS conditions. Additionally, both land
covers show fairly similar amounts of avaﬂable me]t ene@y Thaﬁﬁmﬁhﬁm@hs impact flood formation as the entire basin is continuously producing
meltwater available for flood runoff. The clear sky conditions are charac%enzed py large differences In meltrates between the two land covers and
a clear diurnal cycle with open parts of the basin not producmg meltwater at all during nighttime. The breakdown of the respective contributions
of the individual terms of the energy balance indicates that, as expected, turbulent fluxes of sensible and latent energy drive the ROS melt energy
balance while solar radiation dominates during clear sky periods. Advective energy only plays a role very early on during ROS events, when the

snow cover s still cold and the falling rainwater refreezes.

Rain-on-Snow
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Figure 4 shows that short and long wave input was spa- |

ROS 2 Open ROS 2 Forest tially relatively homogeneous over the basin. This can
Z= | Bl atiributed to the fact that during ROS conditions over-
cast skies dominate, thus limiting the effect of slope
and exposure on direct short wave radiation and provi-
ding a constant long wave.input from the cloud cover.
The most spatially variable energy terms were the tur-
bulent fluxes of sensible and latent energy especially
during the second ROS eventWhich was characterized
by high wind speeds. The strohg influence of the forest
vegetation on wind speed and therefore the turbulent
energy fiuxes pecomes obvious as the turbulent fluxes
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@2 Observation of Spatial and Temporal Variability of Showmelt Energy Balance Factors and Runoff
4 Sources During Rain on Snow Events

Stefan Pohl ! , Jakob Garvelmann 2 Markus Weiler "

underneath the forest canopy are lower than in the |

open areas and overall more variable with some out- |

liers. This can be related to the vastly different forms of

forest vegetation as especially open deciduous forest

Ve e . locations were such outliers. Similar observations were
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Y Figure 4: Hourly values of energy balance components, black lines indicate basin cations show much higher values of turbulent energy

average (adapted from Garvelmann et al. 2014) fluxes.
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Where does'the

*Retention Storage gf thejPre-Event Snow Cover
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b The rétén-tic:h storage.of the snT::nw cover was calculated from spatially distribut-
ed valuesof snow water equivalent and snow temperature. The snow prior to
ROS 1 can be charaeterized as a'fairly deep, dry-snowpack. Figure 5shows
the distributien ef the total retennon storage of the gnowpack N the stuey
catchment. Totabavailable retentl-::nri’ storage Pefore-ROS 1 was between OV
in the lowest parts with no.snow andupto 14.2'mmiin theshighestparts of the
catehment. “For ROS 2 the pre- event SPOWECOVET was relatively warm and
moist at.all.elevations and therefore Had a very oy otal retention Storage.. In |
fact the pre- -event basin average basin retention storage of thasnﬂw;)ack Was
“just 0.5 mm. Thls _shows how |mp-:::nrtant the-gonditionof the SnowW c:-:::n?er IS for
;the potential afa Iarge rain on Sﬁﬂw flc:-c.-dlng event’
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The total retention storage was used along with the rainfall input and snowmelt watertakan from the SHOM@S c:nbservatmns to calculate the hourly
N amounts 'of water potentially available for runoff at the the snowpack soil surface interface. In this c:alculatmn the snowpack was c:&:-nmder‘ed as a
vanahl i storage. system and once the total reientmn storage of the snoWwpack was reached, the excess water was considered the potennal runoft.

&8 6 and 7 show that the ighest amqunts of patential runoff was generatet:l In the upper areas, of the catchment especially on open, south
fac:mg opes. This can be attributed to the highér amounts of SWE*pfesent in the open, upper parts of the basin and the on average slightly
warmer snow temperatures on south fabrng slopes prior to the:event. The analysis also showed that fmrested areas produced less pﬂ’fennal i cn“F
However, the reduction was 'only 10%, indicating that virtually the wholebasin area contributed 5|gn|f|cantiy to, runoff. The Flgures alsc:n n Jﬂ ‘
that the spatial pattern of available \Runoff water. was w~ery similar, for the two events.® Howex}ér th&}r

range of potential runoff. Y *"_-' .

I'-'.GE 1 fnrtst
i Max: 197 mm

i
Figure 7:
Average
: Rl hourly po-
B AW tential runoff
2l relative to
the maxi-
mum

Potential runoff

0.8 . 8 2 22 [mmf] 06 08 1 12 14 18 18 2 22 24 26 28 3 [mm/h]

Flgure B: Average hourly potential runoff rates

_q—_ —————— ___ —_ — _—

: Conclusmns

| The observation of the temporal and spatial variability of the snowmelt energy balance factors and the runoff generating processes during rain on snow
events has shown why these events often produce large flooding. The analysis of the obtained energy balance shows that the entire basin independent
| of land cover receives considerably continuously positive energy input that is used to melt the snow. Thus snowmelt water from the entire basin can
continuously contribute to runoff. A comparison of the contributions of rain and meltwater to overall flood runoff has further revealed the great impact
of the snow meltwater to flooding. The study has further shown that the initial conditions of the snow cover are absolutely crucial for the formation of a
rain on show flood. A cold deep dry snow cover may act as a buffer as it can retain large quantities of rainwater and can delay the activation of the
| basin considerably. On the other hand, a warm moist snow cover can accelerate the formation of a flood, as it will contribute significant amounts of
snowmelt water almost immediately, thus leading to a quick rising, potentially very dangerous flooding.
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