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ABSTRACT
Rudolph, James V. (Ph.D., Department of Atmospheric and Oceanic Sciences)

An operational radar-based precipitation climatology for the Swiss Alps

Thesis directed by Assistant Professor Katja Friedrich

Eleven years (2000-2010) of ground-based operational weather radar data are used to analyze
three-dimensional precipitation distribution in the Swiss Alps. Daily synoptic scale weather
patterns associated with high resolution (2 x 2 km?) radar-estimated precipitation show an
advective synoptic scale pattern with southerly flow results in the highest median and 90th
quantile values for total daily precipitation while a convective synoptic scale pattern results in
elevated frequency of extreme rainfall rate events. Radar-estimated precipitation observations
are coupled with geopotential height fields from Community Climate System Model Version 3.0
(CCSMQ) and indicate that changes in synoptic pattern frequencies will result in an
approximately 10-15% decrease in decadal precipitation over the course of the 21st century for
seven Swiss river basins. Radar reflectivity is also used for analysis of precipitation systems’
vertical structure on the southern side of the Alps. Storms occurring in summer are more
convective than winter season storms as indicated by more frequent observation of reflectivity at
higher altitudes during summer. Seasonal classification of individual storms by vertical structure
of reflectivity reveals a transition between winter and summer-type storms during spring and fall
that follows changes in average daily surface temperature. Although summer and winter-type
storms result in a similar amount of total precipitation, summer-type storms have shorter
duration, and therefore, greater intensity. The dependence of storm type on temperature has
implications for intensification of the hydrologic cycle due to climate change. Warmer winter,

spring, or fall surface temperatures may affect average precipitation intensity by increasing the



number of days per year that experience more intense convective precipitation while decreasing

the probability of less intense stratiform precipitation.
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CHAPTER 1: INTRODUCTION

Precipitation is a primary component of the hydrologic cycle and has significant implications
for fresh water supply and storage, as well as flooding. Precipitation characteristics such as total
amount, frequency, intensity, type, and duration are likely to be affected by changes in global
and regional climate. The Fourth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC, Kundzewicz et al. 2007) emphasizes that changes in precipitation related to
climate change will exacerbate the current stress on water resources from population growth and
land-use change. Mountains play an especially important role in the hydrologic cycle with
implications for runoff, flooding, water storage, and glacier-mass balance (Beniston, 2005).
Changes in precipitation amount and intensity in mountainous regions are of major concern,
affecting both the localized alpine area and the lowlands that utilize fresh water supplied from
upper elevation catchments and are exposed to flooding risk that results from extreme
precipitation. Understanding past and future precipitation characteristics in mountainous regions
is essential to develop water policy and management strategies for responding to the impact of
climate change. The 2008 IPCC technical paper on climate change and water notes that there is
insufficient information on the effect of climate change where topography generates fine spatial
scales in climate, and also that further development is needed of catchment scale climate models
that are more relevant to water management (Bates et al. 2008).

My overall research intent is to utilize operational radar data to analyze precipitation
distribution in the European Alps with three main objectives: 1) develop a high resolution radar-
based precipitation climatology and relate it to synoptic weather patterns, 2) leverage the
relationship between precipitation distribution and synoptic patterns to downscale precipitation
from global climate models (GCMs), and 3) utilize the 3-diminensional spatial nature of radar

data to investigate the vertical structure of precipitation.



In Chapter 2, operational radar is utilized to create a high resolution decade-length
precipitation record, and the relationship between precipitation distribution and synoptic weather
patterns is analyzed (Rudolph et al., 2011). The contents of Chapter 2 were published in the
Journal of Applied Meteorology and Climatology in an article titled “Relationship between
radar-estimated precipitation and synoptic weather patterns in the European Alps” (Rudolph et
al., 2011). The distribution of total daily precipitation and occurrence of high precipitation rate
events over the years 2000-2008 are summarized for regions located to the north, northwest,
west, and south of the main crest of the Alps. The goals for development of this analysis are to
a) demonstrate the use of radar-based precipitation estimates in creating a high resolution
decade-length precipitation record, b) identify seasonal and annual trends over the period of the
study, ¢) compare regional precipitation distributions within the Alps, and d) beyond direct
analysis of precipitation characteristics, understand the relationship between precipitation
distribution and synoptic scale weather patterns. Systematic classification of synoptic scale
weather patterns into discrete categories over the time span of the analysis enables the
investigation of potential correlations between synoptic patterns and resulting precipitation
characteristics.

In Chapter 3, radar-estimated precipitation observations are combined with GCM data to
forecast the effects of climate change on future precipitation at spatial resolution relevant to river
basin hydrologic models (Rudolph et al. 2012). The contents of Chapter 3 were published in the
Journal of Climate in an article titled “Model-based estimation of dynamic effect on 21* century
precipitation for Swiss river basins” (Rudolph et al. 2012). Synoptic weather patterns are used as
a link between the high resolution (~2 km) radar-based precipitation climatology developed in

Chapter 2 and low resolution (~100 km) GCM output in order to determine expected trends in



precipitation for Swiss river basins. The dynamic effect of climate change on future
precipitation is evaluated by using future changes in the occurrence of synoptic patterns to
quantify future changes in precipitation. This approach to understanding the impact of climate
change on precipitation is unique because it provides an additional perspective to downscaled
climate models for locations where sufficient radar data are available. The use of radar-
estimated precipitation observations with high spatial resolution enables the development of a
river-basin specific analysis that accounts for terrain and localized climate variation, yet is not
reliant on interpolation of sparse data.

In Chapter 4, the three-dimensional nature of radar reflectivity data is used to investigate the
seasonal variability and annual cycle of vertical reflectivity structure over southern Switzerland
(Rudolph and Friedrich 2012). The material in Chapter 4 has been accepted by the Journal of
Hydrometeorology as an article titled “Seasonality of vertical structure in radar-observed
precipitation over southern Switzerland” and is in review at the time of publication of this
dissertation (Rudolph and Friedrich 2012). A relationship is found between the vertical structure
of reflectivity and surface precipitation characteristics such as total amount, duration, and
intensity of precipitation. It is important to establish a link (or lack thereof) between vertical
reflectivity structure and surface precipitation measurements in order to understand the
implications that various storm types, as identified by the vertical structure of reflectivity, have
for the hydrologic cycle. Furthermore, the effects of surface temperature on the vertical structure
of reflectivity and potential impacts of climate change on the hydrologic cycle are examined.
Previous work indicates that changes in synoptic patterns over the 21st century in Europe will
increase the proportion of convective precipitation for Swiss river basins (Rudolph et al. 2012).

Chapter 4 further examines the possibility that precipitation events in southern Switzerland may



become more convective as temperature increases and how an increase in convective
precipitation may contribute to an increase in precipitation intensity.

The characterization of past and future precipitation lies at the interface between atmospheric
climate science and hydrology. This dissertation is relevant to alpine areas worldwide that rely
on orographic forcing of precipitation as an input to the hydrological cycle. In addition, the work
presented here demonstrates the value of intermountain radar networks for hydrological
monitoring and the potential utility of combining radar data with climate models to quantify

effects of climate change on localized precipitation.



CHAPTER 2
RELATIONSHIP BETWEEN RADAR-ESTIMATED PRECIPITATION AND SYNOPTIC
WEATHER PATTERNS IN THE EUROPEAN ALPS

2.1.  Introduction

Precipitation is a primary element of the water cycle, and precipitation characteristics such as
frequency, intensity, type, and duration are likely to be affected by changes in global and
regional climate. The Fourth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC, Kundzewicz et al. 2007) emphasizes that changes in precipitation related to
climate change will exacerbate the current stress on water resources from population growth and
land-use change. Mountains play an especially important role in the hydrologic cycle with
implications for runoff, flooding, water storage, and glacier-mass balance (Beniston, 2005).
Changes in precipitation amount and intensity in mountainous regions are of major concern,
affecting both the localized alpine area and the lowlands that utilize fresh water supplied from
upper elevation catchments and are exposed to flooding risk that results from extreme
precipitation. Understanding past and future precipitation characteristics in mountainous regions
is essential to develop water policy and management strategies for responding to the impact of
climate change. The 2008 IPCC technical paper on climate change and water notes that there is
insufficient information on the effect of climate change where topography generates fine spatial
scales in climate, and also that further development is needed of catchment scale climate models
that are more relevant to water management (Bates et al. 2008).

The intent of this study is to utilize operational radar data to analyze precipitation distribution
in the European Alps. Here, the distribution of total daily precipitation and occurrence of high
precipitation rate events over the years 2000-2008 are summarized for regions located to the
north, northwest, west, and south of the main crest of the Swiss Alps. The goals for development

of this analysis are to 1) demonstrate the use of radar-based precipitation estimates in creating a



decade length precipitation record, 2) compare regional precipitation distributions within the
Alps, and 3) beyond direct analysis of precipitation characteristics, understand the relationship
between precipitation distribution and synoptic scale weather patterns. Systematic classification
of synoptic scale weather patterns into discrete categories over the time span of the analysis
enables correlations between synoptic patterns and resulting precipitation characteristics.

The analysis presented herein is unique because of its operational radar basis. Previous
European Alps precipitation climatologies have reported precipitation quantity and intensity as
inferred from daily rain gauge values (e.g., Schonwiese et al., 1994; Widmann and Schar, 1997,
Frei and Schar, 1998; Schmidli et al., 2002; Klein Tank and Kénnen, 2003; Begert et al., 2005;
Schmidli and Frei, 2005; Moberg et al. 2006; Zolina et al., 2008; Zolina et al., 2010). Although
rain gauge based precipitation climatologies provide valuable information about seasonal and
regional precipitation attributes, they are limited by the spatial resolution of the rain gauge
network. Smith et al. (2003) showed that precipitation distribution in complex Alpine terrain
varies at scales less than 10 km, yet rain gauge based precipitation climatologies for the Alps
only attain spatial resolution of approximately 25 km (Frei and Schar, 1998). The radar based
precipitation data presented here has underlying spatial resolution of 2 x 2 km?.

Furthermore, the radar basis of this study provides higher temporal resolution than most non-
automated rain gauges. Rain gauge based climatologies typically characterize data on a daily
basis (Frei and Schéar, 1998; Klein Tank and Konnen, 2003; Schmidli and Frei, 2005; Moberg et
al. 2006; Zolina et al., 2008; Zolina et al., 2010), whereas radar provides precipitation estimates
at 5-15 minute intervals thereby enabling detailed precipitation rate analysis. Wdest et al.
(2009) recognized the timescale advantage of radar precipitation estimates and applied hourly

radar analyses to rain gauge data to improve the temporal resolution of a rain gauge based



climatology for the Alps, but did not incorporate spatial advantages inherent to radar. Sub-hour
radar-based precipitation rate was leveraged by Carbone et al. (2002) and Ahijevych et al. (2004)
to investigate diurnal precipitation patterns in the continental United States. Germann et al.
(2009) even demonstrates the usefulness of radar-derived precipitation rate estimation as an input
to a real time hydrologic model for a mountainous region. The distribution of high precipitation
rate is important to consider and included in this study because of the implications for flooding
(Alamano et al., 2009).

This study is also distinguished by the complex terrain of the European Alps. Previously, a
10-year radar-based precipitation climatology of total precipitation and extreme precipitation
events was developed for the relatively flat terrain of the Netherlands (Overeem et al., 2009a and
2009b). In earlier work, Schiesser et al. (1995) demonstrated the utility of radar for
characterizing the structure of severe mesoscale precipitation systems over Switzerland for a 5-
year period (1985-1989), but radar instrument capability has significantly improved since this
work was published. Panziera and Germann (2010) demonstated the use of Swiss radar data
from a single site to characterize airflow and precipitation rate for 58 orographic precipitation
events occurring in the years 2004-2008. Here, the timespan is extended to the entirety of 2000-
2008 and the data set is a composite of three Swiss radar sites (Fig. 2.1). Usage of ground-based
radar in complex terrain presents many challenges. Obstacles faced by modern radar
installations and associated verification of radar precipitation estimates in mountainous areas,

specifically the central European Alps, are described in Germann et al. (2006, 2009).



2.2. Data and Method
2.2.a. Data
Data from the operational Swiss Weather Service, MeteoSwiss, radar network forms the
basis of this analysis. The radar network includes three C-band Doppler weather radars at Lema,
Albis, and La Dole (located near Locarno, Zurich, and Geneva, respectively, see Fig. 2.1). Each
of the radars scans 20 elevations every 5 minutes monitoring radar reflectivity up to a range of
230 km. MeteoSwiss composites the three Swiss radars to estimate surface precipitation in a

data product called RAIN. RAIN provides a 30 minute running average of surface precipitation
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FIG. 2.1: Area of investigation covered by the three MeteoSwiss radars (locations
indicated with squares): Albis, La Dole, and Monte Lema. The boundaries of the
six investigation regions are shown with thick black lines. Thin lines indicate 800
m above sea level topographic contours.



rate on a 2 x 2 km? Cartesian grid and is updated every 5 minutes. Thorough descriptions of the
Swiss radar network and data products are found in Joss et al. (1998), Germann and Joss (2004),
Germann et al. (2006, 2009), and Panziera and Germann (2010). MeteoSwiss radar-based
precipitation estimates incorporate multiple quality control measures including automatic
hardware calibration; removal of ground clutter and false echoes; corrections for visibility to
account for and properly weight pulse volumes that are not fully visible by the radar antenna;
corrections for vertical profile of reflectivity to account for precipitation phase change and
growth between the height of the visible measurement and the ground; and bias correction for
non-uniform beam filling, low level growth unaccounted for by the vertical profile correction,
and attenuation (Joss et al.,1998; Germann and Joss, 2004; Germann et al., 2006).

Precipitation fields derived from the Swiss radars are adjusted to rain gauge measurements
on an annual basis. Analyses of measurement uncertainty revealed that the adjustment was most
valuable when applied over a large space-time window, i.e., a single value for each year
(Germann et al., 2006). Germann et al. (2006) have previously evaluated precipitation estimates
from the Swiss radar network by comparison of total daily rain gauge and radar precipitation
measurements and showed improvement over 1997-2004 that resulted in a global bias across the
whole of Switzerland of -1.3% for the daily radar-gauge ratio for summer 2004. Germann et al.
(2006) also quantifies localized bias between radar-estimated and rain gauge measured
precipitation. Geographically, bias varies from 0.2% on the South side of the Alps near the
Monte Lema radar to 13% in the interior of the Alps where the terrain is more complex.

2.2.b. Seasons and regions
The time intervals defined for analysis of seasonal precipitation distribution and patterns are

spring (March — May), summer (June — August), fall (September — November), and winter
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(December — February, the year associated with the winter season is the year of
January/February).

The Swiss Alps are divided into six regions to facilitate spatial analysis of the interaction
between synoptic weather conditions and topography. The first requirement for defining the
regions is that each is contained within the geographic boundaries of radar coverage. Secondly,
the regions are defined such that they are roughly aligned with the main Alpine crest. With these
requirements in mind, precipitation distributions are calculated for each season of 2000-2008 for
the six regions shown in Fig. 2.1: Northern Alps (N), Southern Alps (S), Northwestern Alps
(NW), Southwestern Alps (SW), Western Alps (W), and Massif Central (MC). The regions
range in size from 15,000 to 40,000 km? (3700 to 10,000 pixels). It is noted that the NW, N, and
S regions each contain one of the three radar sites, so data for these regions result from shorter
distances and lower heights of the radar beam and have different data quality than the more
distant MC region. Also noted is absence of a region covering the Eastern Alps due to lack of
radar visibility.

2.2.c. Total precipitation

Total daily precipitation is estimated at each pixel within each region by summing the
estimated precipitation rate (mm/h) at the surface for each 30 minute period (Precip Rateso min)
over the course of each day (Equation 2.1). The daily totals are then averaged over each season

for all pixels in a given region to give average daily precipitation.

Z _ 248 observations /day Pl‘eCip Rate30 min
region 241 2 observations/hour

area of region

mm
Average daily precip.[ = (2.1)

Equation 2.1 reveals a difference between the time series of average daily precipitation

calculated here and time series of daily precipitation reported by rain gauge based climatologies.
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The radar-based daily precipitation in this analysis is a temporal and spatial average of
precipitation received at each pixel (representing 2 x 2 km?) within a region; whereas, rain gauge
based precipitation is generally reported as time-series for specific points which can be
interpolated to provide regional precipitation averages.
2.2.d. High precipitation rate

The 30-minute time resolution of the radar-based precipitation rate data is leveraged to
develop an analysis that includes precipitation rate as well as quantity. Therefore, in addition to
total daily precipitation, the regional and seasonal distributions of high precipitation rate events
are also investigated. Precipitation rate is analyzed in terms of geographic extent and duration of
heavy precipitation, i.e., number of pixels having a precipitation rate greater than or equal to 20
mm/h over the course of a season, and is subsequently referred to as frequency of high
precipitation rate, F (Equation 2.2).

. Yitime iregion Number of pixels with precip rate = 20 mm/h

2.2
area of region 22)

The 20 mm/h threshold is confirmed as a high, rarely-occurring value (extreme value) for
precipitation rate by observing that over the period of 2000-2008 a precipitation rate of 20 mm/h
or greater occurred in 0.39% of the sampled pixels that indicated occurrence of precipitation.
Although quality control (QC) measures are built into the dataset as described in Section
2.2.a., an additional measure was applied to the frequency of high precipitation rate data to
further remove non-precipitating echoes. The QC procedure involved gathering frequency data
during a time frame where no precipitation was received and radar reflectivity is related to clear
air echoes. Pixels which showed a rain rate of greater than 8 mm/h during this time frame were

omitted from the frequency of high precipitation rate analysis.
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2.2.e. Synoptic weather patterns

Distribution of total precipitation and high precipitation rate is generally coupled with the
associated synoptic weather situation (e.g. Lin et al., 2001; Rudari et al., 2004). The
identification of weather patterns most likely to result in the greatest daily precipitation and the
most widespread occurrence of high precipitation rate allows prediction of future precipitation
amounts related to changes in natural modes of the atmospheric circulations such as the North
Atlantic Oscillation (NAO). Schiiepp’s weather classification is a system that provides daily
categorization of the synoptic pattern in the central Alps from 1945-current. A detailed
description of Schiiepp’s weather classification is provided by Schiiepp (1979), Wanner et al.
(1998), and Stefanicki et al. (1998). Schiiepp’s classification system is a subjective method
because the weather pattern definitions are known in advance. It is used for this analysis because
of its established usage in the Swiss Alpine area. Daily Schiiepp’s synoptic weather pattern
classifications for the years 2000-2008 were obtained from MeteoSwiss.

The main three classes of the Schiiepp system (convective, advective, mixed) are determined
by the strength of the surface pressure gradient across a 444 km diameter centered in Switzerland
at 46.5° N, 9° E. The convective type is characterized by lack of surface pressure gradient, and
the advective classification is associated with the existence of a gradient in surface pressure
larger than 5 hPa across the diameter. The mixed classification results when surface and 500 hPa
pressure gradients are at odds (strong gradient at one level while weak at the other). The main
classes are further divided into the following sub-classes: a) convective: high (CH), flat (CF),
and low (CL) (based 500 hPa geopotential height relative to the annual mean); b) advective:

north (AN), south (AS), east (AE), and west (AW), based on the direction of the 500hPA
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geostrophic wind; and ¢) mixed (MIX): no further sub-classification. A final distinction into 40
weather situations is made by evaluating the angle between surface isobars and 500 hPa
contours, and 500 hPa wind speed and geopotential height from soundings in Payerne,
Switzerland; Milan, Italy; and Munich, Germany.

The 1000 hPa and 500 hPa geopotential height maps are generated for Schiiepp’s
classifications that are herein identified as associated with days having high total precipitation or
frequency of high precipitation rate. The geopotential data were retrieved from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA) Interim dataset
with a horizontal resolution of 1.5° x 1.5°.

2.3.  Results and Analysis

2.3.a. Total precipitation

Total precipitation for each region is compared within each season to indicate which region
has the highest precipitation amount over the years 2000-2008 (Fig. 2.2). The SW has the
highest median value in winter, spring, and fall and is among the group of regions having the
greatest average daily precipitation for all seasons (based on pairwise comparison using t-test
with 95% confidence). However, the N region has highest median in summer. The W and MC
regions are consistently in the group with the lowest median values of total precipitation in all
seasons. Also, the maximum values of total precipitation in each region qualitatively follow the
same pattern as the distribution of median values for each region.

To indicate which season provides the highest values of total precipitation each season is
compared within each region (Fig. 2.3). Summer has the highest median and maximum value of
total precipitation for all regions and is the wettest season in all regions with median values of

total precipitation for summer more than twice winter median values. The SW is the exception
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where a significant difference does not exist between any pair of seasons (at 95% confidence
level, Fig. 2.3). The result agrees with Frei and Schar (1998) who also reported summer to be
the wettest season across the Alps, with the exception of the southwestern Alps where minimal

seasonal differences were found.
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FIG. 2.2: Average daily precipitation for each season between the years 2000-
2008 is plotted as a function of region. Diamonds indicate maximum values,
boxes indicate median values, and the lines indicate interquartile range at the hash
marks (within each region). The regions receiving the most total precipitation
during each season are shaded gray (based on pairwise comparison with 95%
confidence as discussed in Section 2.3.a.).



z North
E ‘_ 3
= 31+ O 3
-
E 1k © @ 'I" % 3
-
§1 0
RS B
-
; 0
Winter Spring Summer Fall
Season
- Northwest
]
E 4 -
£ o 2
A <
’ o
fif0 % T T 3
$i 7 :
o
= 0
< Winter Spring Summet Fall
Season
~ West
% af ]
g Y
£ o EF 3
£ [0 |
v 7+ T
2ol : : ;
Winter Spring Surmmer Fall
Seaton

Avg daily precip (mimid) Avg daily precap (mmid)

Avg daily preap (mm/d)

[

s

15

= e L

South
L o .
Winter Spring Suminet Fall
Season
Southwest
Winter Spring Suminet Fall
Season
Massif Central
F o T l% ]
Winter Sp:lin: ‘»mnlmﬂ f;l.'l
Season

FIG. 2.3: Average daily precipitation between the years 2000-2008 is plotted for
each region as a function of season. Diamonds indicate maximum values, boxes
indicate median values, and the lines indicate interquartile range at the hash marks
(within each season). The seasons receiving the most total precipitation within
each region are shaded gray (based on pairwise comparison with 95%

confidence). Note the scale differences on the y-axis for the various regions.

The 10-day running mean (-5 day/+4 day) of total daily precipitation averaged over 2000-

2008 as shown in Fig. 2.4 provides some insight into the relative seasonal values of total

precipitation. Each region follows a similar annual cycle. Daily precipitation reaches its

minimum during winter, steadily increases during spring, reaches maximum values during the

summer, begins to decrease in late summer, and remains at lower values with more variability

during fall as compared to summer. Late spring and early-mid fall both contain individual days

which have similar total precipitation in several regions as the summer season; however, when

averaged together with drier days earlier in spring and later in fall, both seasonal means of total
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FIG. 2.4. 10-day running average daily precipitation received over the years
2000-2008 is plotted for each day of the year and for each region. The 10-day
running average over all regions is indicated by the black line.

precipitation are less than summer which culminates in the relative mean values of the seasonal

distributions (Fig. 2.3). The high variability of total precipitation in spring and fall may be
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reflective of the increased occurrence of strong southerly flow that results in heavy precipitation

and flooding during April/May and October/November as reported by Grazzini (2007). Most of

the heavy precipitation events, especially in spring and fall, are linked to upper-level troughs

(Lin et al. 2001; Rudari at al. 2004). The lee cyclone, also called the Genoa cyclone, forms in

the lee of the southern Alps close to the city of Genoa, Italy. This weather situation first causes

heavy precipitation on the southern side of the Alps followed by heavy precipitation on the

northern side (e.g., areas of Switzerland received 200 - 300 mm of precipitation over a five day

period during the August 2005 flood; Hohenegger et al., 2008).
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2.3.b. Frequency of high precipitation rate

In order to provide insight into local areas of maximum precipitation rate and the spatial
distribution within each region the number of occurrences of precipitation rate exceeding 20
mm/h is summed at each pixel over each season (resulting in resolution of 2x2 km?). Figure 2.5
is shown as an example of the output generated for each season of 2007. In 2007 summer was
the season with the largest area having experienced a precipitation rate greater than 20 mm/h.
The area south of the Alps contained more numerous and widespread high precipitation events
compared to the other regions and seasons. Spring was the season with the second largest area of
high precipitation rate over the Alps. The Lago Maggiore area in the southern region of the Alps
had the greatest frequency of high precipitation events in spring, summer, and fall of 2007.
Frequency of high precipitation rate, i.e., total seasonal count of pixels that exceed a precipitation
rate of 20 mm/h divided by the surface area of each region, is summarized for each region and
season over 2000-2008 in Fig. 2.6. Larger values indicate greater geographic extent, or
combined effect of widespread and frequent, high precipitation events. The overall maximum
frequency of high precipitation rate observed (summer in the NW region, Figs. 2.6 and 2.7)
results both from increased horizontal distribution of high precipitation rate events, meaning that
more surface area received at least one instance of high precipitation rate, and increased
occurrence of high precipitation rates in localized areas, specifically north and northwest of the
Alps. Summer months have the highest frequency in all regions over the period of 2000-2008
while winter has the lowest frequency (Figs. 2.6 and 2.7). The S region has the highest overall
mean frequency value (all seasons, not shown) while the W region has the lowest overall mean

frequency.
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In contrast to total precipitation shown in Fig. 2.2, seasonal comparison of frequency of high
precipitation rate between each region with 95% confidence shows the most high precipitation
rate events in winter occur in the N region (Fig. 2.6). In spring and summer, the W region has
the least frequency of high precipitation rate events, and in fall the S and SW regions have the

greatest frequency of high precipitation rate events.
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FiG. 2.5. Horizontal distribution of high precipitation rate frequency (number of
occurrences of precipitation rate greater than 20 mm/h) is plotted for all seasons
of 2007. Black lines indicate 800 m above sea level topography.
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FiG. 2.6. Frequency of high precipitation rate for each season between the years

2000-2008 is plotted as a function of region. Diamonds indicate maximum

values, boxes indicate median values, and the lines indicate interquartile range at

the hash marks (within each region). The regions with the greatest frequency of

high precipitation rate events during each season are shaded gray (based on

pairwise comparison with 95% confidence).

Comparison of the frequency of high precipitation rate between seasons (with threshold set at

20 mm/h for all seasons) within each region shows that frequency in summer is significantly
different than each of the other seasons in all regions (Fig. 2.7). Spring, fall, and winter are not
found to be significantly different. Therefore, in general, summer has the most widespread
occurrence of high precipitation rate events, and the result is consistent with previous studies that

show the majority of severe mesoscale convective systems and heavy precipitation events in

Switzerland occur during summer (Schiesser et al., 1995; Laing and Fritsch, 1997).
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2.3.c. Correlation of synoptic weather pattern to total precipitation and high
precipitation rate
As already discussed in Sections 2.2.e and 2.3.a. most of the precipitation in the Alps is
related to the synoptic scale weather pattern. If the 9-year (2000-2008) precipitation distribution
presented here is related to synoptic weather patterns, it may enable prediction of future
precipitation amounts and occurrence of high precipitation rate based on changes in occurrence
of synoptic weather patterns as predicted by climate models. First, the synoptic weather patterns
are identified corresponding to the highest median and 90" quantile (Q90) of total daily
precipitation and frequency of high precipitation rate for each region over the years 2000-2008
(Table 2.1). Days characterized by an advective pattern have both the highest median and Q90
of total daily precipitation. This implies that advective patterns are associated with the highest
values of total daily precipitation. Furthermore, the AS pattern accounts for the highest median
and Q90 values of total daily precipitation in all regions, except the N. Advective patterns in the
Schiiepp classification exhibit a surface level pressure gradient and are further classified by the
direction of the 500 hPa geostrophic wind. The AS pattern is generally associated with a mid-
tropospheric southerly flow that carries moist air from the Mediterranean toward the Alps and
provides the necessary moisture to result in large daily totals of precipitation as shown in Fig.
2.8. The sub-categories of the advective Schiiepp’s classification are limited to four cardinal
directions (north, south, east, west), and the AS pattern includes advection from the southwest, as
well as the south, while advection from the southeast is classified as AE (Schiiepp, 1979;

Wanner et al., 1998; Stefanicki et al., 1998).
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Total Daily Precipitation ~ Frequency of High Precipitation Rate

Region  Largest Median Largest Q90 Largest Median Largest Q90

North AN AW CF,CH CH
South AS AS CF MIX
Northwest AS AS CH CH
Southwest AS AS CH CH
West AS AS CH CH
Massif Central AS AS CH CH

TABLE 2.1. Schiiepp’s weather classifications corresponding to largest median and
largest 90% quantile values for total daily precipitation and frequency of high
precipitation rate are shown for each region for the years 2000-2008. Synoptic
weather pattern abbreviations are as follows: AN: advective north; AS: advective
south; AW: advective west; CF: convective flat; CH: convective high; MIX:
mixed.

Figure 2.8 shows the 1000 and 500 hPa geopotential height contours averaged for the five
days classified as AS that produced the greatest amount of total daily precipitation as indicated
by operational radar across all regions during the years 2000-2008. The surface pressure
gradient across Switzerland leads to the advective classification while the SSW 500 hPa
geostrophic wind direction further classifies the situation as AS. The predominant feature is the
passage of an upper-level trough west of the Alps that usually extends from England to the
Mediterranean and causes moist flow from over the Mediterranean to interact with the Alpine
topography to result in heavy precipitation. In addition, the westward movement of the trough is
slowed by a ridge to the east of the Alps. The synoptic situation displayed in Fig. 2.8 is similar
to the elongated trough, or potential vorticity streamer, described as an ingredient for heavy
Alpine precipitation in Doswell et al. (1998), Massacand et al. (1998), Lin et al. (2001), Martius
et al. (2006), Grazzini (2007), and references within. Although the North Atlantic has been

identified as the greatest contributor of moisture to annual precipitation for the overall Alpine
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area (Sodemann and Zubler, 2010), the association of the AS pattern with the highest daily
values of precipitation suggests that the Mediterranean is the moisture source that produces the

largest daily totals of precipitation across the Alpine area, with the exception of the North region.

FiG. 2.8. The 1000 hPa geopotential height (solid contours, units are dm) and 500
hPa geopotential height (dashed contours, units are dm) averaged for the top five
total precipitation days during the years 2000-2008 (26 October 2004, 31 October
2003, 13 July 2008, 8 December 2006, 6 December 2006) classified as advective
south Schiiepp’s weather pattern.
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Days characterized by a convective pattern account for the both the greatest median and Q90
of high precipitation rate frequency in all regions (Table 2.1). Therefore, across all regions,
convective patterns are associated with the greatest geographic extent of high precipitation rate.
In fact, the CH pattern accounts for the greatest median and Q90 values of high precipitation rate
frequency in all regions, except for the S region. Convective patterns are characterized by a
dome or ridge of high pressure at the surface that creates a weak pressure gradient and
subsequently results in light low-level geostrophic winds. Weak surface-level winds may allow
localized convective systems producing high precipitation rates to develop, thereby, enabling the
relationship between a convective synoptic pattern and high precipitation rate.

Figure 2.9 shows the 1000 and 500 hPa geopotential height contours averaged for the five
days classified as CH that produced the greatest frequency of high precipitation rate as indicated
by operational radar across all regions for the years 2000-2008. The convective classification is
associated with minimal surface pressure gradient across Switzerland (Fig. 2.9). The CH sub-
classification is determined when the 500 hPa geopotential height is in the upper quartile of the
mean annual distribution of 500 hPa heights for soundings from Payerne, Milan, and Munich.
Since the majority of high precipitation rate events are found in the warm summer season, as
evidenced here and also in Schiesser et al. (1995), it is not surprising that the associated 500 hPa
geopotential heights are in the upper quartile. Also notable in Fig. 2.9 is the southwesterly
geostrophic wind at 500 hPa. Again, similar to the advective situation, the southerly component
of the mid-tropospheric flow carries moisture from the Mediterranean toward the Alps. Vertical
wind shear, as indicated by the difference in geostrophic wind between the surface and mid-
troposphere, also creates an environment favorable for development of intense storms capable of

producing high precipitation rates (Weisman and Klemp, 1984).



FIG. 2.9. The 1000 hPa geopotential height (solid contours, units are dm) and 500
hPa geopotential height (dashed contours, units are dm) averaged for the top five
frequency of high precipitation rate days during the years 2000-2008 (24 June
2005, 12 July 2006, 20 June 2007, 12 June 2003, 27 June 2006) classified as
convective high Schiiepp’s weather pattern.
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The relationship between total precipitation and frequency of high precipitation rate is
analyzed with conditional probability. Specifically, the conditional probability that a given day
is above the 90" quantile for total precipitation given that the frequency of high precipitation rate
is above the 90" quantile, noted as P(total90|rate90) is defined as:

P(total90 N rate90)

P(total90 |rate90) = P(rated0) (2.3)

The conditional probability, P(total90|rate90) , is a measure of the causal effect of high
precipitation rate on large amounts of total daily precipitation. Larger values indicate that high
precipitation rate (in this case > 20 mm/h) contributes more to total precipitation. Likewise,
smaller conditional probabilities result when large quantities of total precipitation result from
longer duration, lower precipitation rate events.

Figure 2.10 shows conditional probability, P(total90|rate90), for each Schiiepp synoptic
pattern and region. The convective high pattern (CH) has the highest conditional probabilities
for all regions. Therefore, under a CH synoptic pattern, high precipitation rates are more likely
to result in large quantities of total precipitation. In contrast, the advective south (AS) synoptic
pattern has lower conditional probability for each region, an indication that large quantity
precipitation events occurring in an AS pattern are associated with persistent precipitation at
lower rates.

Figure 2.11 further illustrates the use of conditional probability in evaluating the relationship
between precipitation rate and quantity. Frequency of high precipitation rate is plotted against
total daily precipitation for the South region for days classified as AS and CH with the 90"
quantile (Q90) values for frequency of high precipitation rate and total daily precipitation

indicated with dashed lines. Data points in the upper right sector demarked by the 90™ quantile
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lines are values that are above the 90" quantile for both precipitation rate and quantity. For the
AS pattern, the values greater than Q90 for total precipitation are dispersed across both sides of
the Q90 line for precipitation rate. However, the CH pattern exhibits a stronger relationship
between total precipitation and precipitation rate, thereby explaining the larger conditional

probability for the CH pattern as shown in Fig. 2.10.
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FiG. 2.10. Conditional probability that daily total rainfall (mm/d) is above the 90
quantile given that the frequency of high precipitation rate (#/km?) for the day is
above the 90" quantile for each Schiiepp synoptic classification and region.
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FiG. 2.11. Frequency of high precipitation rate for each day (#/day/km?) is plotted
vs. total daily precipitation (mm/d) for the South region. Days classified as
advective south (AS) are shown on the left and days classified as convective high
(CH) are show on the right. The data include all days over the years 2000-2008.
The vertical dashed line is the 90" quantile of total daily precipitation for the
South region and the horizontal dashed line is the 90™ quantile for frequency of
high precipitation rate.
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Table 2.2 shows the relative frequencies of the main Schiilepp weather classifications for the
period of 1945-1994 (as reported in Wanner et al., 1998) and also for the period of 2000-2008.
The data indicate an increased frequency of convective days at the expense of a decrease in
advective days. The increase in convective days and decrease in advective days for 2000-2008
as compared to 1945-1994 is consistent with trends reported in Stefanicki et al. (1998). Based on
the association of convective patterns with high precipitation rate and relationship between
precipitation rate and total precipitation for convective patterns, it may be expected that an
increasing frequency of convective patterns will lead to intense precipitation events accounting
for a greater portion of total precipitation. In fact, several studies provide evidence that extreme
events are increasing in probability and increasing their contribution to total seasonal

precipitation amounts (Klein Tank and Konnen, 2003; Groisman et al., 2005; Zolina et al., 2010).

Schiiepp Classification 1945-1994 2000-2008
Convective 0.51 0.57
Advective 0.43 0.36
Mix 0.06 0.07

TABLE 2.2. Frequencies of main Schiiepp’s weather classifications are shown for
the period 1945-1994 (Wanner et al., 1998) and 2000-2008.

2.4.  Summary and Conclusions

A 9-year (2000-2008) analysis of precipitation for the central and western European Alps has
been assembled from Swiss operational radar data. Six regions aligned with the general
topography of the Alps and the radar coverage were established to enable sub-analysis at the
100s of km scale. The seasonal distribution of total daily precipitation and the frequency of high
precipitation events were characterized on the basis of radar-estimated precipitation rate at the

surface.
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Total daily precipitation was found to follow a similar annual time series across all regions
with minimum values in the winter, steadily increasing during the spring, consistently at the
highest values in the summer, and then decreasing in late summer and more variable throughout
the fall. The SW region exhibits less of a seasonal trend in daily precipitation and also is among
the regions that received the most total precipitation per km? in all seasons. For all regions, high
precipitation events (precipitation rate > 20 mm/h) were most frequent in summer and least
frequent in winter over the years 2000-2008.

The highest median and Q90 values of total daily precipitation occurred on days with
advective synoptic weather patterns, a synoptic situation that carries moist air from the
Mediterranean toward the Alps. A convective synoptic weather classification having minimal
surface pressure gradient was associated with the highest median and Q90 values of high
precipitation rate frequency. Under a convective high synoptic pattern all regions are more
likely to receive large total amounts of precipitation resulting from high precipitation rate.
Conversely, under an advective south pattern large amounts of total daily precipitation are more
likely to result from longer duration, lower intensity precipitation rates.

A potentially more valuable and available extension of this analysis is application of the
radar-based precipitation distribution at the resolution of the base data (2x2 km?), and therefore,
potential use as a catchment- or glacier-specific precipitation characterization (Machguth et al.,
2009). Furthermore, a probability distribution of precipitation at each grid point is envisioned
which, when related to synoptic weather patterns, provides precipitation distribution and
frequency for potential use in coupling catchment-scale hydrologic models to coarser-resolution
climate models. Relating the operational radar-based precipitation analysis to climate models

also provides opportunity for assessment and validation of downscaled climate model
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precipitation output, such as in Smiatek et al. (2009) where multiple regional climate models for
the European Alps are reported, but not thoroughly compared, due to lack of high resolution
precipitation data. Finally, additional future work is planned to leverage the three-dimensional
spatial nature of radar data to study features of vertical structure such as melting layer and

distribution of precipitation type (snow/rain).
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CHAPTER 3
MODEL-BASED ESTIMATION OF DYNAMIC EFFECT ON
21ST CENTURY PRECIPITATION FOR SWISS RIVER BASINS

3.1. Introduction and Background

Precipitation is a primary component of the hydrologic cycle and has significant implications
for fresh water supply and storage, as well as flooding. Quantitative Precipitation Forecasts
(QPFs) and Quantitative Precipitation Estimates (QPE) are critical inputs to hydrologic forecasts
because of the direct connection between the spatial and temporal distribution of precipitation
and resulting runoff. The Mesoscale Alpine Programme Demonstration of Probabilistic
Hydrological and Atmospheric Simulation of flood Events (MAP D-PHASE) is an example of a
collaborative atmospheric and hydrologic sciences effort to incorporate QPE and QPF into
hydrologic forecasts for the European Alps (Ranzi et al. 2007; Zappa et al. 2008). A primary
goal of MAP D-PHASE is operational forecasting of Alpine flood events through improvement
of single to multi-day hydrologic forecasts. Forecasts with short time horizons (hours to days)
are typically used for tactical actions such as warning and minimization or prevention of floods,
similar to the objectives of MAP D-PHASE. However, hydrologic forecasts with longer time
horizons are also important for water resources management (Table 3.1; adapted from Webster et
al. 2010). Long-term forecasts (seasonal, annual, and even decadal) provide a basis for strategic
water resource planning, such as development of management policy or investment in
infrastructure.

As the time horizon for QPF is extended it becomes important to consider precipitation
climatology. Long-term hydrologic forecasting has traditionally been based upon a climatology
that includes observed historical precipitation distribution with an assumption of climate
stationarity over time. However, it is now realized that as climate changes it is not valid to base

water resource planning on static, historical precipitation distributions (Milly et al. 2008;
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Gilleland and Katz 2011; Hirsch 2011). It has become critical to develop an understanding of
how precipitation may be affected in a changing climate, so that water management strategy may

adapt, if necessary.

Forecast period Time horizon Usage

|‘r‘nmed|ati, present - hourly tactical
nowcast

short-term daily tactical

intraseasonal weekly tactical/strategic
seasonal monthly strategic
management strategy &

long-term yearly - decadal policy development,

infrastructure requirements

TABLE 3.1: Hydrologic forecast periods are listed with applicable time horizons
and typical usage in water resource management (adapted from Webster et al.
2010).

So how can we generate long-term precipitation forecasts at spatial resolution relevant to
river basin hydrologic forecasts in a changing climate? Various methods of downscaling have
been applied to this problem. Current methods for downscaling regional precipitation distribution
are categorized as dynamical or statistical (Schmidli et al. 2007, and references within).
Dynamical downscaling uses regional climate models (RCMs) to directly obtain high resolution
atmospheric data at the desired grid spacing. For example, Smiatek et al. (2009) ran multiple
RCMs for the European Alps with spatial resolution ranging from approximately 5-20 km. The
study concluded that lack of high resolution precipitation observations prevented model
validation and limited the use of models for evaluating trends in future precipitation due to
climate change (Smiatek et al. 2009). In statistical downscaling, lower resolution data, either

from observations or numerical models, are extrapolated or interpolated, as required, to deduce

precipitation distributions at the desired spatial scale. Statistical downscaling of precipitation
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data over complex alpine terrain is often accomplished by applying functions to account for
spatial variations in temperature, elevation, or aspect to convert low resolution data into a high
resolution grid. For example, Machguth et al. (2009) calculated inputs to glacier mass balance
for the Swiss Alps by downscaling RCM precipitation from ~18 km grid spacing to 100 m
resolution via application of topography-based temperature and precipitation lapse rates. A
spatial resolution of 100 m was chosen because variation in orographic precipitation significant
to glacier mass balance occurs at a scale from less than one to a few kilometers (Machguth et al.
2009). Model results were compared to observations at 14 weather stations, and it was found that
errors in model output, including errors due to localized precipitation variability, were significant
enough that the model did not provide reliable glacier mass balances (Machguth et al. 2009).
Therefore, validation of both statistical and dynamical downscaled models has proven
challenging, either because of model inaccuracy in reproducing climate effects that occur at
small spatial scales or due to unavailability of high resolution observations for comparison. As a
result, long-term QPFs relevant to river basin hydrological forecasts remain highly uncertain.
What if we develop a long-term QPF by direct association of high-resolution observations
with a climate model? This approach provides an alternative to downscaled models for obtaining
a long-term QPF, and is investigated in this study by coupling high resolution precipitation
observations (~2 km) with a coarser resolution (~100 km) global climate model (GCM). The
result is a 90-year precipitation outlook at a spatial scale relevant to river basins and catchments
that takes into account the effects of changes in global circulation due to climate change. High-
quality multi-year radar data are used to estimate future precipitation throughout the 21* century
for seven major river basins in Switzerland. Previously, the high spatial and temporal resolution

of operational radar has been leveraged in development of immediate term precipitation forecasts
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used in hydrologic “nowcasting” (Germann et al. 2009; Panziera and Germann 2010). Now, we
apply the spatial and temporal resolution advantages of radar estimated precipitation to a long-
term QPF.
In this paper, synoptic weather patterns are used as the link between precipitation
observations and GCM representation of future climate since the spatial distribution of total daily
precipitation has been shown to be related to the associated synoptic weather situation (Lin et al.
2001; Plaut and Simonnet 2001; Rudari et al. 2004; Rudolph et al. 2011). By using future
changes in the occurrence of synoptic patterns to quantify future changes in precipitation the
dynamic effect of climate change on future precipitation is evaluated. Thermodynamic effects
are not addressed in this study; however, it is recognized that a warmer atmosphere is likely to
have greater water content (via the Clausius-Clapeyron equation) that can combine with dynamic
effects to impact precipitation distribution (Trenberth et al. 2003; Seager et al. 2010).
3.2. Data and Methods
Figure 3.1 outlines the process used in this paper to calculate expected precipitation for Swiss
river basins in the 21% century. Four data sets are used in this analysis:
1) daily synoptic weather pattern (DATAL in Fig. 3.1) between 1948-2008 as determined by
MeteoSwiss (Swiss Weather Service) per Schiiepp’s classification method (Schiiepp
1979)

2) reanalysis data from the European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis Interim (ERAI) data set for 2000-2008 (DATAZ2 in Fig. 3.1)

3) surface precipitation estimated by MeteoSwiss operational radar network for 2000-2008

(DATAS in Fig. 3.1)
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4) output from the National Center for Atmospheric Research (NCAR) Community Climate
System Model Version 3.0 (CCSM3) for Intergovernmental Panel on Climate Change
(IPCC) scenario A1B for 1948-2099 (DATA4 in Fig. 3.1; CCSM3 experiment
b030.040e, atmosphere post-processed data, daily averages, version 1; Collins et al. 2006;
Solomon et al. 2007) . The IPCC Fourth Assessment Report (AR4) projects scenario
A1B will result in a mid-to-upper range global surface temperature increase as compared
to other IPCC scenarios for the years 2090-2099 as compared to 1980-1999 (Solomon et
al. 2007).

Observational and model data from three time frames are referenced in this analysis: 1)
historical, referring to the years 1948-1999; 2) current, referring to 2000-2008; and 3) future,

referring to 2010-2099.

Observed Future
(2000-2008) {2010-2099)
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daily daily
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FIG. 3.1: Process for using synoptic weather patterns to couple radar-estimated
precipitation with global climate model (GCM) to determine future precipitation.
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3.2.a. Observed synoptic weather patterns

Synoptic scale weather patterns are identified using Schiiepp’s synoptic weather
classifications (DATAL in Fig. 3.1) which are described in detail by Schiiepp (1979), Wanner et
al. (1998), and Stefanicki et al. (1998). Schiiepp’s weather classification system provides daily
categorization of the synoptic pattern in the central Alps. Daily Schiepp classifications
generated by MeteoSwiss for the Swiss Alpine area are used in this study for the historical and
current timeframes (1948-1999 and 2000-2008). Schiiepp’s classification is a subjective method
because it is based on predefined weather patterns. Many different circulation type classification
(CTC) methods are available for classification of synoptic scale weather patterns. Schiemann
and Frei (2010) evaluated the skill of 71 CTC systems in predicting precipitation over the Alpine
area and found the Schiiepp system in the top 15 out of 71 compared CTC systems for skill in
prediction of precipitation occurrence. The CTCs that outperformed the Schiiepp system were
all automated classification schemes; whereas, Schiiepp classifications are performed manually.
The Schiepp classification system is used for this study because of its long data record dating
back to 1948 and specific tailoring to the Alpine region. Although as noted in Schiemann and
Frei (2010) MeteoSwiss is in the process of replacing manual Schiilepp weather pattern
classification with an automated CTC system. However, the general method described in this
study for linking high resolution observations to large scale circulation from a GCM is readily
adaptable to other synoptic classification systems.

The Schiiepp system defines 40 synoptic weather patterns which are grouped into three main
classes and eight subclasses (Wanner et al. 1998). The main three classes of the Schiiepp system
(convective, advective, mixed) are determined by the strength of the surface pressure gradient

across a 444 km diameter centered in Switzerland at 46.5° N, 9° E. The convective type is
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characterized by lack of surface pressure gradient. The advective classification is associated
with the existence of a gradient in surface pressure larger than 5 hPa across the diameter. The
mixed classification results when surface and 500 hPa pressure gradients are at odds (strong
gradient at one level while weak at the other). The main classes are further divided into the
following eight subclasses: a) convective: high (CH), flat (CF), and low (CL) (based 500 hPa
geopotential height relative to the annual mean); b) advective: north (AN), south (AS), east (AE),
and west (AW), based on the direction of the 500 hPa geostrophic wind; and ¢) mixed (MIX): no
further subclassification. Schiiepp’s eight subclasses (CH, CF, CL, AN, AS, AE, AW, and MIX)
are used in this analysis for classification of weather patterns.
3.2.b. Observed precipitation distribution

Data from the MeteoSwiss operational radar network for the years 2000-2008 are the basis of
the observed precipitation distribution used in this analysis (DATA3 in Fig. 3.1). The radar
network includes three C-band Doppler weather radars located at Lema, Albis, and La Dole (Fig.
3.2). Each of the radars scans 20 elevations every 5 minutes monitoring radar reflectivity up to a
range of 230 km. MeteoSwiss composites reflectivity from the three radars to estimate surface
precipitation in a data product called RAIN. RAIN provides a 30 minute running average of
surface precipitation rate (in units of mm/h) on a 2 x 2 km? Cartesian grid. Thorough
descriptions of the Swiss radar network and data products are found in Joss et al. (1998),
Germann and Joss (2004), Germann et al. (2006, 2009), and Panziera and Germann (2010).

For this study, a precipitation day is defined as a day having two successive occurrences at a
30 minute interval where radar-estimated precipitation rate at the surface is greater than 0.5

mm/h. The magnitude of the precipitation day threshold and the requirement for sequential 30
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FIG. 3.2: Location of Swiss radars (stars) and river basins (humbered) relative to

800 meter above sea level topography lines. Basins are shaded gray to

differentiate from topography lines.
minute measurements above the threshold differentiate it from the limit of 1 mm/day used by
previous studies to segregate wet and dry days (Groisman and Knight 2008; Zolina et al. 2010).
Then, the Schiiepp’s classification for each day of 2000-2008 is used to determine the probability

of precipitation at each pixel given a certain synoptic classification, P(Precip|Classk), where k

ranges from one to eight and represents the number of Schiiepp classifications used.

. number of days of class k with preci
P(Precip|Classy) = Y preee (3.2)

total number of days of class k
The amount of precipitation received on a precipitation day, Precipg, at a specific pixel (2 x 2

km?) is calculated as:
Precipg [%] = Z? h/day pR (3.2)
where RR is the hourly radar estimated precipitation rate. Precipq is then associated with the

daily synoptic weather classifications from 2000-2008 (CALC2 in Fig. 3.1) to obtain a
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distribution of Precipy at each pixel for each synoptic classification. A mean value of Precipy, is
calculated for each synoptic classification at each pixel, Precipg jass x (CALC3 in Fig. 3.1).
The calculation of overall daily mean precipitation resulting from each synoptic
classification, Precipy, accounts for the probability that precipitation occurs:
Precipy = P(Precip|Classy) ® Precipg classk (3.3)

The distribution of Precipg is also used to determine the observed 95" quantile (Q95445) of daily
precipitation (all synoptic classes over the years 2000-2008) and the conditional probability of
exceeding Q95.ps given a specific synoptic classification, P(Q954s|Classk).

3.2.c. Future occurrence of synoptic weather patterns

In this study, changes in large-scale circulation are evaluated by quantifying trends in
probability of occurrence of daily synoptic patterns, P(Classk), over time. This requires
identification of daily synoptic patterns for the future time period (years 2010-2099). Learning
vector quantization (LVQ) is the neural network algorithm used in this analysis for identification
of Schiiepp’s synoptic patterns in CCSM3 for a future climate scenario. The LVQ method uses
supervised learning in which data with known classifications are used to classify unknown data
(Kohonen 1997). In this case, daily synoptic classifications are known for the current time
period (2000-2008), but unknown for the future (2010-2099).

The first step in LVQ pattern identification is to provide definition for each Schiiepp’s
classification using known data. Within the LVQ method the definition of each pattern is known
as a codebook vector. As stated in Section 3.2.a., Schiiepp’s synoptic classifications are based
on surface pressure and 500 hPa geopotential height. For this study, daily 1000 hPa and 500 hPa
geopotential height (Z1000 and Z500, respectively) data are paired with known daily Schiiepp’s

classifications to create codebook vectors for each synoptic pattern. Specifically, Z1000 and
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Z500 from daily 12Z ERAI (1.5° x 1.5° lat/lon; DATAZ in Fig. 3.1) for the years 2000-2008 are
sorted based on daily Schiiepp’s classifications to define each Schiiepp’s synoptic classification
in terms of Z1000 and Z500 (CALC1 in Fig. 3.1, note that this is the same time span as radar
data set).

The next step in the LVQ pattern matching algorithm is classification of unknown data. In
this step the objective is to obtain daily Schiiepp’s classification of CCSM3 data for future
climate (CALC4 in Fig. 3.1). Daily 21000 and Z500 values from CCSM3 are compared to the
codebook vectors for each Schiiepp’s classification using a nearest-neighbor approach to
determine the best classification for each day in the CCSM3 output. CCSM3 directly provides
Z500; however, Z1000 is not a direct output from the model and must be calculated from
equivalent sea level pressure (PSL). PSL from CCSM3 (p; in Eq. 3.4 below) is converted to
Z1000 (Z3) via the simplified hypsometric equation:

Z; —Zy = H In(p/p2) (3.4)
where scale height, H = 7.5 km; p, = 1000 hPa; and surface height, Z; = 0 m.

The LVQ pattern matching algorithm requires spatial alignment between data points
represented in the codebook vector and data points in the unknown data set to be classified.
However, the ERAI and CCSM3 data are not initially spatially aligned. ERAI data are on a 1.5°
x 1.5° latitude/longitude grid and the CCSM3 data are approximately 1.4° x 1.4°. Therefore,
both sets of data are interpolated to an Equal Area Scalable Earth grid (EASE grid) with 100 km
grid spacing (Brodzik and Knowles 2002). The EASE grid interpolation provides the additional
benefit of distributing the data such that the density of points is equivalent at all latitudes rather

than being over-weighted in northern latitudes as occurs in a standard latitude/longitude grid.
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Following EASE grid interpolation, data points within + 9° latitude/longitude of 46.5°N and
7.5°E were selected for inclusion in the pattern matching algorithm.

After determining daily synoptic classifications for 2000-2099 from the CCSM3 data, the
occurrence of each classification is assessed over time (CALCS in Fig. 3.1). The probability of

occurrence of each classification, P(Classy), is calculated for each decade of 2000-2099:

P(Classk) — number of days of class k (3'5)

total number of days
Time-based trends, or lack thereof, in decadal P(Class) identified from the CCSM3 data provide
indication of the effect of climate on large-scale circulation as modeled by CCSM3.

LVQ codebook generation and subsequent pattern identification in CCSM3 is a source of
uncertainty in the values of P(Classy) reported for the 21% century. The uncertainty arises
because the LVVQ method utilizes random sampling from the data set of ERAI geopotential fields
associated with each synoptic classification to optimize generation of the codebook used for
classification of unknown data (Kohonen 1997). Therefore, different iterations of codebook
generation result in variation in the frequency of patterns identified from CCSM3. Uncertainty
associated with pattern identification has been incorporated into the results by performing 100
repetitions of the codebook generation and pattern identification process in order to report mean
and standard deviation of synoptic pattern frequency as identified from CCSM3. The variation
in synoptic pattern frequency reported here should not, however, be interpreted as evaluation of
uncertainty inherent to CCSM3 geopotential height fields as this is not explicitly quantified in
this study.

3.2.d. Future precipitation for Swiss river basins
In order to obtain a precipitation distribution for specific river basins, it is necessary to

spatially relate pixels in the radar estimated precipitation data to geographic boundaries of river
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basins. Coordinates for vertices of polygons that form the outlines of Swiss river basins
(generally > 1000 km?), and the sub-catchments (approximately 30-50 km?) within each basin,
were provided by the Hydrology Group, Institute of Geography, University of Bern. The borders
of Swiss river basins relative to 800 msl topography are shown in Fig. 3.2. To relate the basin
borders to the radar-estimated precipitation rate data, the outline of each basin’s sub-catchments
are compared to the 2 x 2 km?grid of the radar data. Pixels in the precipitation rate data are
identified as within a specific sub-catchment when greater than 50% of the area represented by a
pixel is within the sub-catchment border.

Future mean precipitation (Precip) at each pixel is calculated by:

K
Precip = Z {P(Classy) » Precipy} (3.6)

class=1

Where, as previously, k represents the eight Schiiepp’s subclassifications. Future mean
precipitation for an entire river basin (Basin precip; CALC6 in Fig. 3.1) is calculated by
summing mean precipitation over all pixels contained within the boundaries of a basin. The
future probability of occurrence of each synoptic pattern, P(Classy), is the only term in Eq. 3.6
that varies; therefore, only changes in large-scale circulation (dynamic effects) affect the
calculation of future precipitation. Precipy is held constant at the value determined from the
current time period (2000-2008). The assumption that Precip, remains constant likely removes
potential thermodynamic effects on precipitation such as increased atmospheric water content,
changes in atmospheric moisture flux, and changes in soil moisture which all may affect the
average amount of precipitation associated with a specific synoptic pattern. Appendix 1 provides
a further analysis of precipitation projection based on changes in synoptic pattern frequencies on

the basis of Swiss rain gauge data.
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Similar to the expected precipitation calculation, the future occurrence of heavy
precipitation is also based on changes in P(Classk). P(Q95¢) is used to denote the future

probability of exceeding Q954 and is calculated as follows:

k
P(Q95¢) = Z {P(Q95,ps|Classy) » P(Classy)} (3.7)

class=1

Again, only P(Classy) in Eq. 3.7 is changing for future decades, so changes in the occurrence of
synoptic patterns over time, as identified from CCSM3, determine if any variation occurs in
P(Q95¢) as compared to P(Q95¢ps).

3.3.  Results and Discussion

3.3.a. ldentification and verification of observed synoptic patterns

ERAI 21000 and Z500 for the eight Schiiepp’s synoptic patterns averaged over 2000-2008
are shown in Fig. 3.3. The geopotential height data represented in these maps were used to
generate codebook vectors for identifying patterns in CCSM3 output (CALC1 in Fig. 3.1). Table
3.2 shows the frequency of occurrence and number of days that were averaged for each
classification to obtain Fig. 3.3. During 2000-2008 convective synoptic patterns were most
frequent, followed by advective patterns. All eight of the Schiiepp’s classifications were
observed a significant number of times, ranging from 135 to 940 daily occurrences. The years
2000-2008 were chosen so that the synoptic pattern codebook definitions are temporally aligned
with the radar data used as the basis for the precipitation distribution. As shown in Fig. 3.3
convective patterns (CH, CF, and CL) exhibit a minimal gradient in Z1000 across Switzerland;
whereas, geopotential height gradients are more prominent in the advective patterns (AN, AE,
AS, and AW). Additionally, the cardinal direction (north, south, east, or west) in the name of

each advective pattern is generally consistent with the direction of the 500 hPa geostrophic wind,
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i.e., the 500 hPa geostrophic wind for the AN classification has a northerly component. Overall,
the geopotential height contours in Fig. 3.3 appear as expected based on the Schiiepp
subclassification definitions. Therefore, Fig. 3.3 provides qualitative verification that the ERAI
geopotential height data and the daily Schiiepp classifications were accurately paired to generate

the LVVQ codebook vectors.

Clssfication_ p(Classy "9
AN 0.14 456
AE 0.04 135
AS 0.09 285
AW 0.08 265

All Advective 0.36 1141
CL 0.06 197
CF 0.30 940
CH 0.22 686

All Convective 0.57 1823
Mix 0.07 220
Total 1.00 3184

TABLE 3.2: Observed P(Classy) for each Schiiepp’s synoptic classification and
number of days each classification occurred over 2000-2008 (from MeteoSwiss
daily Schiiepp’s classifications). It is noted that the total number of days (3184
days) used in this analysis is less than the actual number of days between 2000-
2008 (3288 days) due to omission of some days because of radar data quality or
availability.
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FiG. 3.3: Geopotential heights at 1000 hPa (color coded) and 500 hPa (solid black lines)
averaged over 2000-2008 for the main Schiiepp’s weather classifications: convective high (CH),
convective flat (CF), convective low (CL), mixed (MIX), advective north (AN), advective east
(AE), advective south (AS), and advective west (AW). Plots are based on ERAI data set.
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We base the calculation of future precipitation on the occurrence of synoptic patterns in
CCSM3 data. Therefore, it is important to verify our identification of Schiiepp’s classifications
from CCSM3. Verification is provided by comparing the occurrence of synoptic patterns as
identified from CCSM3 to the observed occurrence of synoptic patterns over a known time
period. The comparison establishes a bias between model and observations for the occurrence of
each synoptic pattern:

model P(Classy)
observed P(Classy)

biasy = (3.8)

Model P(Classy) in Eq. 3.8 is the frequency that each Schiiepp’s classification occurs in daily
CCSM3 data for the historical period 1948-1999 as identified using LVQ. Observed P(Classy) is
the frequency that each Schiiepp’s synoptic pattern occurred during 1948-1999 per daily
classifications provided by MeteoSwiss. The bias accounts for errors introduced during synoptic
pattern identification from CCSM3 and also the ability of CCSM3 to represent the occurrence of
observed historical synoptic patterns over Switzerland. The over 50 year time span used as the
basis for bias calculation ensures longer-term climate cycles that impact large-scale atmospheric
circulation, such as El Nifio/La Nifia-Southern Oscillation (ENSO) and the North Atlantic
Oscillation (NAO), with periods of 6-12 years, are adequately captured in the comparison.

The biases for the eight Schiiepp’s classifications range from 0.20 for AE to 1.92 for AW
(Table 3.3). Z1000 and Z500 from CCSM3 output for 1948-1999 show similar spatial patterns
for the eight Schiiepp’s classifications as in Fig. 3.3 (not shown) indicating that model data are
properly classified by the LVQ method. Since synoptic patterns appear to be correctly identified
in the model data, the bias appears to be primarily attributed to the ability of the model to
reproduce the occurrence of synoptic patterns at the frequency with which they were observed

over 1948-1999. The source of the biases between modeled and observed synoptic pattern
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frequencies was further investigated by using the LVQ method with the codebook developed

from 2000-2008 ER Ai data to identify Schiiepp’s classifications in 1980-1999 ERAI data. The

biases for identification of synoptic patterns from the 1980-1999 ERAI ranged from 0.73 for AE

to 1.11 for CH, a smaller range than for the CCSM3 data. This indicates that the LV Q-identified

occurrence of synoptic patterns in ERAI is more representative of observations than the

occurrence of synoptic patterns in CCSMa3.

Syr_lqptig Observed  CCSM3 Bias CCSM3 _
Classification P(Classy)  P(Classy) P(Classk) w/bias
AN 0.16 0.16 1.00 0.16
AE 0.05 0.01 0.20 0.05
AS 0.10 0.10 0.98 0.10
AW 0.10 0.20 1.92 0.10

[ 0.42 0.47 1.12 0.42
CL 0.07 0.06 0.81 0.07
CF 0.28 0.18 0.66 0.28
CH 0.17 0.25 1.49 0.17

ConC\e!(I:tive 0.52 0.49 0.94 0.52
MIX 0.06 0.04 0.57 0.06

Total 1.00 1.00 - 1.00

TABLE 3.3: Bias between P(Classk) in observations (from MeteoSwiss daily
Schiiepp’s classifications) and model (as identified in CCSM3 by LVQ) for
Schiiepp’s synoptic weather classifications over the years 1948-1999.

Comparison of current (2000-2008, Table 3.2) and historical (1948-1999, Table 3.3) synoptic

pattern frequencies shows the current time span has a decreased frequency of advective patterns

and an increased frequency of convective patterns. The observed frequency of advective patterns

(observed P(Classy) in Tables 3.2 and 3.3) decreased from 0.42 (1948-1999) to 0.36 (2000-2008)

while the frequency of convective patterns increased from 0.52 (1948-1999) to 0.57 (2000-
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2008). The observation that advective patterns are decreasing in frequency as convective
patterns are increasing is a result similar to previously reported trends (Stefanicki et al. 1998;
Rudolph et al. 2011). The decrease in advective pattern frequency is relatively uniform across
the four advective subclassifications (AN, AE, AS, and AW) as the occurrence of each pattern
decreased by 1-2%. However, the overall change in occurrence of convective patterns is not
equally distributed among subclassifications CL, CF, and CH. Contrary to the overall increased
frequency of convective patterns, the occurrence of CL declined by 1%. CF frequency increased
by 2%, but the main contribution to the observed increase in frequency of convective patterns is
the 5% increase in the occurrence of CH. The increased occurrence of CH indicates that anti-
cyclonic patterns over Switzerland were more common during 2000-2008 than in the previous
fifty years (1948-1999). The increased occurrence of CH also implies warming in the
atmosphere between the surface and 500 hPa. By definition, days classified as CH have Z500 in
the upper 25™ quantile of historical Z500 values. Increased average temperature between the
surface and 500 hPa would lead to a corresponding shift towards higher Z500, and therefore,
more days classified as CH.
3.3.b. Current precipitation for each synoptic pattern

Figure 3.4 shows mean radar-estimated daily precipitation for each synoptic
classification, Precipy, received over the years 2000-2008 for seven of the nine Swiss river
basins (CALC3 in Fig. 3.1). The Inn and Adige basins are not included in the analysis because
topography significantly affects radar visibility and accuracy of radar-estimated precipitation for
these basins. For each basin, the largest value of mean precipitation occurs during advective
weather patterns having geostrophic winds, and therefore moisture flux, directed towards the

Alps. For example, in the Reuss basin located on the north side and close to the main crest of the
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FIG. 3.4: Radar-estimated daily precipitation (Precipy ) for seven Swiss river

basins over 2000-2008 by Schiiepp’s synoptic weather classification. Boxes

indicate mean values, connected bars indicate interquartile range (25" to 75"

quantile), and diamonds indicate 10" and 90" quantiles.
Alps, moisture flux advected from the north and west (AW and AN classifications) results in the
greatest daily mean values of precipitation (> 5 mm). The AN and AW classifications produce
the largest mean values of daily precipitation for the Reuss basin because northerly and westerly
winds generate orographic lift on the predominantly northwest aspects of this basin (the Schiiepp

system does not explicitly define an advective northwest classification). This is supported by

previous work that found the AN classification results in the highest daily mean value of
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precipitation, and the AW pattern results in the highest 95" quantile of daily precipitation for the
northern Alps (Rudolph et al. 2011). Similarly, Fig. 3.4 indicates that southerly flow
experienced during AS patterns produces the most precipitation in the south-facing Ticino and
Adda basins. This agrees well with Sodemann and Zubler (2010) who showed that because of
the orographic barrier presented by the Alpine crest the North Atlantic is the main moisture
source for the Northern Alps, and the Mediterranean is the main moisture source for the Southern
Alps. Also notable in Fig. 3.4 is the observation that all basins follow a similar trend for the
convective patterns. Among the convective patterns, the CL pattern produces the most
precipitation, followed by CF, and then CH. The CL pattern is associated with low pressure
centered over Switzerland, CF has mid-tropospheric zonal flow, and CH is associated with high
pressure (Fig. 3.3).

In addition to each synoptic classification resulting in different mean precipitation totals, the
synoptic classifications also have varying probabilities of producing heavy precipitation (Fig.
3.5). The probability of exceeding Q954 for each synoptic classification shows a similar pattern
as mean daily precipitation. The basins in the northern and western Alps generally have a higher
P(Q950us/class) for AN and AW patterns, while the basins that are primarily south-facing have
higher P(Q95.ps|class) for the AS pattern. Exceptions to this are the Rhone, Aare, and Rhein
basins that lie to the north and west of the main Alpine crest, yet have elevated P(Q95ps|class)
for the AS pattern. In the Aare basin, the AS pattern results in the largest P(Q954ps|class).
Therefore, although moisture advected from the west (AW pattern) results in the highest values
of mean daily precipitation for the north- and west-facing Rhone, Aare, and Rhein basins, the
relatively high values of P(Q95.ps|class) for the AS pattern provide evidence of the importance of

the Mediterranean as a moisture source for heavy precipitation events in these basins.



18 —pereeermermrmr i s e

(o155 - P SRR A | TN SRS

=

[

P
|

o

[

]
l

E:I
[y
=

P{Q95,,, | Class)
=
(]
oo

o
o
()}

H
T
T T T T T

TS

H
W W W W W W W T W T W T T

A A A

FiFFFFFrFrin

AN AE AS AW CcL

Synoptic classification

CH

[ .
AT AT AT AT AT AT EEEE
H

e T T

MIX

Fic. 3.5: Conditional probability of exceeding 95" quantile of daily radar-
estimated precipitation in seven Swiss river basins for the years 2000-2008 given

Schiiepp’s daily synoptic classification (classification abbreviations as in Fig.

3.3).

3.3.c. Future synoptic pattern frequency and precipitation
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Figure 3.6 shows mean and standard deviation for decadal frequency of Schiiepp’s synoptic

pattern classifications, P(Classy), over the 21st century as identified from CCSM3 output. The

mean and standard deviation values reported in Fig. 3.6 result from 100 replications of LVQ

codebook generation and pattern identification (CALC1 and CALC4 in Fig. 3.1). The time

windows used to define decades were also considered as a source of variation in the decadal

synoptic pattern frequencies. Plots of annual synoptic pattern frequency (not shown)

qualitatively reveal that the decadal trends identified in Fig. 3.6 are persistent, even on an annual

basis, throughout the 100 year period without substantial oscillation. Therefore, it was deemed
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unnecessary to perform further analysis on pattern frequency with varying decadal time

boundaries.

The CCSM3 scenario A1B data show increasing frequency of convective high (CH),

decreasing frequency of convective flat (CF), and slightly decreasing frequency of convective

low (CL) patterns over the 21% century (Fig. 3.6 and Table 3.4). The increased occurrence of the
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FIG. 3.6: Decadal frequency of Schiiepp’s synoptic pattern classifications over
21st century for A1B climate scenario as identified from CCSM3 output.
Decades are labeled as 2000 for the years 2000-2009, 2010 for the years 2010-
2019, etc. P(Classk) has been adjusted by the bias for each synoptic pattern that
appears in Table 3.3. Mean (boxes) and 3 standard deviations (bars) result from
100 replications of LVQ codebook generation and pattern identification (CALC1
and CALC4 in Fig. 3.1). Classes where lines are present (CL, CF, and CH) have
linear slopes significant at 95% confidence (as in Table 3.4).
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CH pattern and decreased occurrence of the CL pattern in CCSM3 data for 2000-2099 indicate a
continuation of trends in convective pattern frequencies that were identified over 1948-2008 as
discussed in Section 3.3.a.. The advective pattern frequencies in CCSM3 remain relatively
constant as none of the advective patterns indicate a significant trend. This differs from the
observation of decreased advective pattern occurrence over 1948-2008. However, it is noted that
the observed decrease in occurrence of advective patterns over 1948-2008 was relatively small
(1-2%). Also, three (AN, AE, and AS) of the four advective subclassifications have negative
slopes over 2000-2099 in CCSM3, although none are significant at 95% confidence (Table 3.4).
Also consistent with 1948-2008 the mixed pattern shows a slight tendency towards increased

frequency for 2000-2099 in CCSM3 data, but the trend is not significant at 95% confidence.

Synoptic pattern Slope R?of linear fit
AN - 0.31
AE - 0.05
AS - 0.21
AW + 0.25
CL - 0.70
CF - 0.58
CH + 0.81
MIX + 0.13

TABLE 3.4: Sign of slope and coefficient of determination (R?) of linear fit to
frequency vs. decade data appearing in Fig. 3.5. Bold italic font indicates patterns
with slopes that are significant at 95% confidence.
The identified changes in pattern frequency combined with mean precipitation for each
pattern subsequently result in a projected 10-15% decline in total precipitation for Swiss river

basins by the decade 2090-2099 as compared to 2000-2009 (Fig. 3.7). In addition to basin-wide
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Fic. 3.7: Decadal total precipitation over the 21* century normalized to 2000-
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overall basin average is noted as a diamond. Bars indicate 3 standard deviations
around the basin mean. Standard deviation is calculated from the combined
variance of radar estimated daily precipitation (Fig. 3.4) and synoptic pattern
identification (Fig. 3.6). Kendall-Thiel linear fit is applied to the overall basin
averages. In all basins the slope of the linear fit is significant with 95%
confidence.
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total precipitation, Fig. 3.7 also shows the range of total precipitation for each basin’s sub-
catchments. The high resolution nature of the radar-estimated precipitation data used as a basis
for this study enables calculation of future precipitation at the sub-catchment (30-50 km?) and
even pixel (4 km?) scale should this information be useful as an input to hydrologic models.
Standard deviation of decadal precipitation for each basin (Fig. 3.7) is based on the combination
of variance in radar-estimated mean daily precipitation for each synoptic pattern (Fig. 3.4) and
variance due to synoptic pattern identification (Fig. 3.6). As previously stated in Section 3.2.c.,
the uncertainty present in CCSM3 geopotential height fields has not been quantified for this
study and is, therefore, not a component of standard deviations shown in Figs. 3.7 and 3.8.

A Kendall-Thiel linear fit applied to decadal precipitation in each basin results in negative
slopes for all basins that are significant with 95% confidence. A linear fit is applied only for
testing significance of the trend in precipitation and is not intended to imply that precipitation is
expected to decrease linearly over time. The pattern frequency changes that have the greatest
impact on total precipitation are an increase in the CH pattern which produced the least
precipitation in all river basins over 2000-2008 and decreases in both the CL and CF patterns.
Currently (2000-2008) the CL and CF patterns both produce more precipitation than the CH
pattern and some advective patterns (Fig. 3.4). The respective changes in frequency combined
with mean precipitation for each classification result in a reduction in total precipitation due to
dynamic changes in synoptic scale circulation. The increased frequency of the CH pattern and
associated decrease in precipitation for Swiss river basins is consistent with IPCC AR4 that finds
an expected decrease in precipitation in central Europe due to increased anticyclonic flow
(Solomon et al. 2007). Seager et al. (2010) studied 15 GCMs used in IPCC AR4 and also found

dynamic changes have a negative effect on mean zonal precipitation minus evaporation (P — E)
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at 45°N latitude as a result of poleward movement of storm tracks due to Hadley cell expansion.

Although total precipitation decreases as a result of changes in synoptic pattern frequencies, a
corresponding change in the probability of heavy precipitation is not evident (Fig. 3.8). The
future probability of exceeding Q95,5 does not appear to change significantly due to dynamic
effects over the 21* century (Fig. 3.8). A Kendall-Thiel linear fit was applied to the data in Fig.
3.8, and only the Limmat and Adda basins have slopes that are significant at 95% confidence.
Even for these basins, the probability of exceeding Q95,5 only declines from 5.0% in 2000-2009
to 4.7-4.8% by the decade of 2090-2099. The absence of a dynamic effect on heavy
precipitation is due to the fact that the relative differences among P(Q95qs|class) for the various
synoptic patterns is less than the relative differences in mean precipitation resulting from each
pattern. A constant probability of heavy precipitation while total precipitation is declining
implies that heavy precipitation events will account for a greater overall proportion of total
precipitation in the 21% century, a trend that has, in fact, already been observed in historical
precipitation observations for Europe (Klein Tank and Kénnen 2003).

The effect of changes in atmospheric moisture content on precipitation is not quantitatively
addressed in this study. However, Trenberth et al. (2003) suggest that precipitation intensity
may increase at the same rate as the warming-induced increase in moisture content of the
atmosphere, or approximately 7% K™, as set by the Clausius-Clapeyron equation. Simulations
from the World Climate Research Programme’s (WCRP’s) Coupled Model Intercomparison
Project phase 3 (CMIP3) indicate that column water vapor and surface specific humidity change
with global warming at rates of ~7.4% K™ (range 6-12% K™) and 5.9% K™ (range 5-12% K™),
respectively (O’Gorman and Muller, 2010). Furthermore, Muller et al. (2011) find that

precipitation extremes follow the rate of increase in surface water vapor concentration under
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global warming. The Met Office Hadley Centre and Climatic Research Unit Global Surface
Humidity dataset (HadCRUH) shows that surface specific humidity in the European Alpine area
increased over 1973-2003 at a rate of 0.1-0.2 g kg™ decade™ (Willett et al., 2008). Therefore,
although our analysis indicates that the probability of dynamically forced heavy precipitation
events will remain constant, the precipitation rates experienced during these events may increase
due to thermodynamic effects. An intensification of heavy precipitation events would effectively
shift the precipitation distribution and result in increased probability of exceeding Q95gps.

In contrast to the 10,000+ radar pixels that represent Swiss river basins in MeteoSwiss radar
data, only three grid points (latitude 46.92°N and longitudes 7.03°E, 8.44°E, and 9.84°E)
represent the area of Switzerland in CCSM3. CCSMa3 reports large scale and convective
precipitation which are summed to calculate total precipitation. Although we do not
quantitatively assess uncertainty in the GCM precipitation output, Hawkins and Sutton (2011,
hereafter HS11) conclude that GCM precipitation has three sources of uncertainty: 1) internal
variability, or random variations in long-term climate parameters within a single model; 2) model
uncertainty from variations between different models; and 3) scenario uncertainty due to
uncertainty in radiative forcing. Furthermore, HS11 find the relative contributions of the three
sources of variability change as the model projects further into the future. Internal variability is
the largest source of uncertainty during the first 1-3 decades. Model uncertainty becomes the
largest contributor to uncertainty in GCM precipitation output projections beyond 30 years.
Scenario uncertainty has minimal contribution to GCM precipitation uncertainty (HS11).

No trends in total, large scale, or convective precipitation are evident in the precipitation
output from CCSM3 in the general region of Swiss river basins over the 21* century (Fig. 3.9).

Therefore, although CCSM3 shows changes in decadal frequencies of synoptic patterns,
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specifically convective patterns, it does not indicate changes in total decadal precipitation. This
may be attributed to thermodynamic effects counteracting dynamic effects, or it may simply be
due to the fact that convective precipitation occurs at spatial scales much less than the resolution
of the GCM, particularly over mountainous terrain. However, as evidenced in this study, the
frequency of convective synoptic patterns influences precipitation distribution over Swiss river
basins. This highlights the importance for computational models to accurately resolve convective
precipitation under varying synoptic conditions in order to adequately represent future

precipitation trends.
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FiG. 3.9: Total decadal precipitation over Swiss Alpine area indicated by direct
CCSM3 output for scenario A1B: total precipitation (large diamonds are average
of three CCSM3 grid points, small diamonds are individual CCSM3 grid points),
large scale precipitation (squares), convective precipitation (triangles).
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3.4.  Conclusions

This paper describes one of the first studies to combine radar-estimated precipitation
observations in mountainous terrain with a GCM to describe the effects of climate change on
future precipitation. Synoptic weather patterns have been used as a link between radar data and
GCM output in order to determine expected trends in precipitation for Swiss river basins. This
approach to understanding the impact of climate change on precipitation is unique because it
provides an additional perspective to downscaled climate models for locations where sufficient
radar data are available. The use of radar-estimated precipitation observations with high spatial
resolution (2 x 2 km?) enables development of river-basin specific analyses that account for
terrain and localized climate variation, yet are not reliant on interpolation of sparse data.

Association of synoptic patterns to radar based precipitation data reveals locational-specific
differences in the amount of precipitation expected for each synoptic pattern. Swiss river basins
located in the northern and western Alps receive more precipitation when moisture is advected
from the north or west, and moisture advected from the south increases precipitation totals for
basins in southern Switzerland. Convective synoptic patterns, defined by minimal surface
pressure gradient, consistently follow the same trend for expected precipitation across all basins
with an anticyclonic pattern resulting in the least amount of precipitation and the cyclonic pattern
producing the most precipitation. It is the difference in precipitation received from the various
convective patterns that has the greatest implication for future precipitation in Swiss river basins.

Future precipitation has been quantified within this study by identifying future changes in the
frequency of synoptic patterns while holding constant the amount of precipitation expected from
each pattern. For IPCC climate scenario A1B the results of this study indicate that dynamic

changes in atmospheric circulation over the 21st century contribute to decreases of
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approximately 10-15% in total decadal precipitation for Swiss river basins. Scenarios other than
A1B would likely produce varying results. The reduction in precipitation is primarily attributed
to increased probability of convective high, or anticyclonic patterns, positioned over Switzerland.
Since the anticyclonic pattern is observed to produce less precipitation than other synoptic
patterns, an increase in its frequency results in a trend of reduced precipitation for Swiss river
basins. The probability of heavy precipitation, or total daily precipitation that exceeds the 95"
quantile established for 2000-2008, does not appear to be affected by dynamic changes over the
21% century. Therefore, total precipitation is expected to decrease, but heavy precipitation events
account for a larger proportion of the total.

It is noted that previous work has shown thermodynamic effects on precipitation may
counter-balance dynamic effects at mid-latitudes (Seager et al. 2010). Thermodynamic effects
from potential changes in water content are not addressed here, so this presents an opportunity
for future work. A suggested approach to quantifying thermodynamic effects is to determine the
dependence of the observed precipitation distribution on specific humidity, atmospheric moisture
flux, and soil moisture. These parameters, either derived from a GCM or other model, could
then be used as an additional conditional variable for a long-term QPF in order to assess

thermodynamic effects.
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CHAPTER 4
SEASONALITY OF VERTICAL STRUCTURE IN RADAR-OBSERVED
PRECIPITATION OVER SOUTHERN SWITZERLAND

4.1. Introduction

Climate aspects related to precipitation are commonly discussed in terms of spatial
distribution of rainfall at the surface (i.e., amount, rate, and duration) while long-term patterns of
vertical precipitation structure remain elusive. In this study we use multi-year operational radar
reflectivity data from southern Switzerland to investigate the seasonal variability and annual
cycle of vertical precipitation structure. Results from previous experimental campaigns are used
to relate seasonal and annual reflectivity patterns to atmospheric stability and cloud microphysics
observed during individual cases. Furthermore, we examine the effects of surface temperature
on the vertical structure of reflectivity and implications for the impact of climate change on the
hydrologic cycle.

To our knowledge, multiple-year observations of vertical precipitation structure in the
European Alps have not been investigated. Most precipitation climatologies are based on surface
observations from rain gauges (e.g., Schonwiese et al. 1994; Widmann and Schar 1997; Frei and
Schér 1998; Schmidli et al. 2002; Klein Tank and Kénnen 2003; Begert et al. 2005; Schmidli and
Frei 2005; Moberg et al. 2006; Molnar and Burlando 2008). A few studies have used multi-year
radar data as a basis for a regional precipitation climatology (Overeem et al. 2009a; Rudolph et
al. 2011). However, none of these climatologies investigate long-term patterns of vertical
precipitation structure. Houze et al. (2001) analyzed orographically-influenced vertical
reflectivity structure in southern Switzerland over two fall seasons in 1998 and 1999. Our study
is unique because we include seven years of data in our investigation of vertical reflectivity
structure. In addition, we explore the relationship between total amount, duration, and intensity

of precipitation that result from changes in the vertical structure. It is important to establish a
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link (or lack thereof) between vertical precipitation structure and surface precipitation
measurements in order to understand the implications that various storm types, as identified by
the vertical structure of reflectivity, have for the hydrologic cycle.

Results from the Mesoscale Alpine Programme (MAP) characterize the vertical structure of
individual storms that occurred in southern Switzerland during the fall of 1999 (Houze et al.
2001; Medina and Houze 2003; Yuter and Houze 2003; Rotunno and Houze 2007). The MAP
cases provide unique information about the vertical motion and microphysics responsible for
orographically-enhanced precipitation, such as whether each case has a more convective or
stratiform precipitation structure. But are these individual cases from the 1999 fall season
relevant to the rest of the year and representative for the typical precipitation structure in fall for
southern Switzerland? Here, we apply results from the MAP case studies to explain seasonal
precipitation characteristics. We infer the mesoscale conditions and microphysical processes that
dominate precipitation in each season from similarities in the vertical structure of reflectivity
between seasonal averages and individual MAP cases.

In this study we also investigate the relationship between temperature and seasonal changes
in the precipitation structure as an indicator of potential climate change impacts on the
hydrologic cycle. Warming due to anthropogenic climate change is expected to affect both the
space and time distribution of precipitation through changes in precipitation intensity, duration,
and interval between events (Trenberth et al. 2003). Global and regional climate models predict
that changes in surface precipitation characteristics will coincide with an overall intensification
of the hydrologic cycle (Solomon et al. 2007; Giorgi et al. 2011). In addition, our previous work
indicates that changes in synoptic patterns over the 21st century in Europe will increase the

proportion of convective precipitation for Swiss river basins (Rudolph et al. 2012). This study
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further examines the possibility that precipitation events in southern Switzerland may become
more convective as temperature increases and how an increase in convective precipitation may
contribute to an increase in precipitation intensity.

4.2. Data

4.2.a. Monte Lema radar

The MeteoSwiss radar network provides high-quality 3-dimensionsal multi-year reflectivity
and estimated rainfall data for the Swiss Alps. The radar network is comprised of three C-band
Doppler weather radars that scan 20 elevations every 5 minutes and monitor radar reflectivity up
to a height of 12 km above sea level (asl) and a range of 230 km. Further detailed descriptions of
MeteoSwiss radar and data products are found in Joss et al. (1998), Germann and Joss (2004),
Germann et al. (2006, 2009), and Panziera and Germann (2010). OVERVIEW is a MeteoSwiss
data product that is particularly useful for the analysis of vertical reflectivity structure. The
OVERVIEW data set provides reflectivity at 1 km intervals between a vertical range of 1-12 km
asl with a vertical resolution of 0.5 km (Joss et al. 1998). The horizontal resolution is 2 x 2 km?
and the time resolution is 5 minutes. The reflectivity data are stored as 16 classes with the
lowest class for reflectivity < 13 dBZ and subsequent classes in 3 dBZ intervals (e.g., 13-16
dBZ, 16-19 dBZ, 19-22 dBZ, etc.) up to the highest class for reflectivity > 55 dBZ (Joss et al.
1998). OVERVIEW data from the MeteoSwiss Monte Lema radar (Fig. 4.1) for March 2004
through February 2011 are used for this study. It is noted that MeteoSwiss is in the process of
upgrading their radar network with two new radars and the addition of dual-polarization
capability at new and existing radar locations (Gabella et al. 2009). As part of the upgrade
project the Monte Lema radar was replaced in May 2011, which limits the data analysis to

February 2011.
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FIG. 4.1: Location of Locarno (red star), Monte Lema radar (ML, red box), and
horizontal range of radar visibility used for this study (yellow boxes). The study
area is divided into north and south sectors. Visibility is limited in the north
sector by topography and restricted in the south sector to maintain a similar area
as the north. Radar data have spatial resolution of 2x2 km? (shown for reference
in lower left). Locations of rain gauge stations (blue boxes) are also indicated
(abbreviations as in Table 4.1). Topography contours are in 1000 m with white
denoting elevation < 1000 m asl.

The Monte Lema radar is located near Locarno, Switzerland at the southern edge of the
European Alps (Fig. 4.1). Locarno provides an interesting study location since it experiences an

annual climate cycle that is influenced by close proximity to the Alps and the Mediterranean Sea
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(Frei and Schér 1998; Rudolph et al. 2011). An additional benefit of this location is the inclusion
of data from the Monte Lema radar in Intensive Observation Periods (IOPs) and subsequent
analysis resulting from the 1999 MAP experiment (Bougeault et al. 2001; Houze et al. 2001;
Medina and Houze 2003; Yuter and Houze 2003; Rotunno and Houze 2007).

Because of the difference in terrain on the north and south sides of the radar, the data set used
for this study was divided into north and south sectors (Fig. 4.1). The physical blockage
imposed by the proximity of the Alps to the north results in a reduced range of visibility at lower
elevations on the northern side of the radar. The Po River valley lies to the south of the radar, so
southward visibility is largely unimpeded by the terrain (Germann et al. 2006). Since the radar’s
physical elevation is 1625 m, only data from >2 km asl are utilized. At an altitude of 2 km, the
radar beam is primarily unblocked towards the north up to a range of 60 km from the radar (Fig.
4.1). Therefore, we limit the horizontal cross-sections of reflectivity at all altitudes in both the
north and south sectors to a range of 60 km to maintain consistency in the volume of data
analyzed at each altitude and in each sector. The radar’s maximum scan elevation (40°) inhibits
measurement of reflectivity directly above the radar at higher altitudes and results in a “donut
hole” of missing data over the radar (Germann et al. 2006). The scan geometry causes the radius
of missing data above the radar to increase with height, so it is maximized at 12 km asl. To
maintain consistency in the number of pixels represented at each altitude, pixels with missing
data at 12 km (representing a 6 km radius around location of radar) were omitted from lower
altitudes prior to analysis.

4.2.b. Rain gauge network
The selection criteria for rain gauges used in this study are: 1) the rain gauges are located at

elevations below 2 km, so they are beneath the minimum altitude of analyzed radar reflectivity,
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and 2) the rain gauge locations form a north-south transect across the radar range. Six rain gauge
stations located within the range of selected radar data meet these criteria (Table 4.1 and Fig.
4.1). Utilizing data from multiple locations within the radar range increases the probability that
localized storms captured by the radar also pass over the rain gauges. Since precipitation
typically approaches the study area from the west, southwest, or south (Rudolph et al. 2011), the
north-south alignment of the rain gauges also improves the likelihood of intercepting the
eastward moving storms. The rain gauge data are available at 10-minute intervals with precision

of 0.1 mm (https://gate.meteoswiss.ch/idaweb).

Station Elevation
(m)
Stabio (SBO) 353
Magadino / Cadenazzo (MAG) 203
Lugano (LUG) 273
Locarno / Monti (OTL) 366
Acquarossa / Comprovasco (COM) 575
Cimetta (CIM) 1661

TABLE 4.1: Rain gauge stations used in this study.
4.3. Method
4.3.a. Determining seasonal vertical structure of reflectivity

In this study, seasonal Contoured Frequency by Altitude Diagrams (CFADs) are generated to
provide a view of the average vertical reflectivity structure over the course of winter (DJF, the
year associated with the winter season is the year of January/February), spring (MAM), summer
(JJA), and fall (SON). CFADs provide visualization of the number of occurrences of specific
radar reflectivity values at predefined altitudes over a defined time period (Yuter and Houze

1995). CFADs have previously been used to determine whether a specific storm has a more


https://gate.meteoswiss.ch/idaweb
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stratiform or convective vertical structure (Yuter and Houze 1995). For the seasonal CFADs, the

count of observed reflectivity for each reflectivity class r at each altitude z (c,,) is calculated as:
Crz = 20 0bsy .y, (4.1)

where N is the number of 5 minute observation periods over the course of the season and obsy . ;

is the number of pixels with reflectivity class r at altitude z in the observed horizontal cross-

section at time step N.

Normalizing c, by the number of pixels and time steps allows the comparison of CFAD
contours between observation periods having various durations, whether it is seasons differing in
number of days, or comparison of seasonal CFADs to a CFAD for an individual storm that may
only last a few hours. The normalization also accounts for horizontal dimensions so that CFADs
based on different spatial extents may be compared; therefore, we may directly compare CFADs
for the north and south regions (Fig. 4.1) even though total surface area representing the north
region is somewhat smaller than the south due to radar visibility. The normalization is carried
out by dividing c;, by the number of 5 minute observation periods (N) and also the total number

of pixels (p) observed at each time step:

[«
Crznorm = NLIZ) (42)

CFAD:s plotted with normalized counts as described above allow qualitative comparison of
vertical structure between seasons and/or individual storms. However, statistical comparison of
CFADs requires a more quantitative method, so the centroid is calculated for each CFAD. The
CFAD centroid is essentially the center of mass of the CFAD plot and provides a quantitative
measure suitable for statistical analysis. The centroid of the CFAD has x- and y-coordinates (x-
centroid and y-centroid) with x corresponding to reflectivity and y corresponding to height or

altitude.
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4.3.b. Individual storm identification and classification of vertical structure

In addition to exploring vertical reflectivity structure on a seasonal basis, CFADs and CFAD
centroids are also generated for individual storms (following Eqns. 4.1 and 4.2; Sec. 4.3.a.).
Individual precipitation events are identified using rain gauge data from the six stations listed in
Table 1. Several previous analyses have identified precipitation events using a threshold of 1
mm rainfall (R) received over a 24 h period (Groisman and Knight 2008; Zolina et al. 2010;
Giorgi et al. 2011). A similar approach is taken for this study. The start time of each event is the
first 10-minute period when R > 0.1 mm is recorded at any single station and at least 1 mm
precipitation is received in 24 h or less. The end time for an individual precipitation event is the
last 10-minute period when R > 0.1 mm is recorded and no precipitation is measured over the
next three consecutive hours at any of the six stations. The 3-hour interval without precipitation
used to indicate the separation between storms is consistent with the spectral analysis of
continental European storm frequency reported in Fraedrich and Larnder (1993) and the
threshold used in Molnar and Burlando (2008; Peter Molnar, personal communication). Using
the precipitation gauge-based storm criteria we identified 559 precipitation events between
March 2004 and February 2011. Rain gauge data from all six stations are used to derive storm
duration and interval between storms. Total precipitation amount and maximum 10 minute
precipitation rate are from the Locarno station. The average precipitation rate for each storm is
calculated using the total amount of precipitation received at Locarno and the storm duration.

After identifying individual storms, a CFAD and associated CFAD centroid coordinates are
generated for each precipitation event. As with the seasonal CFADs and CFAD centroids
described above (Sec. 4.3.a.), the storm-specific CFADs are also normalized following Eq. 4.2,

so that the storm- and seasonal-based CFADs and centroids may be directly compared. In
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addition, we use the centroids from the individual storm CFADs to classify the vertical structure
of reflectivity for each precipitation event as winter-type (DJF), summer-type (JJA), or
spring/fall type (MAM/SON) by finding its nearest neighbor among the seasonal CFAD
centroids. Seasonal CFAD centroids from the northern sector were used for classification of
individual storms since most of the rain gauge stations are located north of the radar.

44. Results

4.4.a. Seasonal variation of vertical structure

CFAD:s for each season from March 2004 through February 2011 show distinct seasonal
differences that are consistent from year-to-year in both the north and south sectors (Fig. 4.2).
For this study, we define vertical extent of reflectivity as the maximum altitude where the 0.004
count contour (equivalent to a spatial frequency of 0.3 km™ day™) appears in the seasonal CFAD
(Fig. 4.2). Vertical extent of reflectivity is maximized in summer (JJA) when reflectivity
extends to 9-10 km asl and minimized in winter (DJF) when reflectivity extends only to 5-6 km
asl both in the north and south sectors. Therefore, reflectivity of 15 dBZ is observed with the
same frequency at nearly twice the altitude in summer as in winter and indicates that
precipitating systems in summer extend higher into the atmosphere. Seasonal CFADs for spring
(MAM) and fall (SON) have intermediate values of vertical extent of 6-7 km which is 3-4 km
lower than JJA and slightly higher (~1 km) than DJF.

The seasonal CFADs also show differences in magnitude of reflectivity (Fig. 4.2). Larger
magnitude of reflectivity is more frequent near the ground in JJA than in DJF. In the north
sector at 3 km asl, reflectivity of 35 dBZ occurs in JJA with similar frequency as 27 dBZ in DJF.
Maximum reflectivity in MAM and SON (33-34 dBZ at 2 km in north region) approaches the

magnitude of maximum reflectivity seen in JJA (35 dBZ at 3 km in north region, Fig. 4.2). A
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distinct difference between MAM and SON versus JJA for both the north and south is that larger
reflectivity values appear at 3 km asl in JJA and at a lower altitude of 2 km in MAM and SON.

Although the seasonal CFADs from the north and south sectors are similar in vertical extent
and magnitude of reflectivity, the frequency of observed reflectivity is larger on the north side of
the radar (Fig. 4.2). For example, comparison of the north and south JJA seasonal CFADs shows
that 20 dBZ reflectivity is approximately 50% more frequent at 3 km asl in the north sector than
in the south (0.012 count contour for north versus 0.008 count contour for south; JJA in Fig. 4.2).
Higher frequency of observed reflectivity at each altitude on the north side of the radar is

consistent throughout the seasonal CFADs.

North South

altitude (km asl)

reflectivity (dBZ)

FIG. 4.2: Seasonal CFADs for the north (left column) and south (right column)
sectors for March 2004 through February 2011 (DJF — winter; MAM — spring;
JJA — summer; SON - fall). Color contours represent average seasonal CFAD
over all years. Black lines are the 0.004-count contour for each individual year.
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Seasonal CFAD centroid locations for the north sector (as described in Section 4.3.a. and
based on Fig. 4.2) for each year of 2004 through 2010 (2005 through 2011 for DJF) are shown in
Fig. 4.3 (bold diamond symbols). From this point on, our results and discussion of seasonal
CFAD centroids are solely focused on the north sector because the seasonal CFAD centroids for
the north and south sectors are similar (not shown), and the majority of rain gauges that we use
for storm identification are located north of the radar (Fig. 4.1). Enhanced reflectivity values
observed at higher elevations in JJA are reflected in the greatest magnitude y-centroid (range of

4.1 to 4.7 km asl) as determined from the CFAD (y-axis corresponds to altitude, Fig. 4.3). The
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FIG. 4.3: Centroids as determined from the north sector seasonal CFADs shown in
Fig. 2 (bold diamond symbols) and individual storm CFAD centroids (square
symbols) with x-centroids representing reflectivity and y-centroids representing
altitude. Colors represent different seasons with winter (DJF) in blue, spring
(MAM) in green, summer (JJA) in red, and fall (SON) in orange. Individual
storms are classified by nearest neighbor among the seasonal CFAD centroids.
Fall- and spring-type storms (MAM/SON: indicated in light green) are combined
into a single class for the individual storm analysis because no significant
difference is observed between the seasonal spring and fall x- (reflectivity) and y-
(altitude) centroids.
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JJA seasons’ CFAD y-centroids are significantly greater (with 95% confidence) than winter,
spring, or fall. DJF has the lowest CFAD y-centroids (95% confidence) ranging from 2.7 to 2.9
km. CFAD y-centroids for MAM and SON are not found to significantly differ (ranging from
2.9 —3.4 km). JJA also experiences larger reflectivity values than the other seasons (with 95%
confidence, CFAD x-axis corresponds to reflectivity in Fig. 4.3). This results in JJA having the
largest CFAD x-centroids (ranging from 21 to 23 dBZ). The x-centroids (x-axis corresponds to
reflectivity) for DJF and MAM/SON vary between 18-21 dBZ and 19 to 22 dBZ, respectively.
The intermediate values of the CFAD x- and y-centroids for MAM and SON as compared to JJA
and DJF imply that radar-observed reflectivity structure undergoes a transition from DJF to JJA,
and vice versa.
4.4.b. Classification of individual storms reveals annual pattern of vertical
structure

The significant differences in the seasonal CFAD centroid locations (Fig. 4.3, bold diamond
symbols) enables us to classify individual storms as winter- (DJF), summer- (JJA), or spring/fall-
(MAM/SON) type systems based on the comparison of individual storm CFAD centroids to
seasonal CFAD centroids. Individual storms are classified by identifying the nearest neighbor
among the seasonal CFAD centroids (Fig. 4.3), so the individual storm classifications (Fig. 4.3,
square symbols; Sec. 4.3.b.) are independent of the season in which the storm occurred. MAM-
and SON-type storms are grouped together as classification MAM/SON because their respective
seasonal CFAD centroids are indistinguishable (not significantly different at 95% confidence).
The seasonal and individual storm CFAD centroids in Fig. 4.3 also indicate that mean reflectivity

increases (x-centroid) with vertical extent (y-centroid).
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Figure 4.4 shows the time series of all individual precipitation events occurring between
March 2004 — February 2011 and their corresponding storm classifications based on the storms’
vertical structure of reflectivity (square symbols in Fig. 4.3). An annual pattern is apparent with
individual storm classifications following a progression from DJF- to MAM/SON- to JJA- to
MAM/SON- to DJF-type storms as time moves forward through each year. The vertical
structure of DJF-type storms (i.e., storms with vertical extent < 5-6 km and reflectivity mainly <
20-30 dBZ) is most common during winter, but also occurs in spring and fall and only
occasionally in summer (Fig. 4.4). Vertical structure of reflectivity typical for MAM/SON-type
storms is mainly observed during spring and fall. Although MAM/SON-type storms appear in
all seasons, they are less common in winter. JJA-type storms (i.e., storms with vertical extent <
9-10 km and high reflectivities of < 30-35 dBZ) exist mainly during summer, but also appear in

late spring and early fall.
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FIG. 4.4: Individual precipitation events (squares) occurring between March 2004
and February 2011 are plotted in time series by their classification based on the
storms’ vertical structure of reflectivity (Fig. 4.3). Colored bands indicate
seasonal time windows for spring - MAM (green), summer - JJA (red), fall - SON
(yellow), and winter - DJF (blue) with dashed vertical lines separating seasons.
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4.4.c. Relationship between vertical structure of reflectivity and surface
temperature

Throughout spring a steady increase in average daily temperature is experienced with
decreasing average daily temperature as fall progresses (solid lines in Fig. 4.5). The vertical
structure of JJA-type storms becomes more common in late spring when average daily
temperature is higher (Fig. 4.5a); likewise, the vertical structure associated with JJA-type storms
becomes less frequent as average daily temperature decreases during fall (Fig. 4.5b). Therefore,
as daily average temperature increases in spring, the frequency reflectivity observed at higher
altitudes also increases. Similarly, individual storms that occur in early spring and late fall
commonly have a vertical structure of DJF-type storms. MAM/SON-type vertical structure is
more frequently observed during the middle of spring and fall as the reflectivity structure
transitions from DJF- to JJA-type storms in spring and JJA- to DJF-type storms in fall. Based on
the 2004-2010 data, there is no indication that the occurrence of JJA- or DJF-type storms has
consistently shifted to an earlier or later onset or decline in spring or fall.

To further explore potential effects of temperature on the vertical reflectivity structure,
CFAD:s for individual storms and surface temperature from Locarno are combined to determine
the conditional probability of experiencing a particular storm-type classification given the three-
day average daily temperature (Fig. 4.6). Average three-day temperature is used as the basis for
conditional probability in order to align average surface temperature with the observed frequency
of continental European frontal systems which occur, on average, approximately every three
days (Fraedrich and Larnder 1993). In Fig. 4.6, the relationship between storm type and surface
temperature, as evidenced by conditional probability, is based on all storms occurring between

March 2004 and February 2011. The smooth curves (black lines) in Fig. 4.6 are the result of
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Colors indicate individual years.
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FIG. 4.6: Probability of each storm-type class as a function of the three-day
average daily temperature for all observed precipitation systems occurring
between March 2004 and February 2011: blue diamonds — DJF; green triangles —
MAM/SON; red squares — JJA. Black lines are the vglm fit of conditional
probabilities as described in Section 4.4.c.

fitting a vector general linearized model (referred to as vglm hereafter) to the observed data

following Yee and Hastie (2003) and Yee (2008). The vglm fit results in coefficients a, and b,

for the log-linear relationships:

log (MAMEON) — 5, 4 b, T 4.3)
PpJF
log (PI—’A> — a,+b,T (4.4)
PpJF

where Ppoir + Pmamison + Pasa = 1. Ppar, Pmamison, and Pjia are the reSpeCtive prObabi“tieS for
classes DJF, MAM/SON, and JJA when the 3-day average temperature is T. Applying the vglm
fit to the 2004-2011 data, the log-linear relationship results in the following coefficients: a; = -

2.31; b; =0.20; a2 = -11.68; b, = 0.70.
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DJF-type vertical structure is the most probable storm classification when average daily
temperature is less than 11°C (Fig. 4.6). MAM/SON becomes the most common storm type
when the surface temperature ranges between 11-18°C. Above 18°C JJA-type vertical structure
is the most likely classification, and only JJA-type vertical structure is observed when
temperature exceeds 24°C. DJF-type vertical structure is not observed when daily average
surface temperature rises above 23°C, and JJA-type storms are not observed below 14°C.

4.4.d. Surface precipitation characteristics associated with vertical structure
of reflectivity

Beyond changes in vertical structure of radar reflectivity, the transition in storm type has
additional implications for surface precipitation characteristics. Table 4.2 lists the mean values
of total precipitation, storm duration, interval between storms, average precipitation rate over the
entire storm, and maximum precipitation rate within 10 minutes for each storm-type
classification regardless of the season in which the individual storms occurred. The entire range
of data is shown in Fig. 4.7. JJA-type storms have the shortest duration (mean duration 16.7 h)
as compared to MAM/SON- and DJF-types, each having a mean duration of 24.2 h (Table 4.2
and Fig. 4.7a). The precipitation characteristics of each storm type shown in Fig. 4.2 are
compared by using a Wilcoxon non-parametric test at 95% confidence. No significant difference
is found in the mean length of the dry intervals following JJA- and MAM/SON-type storms (~60
h, Table 4.2 and Fig 4.7b). The dry interval of 95 h following DJF-type storms is the longest.
Despite the difference in duration, the Wilcoxon non-parametric comparison finds no significant
difference in total precipitation for JJA- and DJF-type precipitation events (Table 4.2 and Fig
4.7¢). The only type that produces significantly different total precipitation is MAM/SON (mean

total of 27.2 mm) which is greater than both DJF and JJA (14.9 and 21.8 mm, respectively; Table
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4.2 and Fig 4.7c). Since no statistical difference is found in total amount of precipitation
received from JJA- or DJF-type storms, but JJA-type storms have shorter duration, it follows that
the average precipitation rate recorded during JJA-type storms (1.4 mm h™) is more than three
times greater than for DJF (0.4 mm h™, Table 2). In addition, JJA-type storms produce the
largest maximum 10-minute precipitation rate (3.5 mm/10 min), nearly double the maximum 10-
minute precipitation rate of MAM/SON-type storms (1.4 mm/10 min) and seven times greater

than DJF-type vertical structure (0.5 mm/10 min; Table 4.2 and Fig. 4.7d).

Mean precipitation Classification
characteristics DJF MAM/SON JIA
Total (mm) 14.9 [A] 27.2 [B] 21.8 [A]
Duration (h) 24.2 [A] 24.2 [A] 16.7 [B]
Interval (h) 95.3 [A] 60.1 [B] 56.4 [B]
Average rate (mm/h) 0.4 [A] 0.8 [B] 1.4 [C]
Maximum rate (mm/10 min) 0.5 [A] 1.4 [B] 3.5[B]

TABLE 4.2: Mean precipitation characteristics for each storm-type classification.
Letters [in brackets] indicate statistically significant groupings by Wilcoxon non-
parametric comparison at 95% confidence. For instance, the total precipitation
for DJF and JJA is not statistically different (both DJF and JJA denoted by [A]),
but both DJF and JJA differ from MAM/SON (MAM/SON denoted by [B]).
Average rate is statistically different for each classification (as denoted by [A] for
DJF, [B] for MAM/SON, and [C] for JJA). The full range of data for each
classification is shown in Fig. 4.7.
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FIG. 4.7: Precipitation characteristics of each storm-type based on rain gauge

data: a) storm duration, b) interval between storms, c) total precipitation amount,

and d) maximum 10-minute precipitation rate. Boxes indicate median and

interquartile range (25" to 75™ quantile) with extended hash marks at the 10% and

90% quantiles.

4.4.e. Potential effect of increased surface temperature on surface

precipitation characteristics
The vglm for the probability of each storm type as a function of temperature (Eqns. 4.3 and

4.4; Fig. 4.6) is used to further quantify the potential effect of an increase in surface temperature
due to climate change on precipitation characteristics by using Monte Carlo simulations (see
Appendix 2). It is a simplified model of precipitation as it is only based on surface temperature
without accounting for potential changes in moisture, atmospheric stability, or large-scale
circulation which might alter in a changing climate. Nonetheless, the intent of the Monte Carlo

simulations is to show the impact of increased convective precipitation type on seasonal

precipitation characteristics. Figure 4.8 shows average storm duration, interval between storms,
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storms, c) total precipitation amount, and d) average precipitation rate. For each
season, left side data are for current climate and right side data represent the
future climate simulations. Hash marks indicate median and interquartile range
(25" to 75" quantile).

total amount of precipitation received during each storm, and average precipitation rate for each

season from the simulations of current and future climate. Storm duration in winter is the same

in both the current and future simulations with a tight range in the data (Fig. 4.8a). This is due to

winter season storms remaining a mixture of DJF- and MAM/SON-type storms with both having

the same mean duration (Table 2). Therefore, although the vertical structure of the MAM/SON-

type storms becomes more probable in winter with increased temperature, it has no effect on the

storm duration. For the storm duration in spring and fall, the interquartile range (25™ to 75"

quantile, referred to as IQR hereafter) increases, and the median shifts towards shorter duration
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events as JJA-type storms become more common in the future. In summer, storm duration for
the future simulation approaches the observed mean value of duration (Table 2) for JJA-type
storms. Also, the IQR for summer duration is reduced in the future as MAM/SON-type storms
are less probable with increased temperature, and vertical structure of JJA-type storms
dominates.

The Monte Carlo simulation results show that the interval between storms is reduced in all
seasons for the future climate simulations (Fig 4.8b). The reduction of interval between storms
is mainly due to reduced probability of DJF-type vertical structure when surface temperature is
increased. Storms with DJF-type vertical structure have the longest interval between subsequent
precipitation events (95.3 h in Table 2), so a reduction in their frequency as shown in the future
simulation decreases the average interval between storms.

The largest effect and only significant increase in total precipitation is seen in winter
(increase of 2 mm per storm, or approximately 12%; Fig. 4.8c). For our simulation this is due to
increased frequency of MAM/SON-type vertical structure which produces greater total
precipitation than the DJF-type storms. Total precipitation in spring and fall does not change
significantly, but does indicate a future reduction in IQR because decreased occurrence of DJF-
type vertical structure, having the lowest mean total precipitation, drives a reduction in variation.
Mean total precipitation received from each storm is slightly reduced in the future for summer
(reduction of 1 mm per storm, or approximately -4%). Similar to the storm duration, summer
season total precipitation moves toward the mean value for JJA-type storms as MAM/SON-type
storms that produce greater total precipitation occur less often.

Average precipitation rate increases in all seasons for the future climate Monte Carlo

simulations (Fig. 4.8d). Average precipitation rate is a function of storm duration and total
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precipitation received. Therefore, the winter precipitation rate increase is primarily due to
increased total precipitation since duration undergoes little change. In spring and fall, decreased
duration and increased precipitation combine to increase precipitation rate under climate change.
For summer, average precipitation rate is increased because mean storm duration decreases while
there is less change in total precipitation.

4.5. Discussion

4.5.a. Comparison of seasonal vertical structure to MAP case studies

The greater vertical extent, higher reflectivity values near ground level, and slightly elevated
maximum reflectivity in the summer season provide evidence that summer precipitation is more
buoyantly-driven than precipitation occurring in winter (Fig. 4.2). The observation of enhanced
reflectivity at higher altitudes that coincides with increased probability of JJA-type vertical
structure as surface temperature increases is indicative of more unstable stratification of the
boundary layer during the summer season. The increased convective nature of summertime
precipitation implies stronger vertical air motion (Houze 1993; Houze 1997). Weaker vertical air
motion in winter, as evidenced by lower altitude reflectivity, suggests that wintertime
precipitation has a more stratiform character. However, convective and stratiform precipitation
are not mutually exclusive (Houze 1997). Instead, a single precipitation system may consist of
both convective and stratiform areas depending on the range of vertical velocities within the
storm. The presence of embedded convective cells can be associated with intense orographic
precipitation, such as the historic Alpine flood in central Switzerland during August 2005
(Hohenegger et al. 2008; Langhans et al. 2011).

Several papers describe radar-observed vertical precipitation structure that occurred during

the MAP experiment in 1999 (Houze et al. 2001, hereafter HO1; Medina and Houze 2003,
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hereafter MHO3; Yuter and Houze 2003, hereafter YHO3; Rotunno and Houze 2007, hereafter
RHO7). In addition to the Monte Lema radar data used in our study, the MAP analyses utilize
data from a temporarily deployed NCAR S-POL dual-polarization Doppler radar and a
vertically-pointing radar to derive vertical velocity and distributions of hydrometeor types (HO1,
MHO03, YHO03). The vertical structure depicted in the fall season CFAD for years 2004-2010
(Fig. 4.2) has many similarities to the vertical cross sections of radar reflectivity from the fall
seasons of 1998 and 1999 observed during MAP (HO1). The current study and HO1 both
observed maximum reflectivity values at 2-3 km asl and increased frequency of radar returns
between 2-4 km asl with greater magnitude of reflectivity and frequency towards the north of the
Monte Lema radar as compared to the south side. HO1 observed that the melting level occurred
consistently between 2-3 km asl over the fall seasons of 1998 and 1999. Therefore, as in HO1,
the maximum reflectivity values observed in our study at 2-3 km asl also indicate the melting
level. The larger frequency of reflectivity in the northern sector is likely due to orographic
enhancement of precipitation when moisture flux encounters the main crests of the Alps (Fig.
4.1).

Analysis of individual storms that occurred during fall 1998 and 1999 revealed that seasonal
average reflectivity was comprised of two types of storms: one type in which stratiform
precipitation was enhanced by embedded convection and a second type which only had
stratiform precipitation (HO1). Individual cases from MAP provide examples of precipitation
events with embedded convection (IOP 2b) and events characterized by stratiform structure (I0P
8; MHO03; YHO03; RHO7). The seasonal JJA CFAD for the northern sector presented here (Fig.
4.2) has similarities to the vertical reflectivity cross-section from MAP 10P 2b (MH03). Both

show maximum reflectivity (35 dBZ for our JJA CFAD and 35-40 dBZ for IOP 2b) at 3 km asl.
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In addition, 15 dBZ reflectivity is observed in the JJA CFAD at 8-10 km asl and at 7 km asl in
IOP 2b. The resemblance in vertical structure provides an indication that mesoscale conditions
and microphysics described for IOP 2b are typical for summertime precipitation systems.
Orographic precipitation is strongly affected by atmospheric stability and moisture flux (HO1;
MHO03; RHO7; Panziera and Germann 2010). The precipitation structure during IOP 2b resulted
from unstable and unblocked flow with a high Froude number. The precipitation is
orographically enhanced by the development of embedded convective cells over the first
mountain peaks (MHO03; YHO03; RHO7). The similarity in vertical structure between our JJA-
type storm classification and IOP 2b implies that the majority of summer precipitation occurs
during unstable/unblocked mesoscale conditions. In I0P 2b fallout of rimed ice particles and
graupel from convective cells and coalescence of raindrops beneath the melting level produced
locally intense precipitation (MHO3; YHO3; RHO7). The increased intensity associated with
JJA-type vertical structure suggests that precipitation is enhanced by microphysical processes
similar to those observed during IOP 2b. Also, MHO03 note that MAP IOP 2b occurred on a day
having average temperature of ~19°C. Figure 4.6 shows the vertical structure of reflectivity
associated with the JJA storm type is the most probable vertical structure type at a temperature of
19°C and further supports the relevance of comparison between 10P 2b and JJA-type vertical
structure.

In addition, the DJF seasonal CFAD from the north sector resembles the vertical reflectivity
profile from MAP IOP 8 (MHO03). Both vertical profiles of reflectivity show maximum
reflectivity of 30 dBZ at 2 km asl with 15 dBZ reflectivity limited vertically to the 5 km level in
the DJF CFAD and 4 km for IOP 8. Furthermore, MAP IOP 8 occurred during a much cooler

day with average temperature ~8°C (MHO03). At 8°C the most probable vertical structure type is
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DJF (Fig. 4.6). The similarity in vertical profiles between our DJF-type vertical structure and
IOP 8 could suggest that blocked flow conditions and associated microphysics described for IOP
8 dominate winter season precipitation systems. In contrast to IOP 2b, IOP 8 was found to be
more stratiform as its structure is characterized as a layer of dry snow over wet snow with light
rain below 2 km (MHO03). Some overturning is present due to shear at the top of the blocked
airflow, but the resulting vertical motion is not enough to trigger graupel formation or significant
riming. Instead, vapor diffusion onto ice is hypothesized as the primary particle growth
mechanism (MHO03, YH03; RHO07). The reduced precipitation intensity associated with DJF-
type vertical structure hints that DJF-type storms may be primarily characterized by stratiform
microphysical processes as described for IOP 8.
4.5.b. Effect of relationship between surface temperature and vertical
reflectivity structure on observed seasonal climate
The relationships between temperature, vertical reflectivity structure and surface
characteristics provide insights concerning observed seasonal precipitation. Vertical structure of
reflectivity appears to be related to surface temperature (Fig. 4.6), and different precipitation
characteristics result from different vertical structures of reflectivity (Table 4.2 and Fig. 4.7).
Rudolph et al. (2011) show that precipitation follows an annual pattern in southern Switzerland
with daily precipitation at a minimum in winter, increasing in spring, maximized in summer, and
decreasing, although highly variable, in fall. We have shown that JJA-type storms increase in
probability with increasing surface temperature, and JJA-type storms have the highest
precipitation rates, the shortest duration, and the shortest interval between precipitation events.
Therefore, the current study indicates that the summertime maximum in precipitation is the result

of more frequent and higher intensity precipitation. This aligns with Molnar and Burlando
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(2008) who show for southern Switzerland that summer has the shortest and most intermittent
storms. Likewise, the annual minimum in daily precipitation experienced during winter stems
from less frequent and lower intensity storms. Individual storms having MAM/SON-type
vertical structure produce greater total amounts of precipitation than storms with DJF- or JJA-
type vertical structure. The large amount of total precipitation produced by MAM/SON-type
vertical structure which becomes most common in mid-spring and fall likely contributes to
October having the maximum monthly precipitation for the area around the Monte Lema radar
(Frei and Schér 1998). Rudolph et al. (2011) observed that 10-day average precipitation amounts
in the fall season are occasionally similar to 10-day average precipitation amounts experienced
during the summer season. This coincides with our current study’s finding that precipitation
systems occurring in the warmer days of early fall often have JJA-type vertical structure (Fig.
4.5b). Then, in mid-fall as daily temperatures cool and MAM/SON-type storms become more
likely, individual precipitation systems become less intense, but the average precipitation
received from each storm increases (Table 4.2 and Fig. 4.5).
4.5.c. Future climate implications of relationship between surface
temperature and vertical reflectivity structure
The conditional probability of storm type given the surface temperature combined with
observed precipitation characteristics associated with each storm type may have implications
concerning global warming’s effect on precipitation. Figure 4.6 implies that changes in average
daily temperature affect the probability of precipitation having JJA- vs. MAM/SOM- vs. DJF-
type vertical structure. This may become especially relevant during the spring and fall seasons if
climate change impacts average daily temperature by earlier onset of warmer temperatures in

spring or later occurrence of cooler temperatures in fall. If the conditional probability of storm
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type given a certain surface temperature remains constant as spring and fall become warmer,
longer portions of each season could experience more intense, summer-type storms. The
transition to more frequent summer-type storms is similar to results from Beniston (2009) that
indicate an increasing portion of European precipitation observed in the 20" century and
modeled for the 21% century occurs during “warm modes” (temperature above 75" quantile). In
addition, the warm mode precipitation is more likely to have convective precipitation
characteristics of short duration and high intensity (Beniston 2009), similar to the precipitation
characteristics that accompany JJA-type vertical structure (Table 2).

Previous studies also provide evidence that winter precipitation may be more sensitive to
temperature than summer season precipitation. Over the years 1864-2000 the winter season had
both the largest increase in seasonal temperatures (0.9-1.1 °C/100y north of the Alps and ~0.6
°C/100y south of the Alps) and the largest positive trend in precipitation at several locations
across Switzerland, although notably the precipitation trend is 16-37%/100 y in northern
Switzerland with no precipitation trend identified in southern Switzerland (Begert et al. 2005).
Regional climate models (RCMs) for the 21 century also predict an increase in precipitation
extremes for Europe during the winter season (Frei et al. 2006). In the context of our study,
climate change related to an increase in surface temperature leads to an increase of average total
precipitation in winter because warmer daily temperatures increase the probability of
MAM/SON-type vertical structure which produce higher total amounts of precipitation than
DJF-type storms (Fig. 4.8c).

The Monte Carlo simulation results for future climate show average precipitation rate
increases in all seasons while the interval between storms is reduced in all seasons (Figs. 4.8b

and 8d). Giorgi et al. (2011) describe hydroclimatic intensity (HY-INT) as a combination of the
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frequency of heavy precipitation events and the length of the interval between storms. With this
perspective, our simulations of increased surface temperature have a mixed effect on HY-INT.
On one hand, HY-INT is increased due to higher probability of JJA-type systems that result in
higher average precipitation rates. However, the reduction in interval without precipitation
following JJA-type storms reduces HY-INT.

The increase in precipitation rate that results from our Monte Carlo simulations is in
agreement with many observational and model-based studies. However, the decrease in storm
interval is contrary to previous works that find precipitation rate increases under climate change
are accompanied by increases in the time interval between storms (Hennessy et al.1997; Dai et
al. 1998; Trenberth 1999; Giorgi et al. 2011). Likely, this contradiction arises from our model’s
inherent assumption of constant precipitation characteristics for each class of vertical structure.
However, climate change may affect the availability of atmospheric moisture from evaporation
and advection due to changes in soil moisture and large scale circulation. Subsequently, changes
in moisture availability may change the distribution of precipitation characteristics for each type
of storm (Trenberth et al. 2003). For example, Berg et al. (2009) find observed and modeled
precipitation intensity is more dependent on temperature in winter than in summer with the
wintertime increase in intensity attributed to increased atmospheric moisture content at higher
temperatures due to the Clausius—Clapeyron relationship. However, temperature effects on
precipitation intensity are limited in summer by moisture availability, potentially due to drier soil
(Berg et al. 2009).

Lastly, phenological evidence based on plant development and freeze dates indicates that
spring is occurring earlier in the Northern Hemisphere (Schwartz et al. 2006). Is there any

evidence from the Monte Lema radar that convective storms are occurring earlier in spring or
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later in fall? To answer this, we examine the day of year for the first occurrence of a JJA-type
storm in spring and the last occurrence in fall (Figs. 4.5a and 4.5b). Over the years 2004 -2010,
no trend was found concerning earlier onset of JJA-type storms in spring or later occurrence in
fall. However, seven years is rather short for a conclusion concerning a climate change signal,
especially regarding precipitation, so lack of an identified trend it is not particularly surprising.
However, over a longer period of time the date of onset of convective storms in spring and
decline in fall may be a worthwhile climate signal to monitor.

4.6. Conclusions

Analysis of operational radar data over March 2004 - February 2011 from the Monte Lema
radar located close to Locarno, Switzerland indicates that the vertical structure of reflectivity
follows a seasonal pattern. Frequency distributions of reflectivity versus altitude (CFADs) reveal
that summer precipitation events have the highest vertical extent and greatest reflectivity near the
surface as compared to any other season and indicate the increased convective nature of summer-
time precipitation. Winter CFADs portray a more stratiform character as reflectivity remains
closer to ground level and at lower magnitude than the other seasons. CFADs for spring and fall
show a vertical extent and magnitude of reflectivity in between the values observed for summer
and winter. The consistency in seasonal CFADs allows classification of individual storms by
similarity to vertical structure of reflectivity typically observed in summer, winter, or spring/fall.

Rain gauge data for individual precipitation events reveal unique precipitation characteristics
for JJA-, MAM/SON-, and DJF-type storms. JJA-type precipitation events are more severe than
DJF-type: shorter duration, higher maximum precipitation rate; but result in similar total
precipitation per event. Therefore, a change in the probability distribution of storm-type

classification, such as for a specific day or over an entire season, has implications for
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precipitation characteristics at the surface. An increase in the probability of JJA-type
precipitation events results in a shift towards shorter, more severe storms.

The differences in precipitation characteristics based on different vertical structure of
reflectivity have relevance for predicting future precipitation for a changing climate because of
the relationship between storm-type classification and surface temperature. A simulation
comparing precipitation characteristics between current climate and future climate (perturbed
with a temperature increase) shows decreased frequency of DJF-type storms results in an
increase in total precipitation for the winter season. In addition, the duration of precipitation
events and the interval between events decrease in all seasons while average precipitation rate
increases.

These effects demonstrate the role that an increase in the occurrence of convective
precipitation may have on hydrologic intensity as climate changes. In addition, the possibility
that convective precipitation will play an increasing role in annual precipitation highlights the
importance of accurately portraying convection in climate models, either through improved
parameterization or spatial resolution appropriate for convective precipitation. Lastly, we point
out that our simplified model of vertical reflectivity structure as a function of surface temperature
assumes that seasonal relationships between temperature and Froude number remain constant.
This raises questions about the localized impacts of climate change on atmospheric stability,
moisture flux, and wind speed and direction as these parameters are especially relevant to
blocked or unblocked flow in areas of complex terrain where orography influences precipitation

distribution.
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CHAPTER 5
OVERALL CONCLUSION

5.1 Main Findings

The research described in this dissertation has resulted in the first published studies of 1) a
radar-based precipitation climatology over complex terrain (chapter 2, Rudolph et al. 2011), 2) a
quantitative precipitation forecast for specific river basins based on combining high resolution
radar-based precipitation estimates with large scale circulation patterns from a GCM (chapter 3,
Rudolph et al. 2012), and 3) a multi-year analysis of vertical reflectivity structure in mountainous
terrain (chapter 4, Rudolph and Friedrich 2012).

The main findings from this research are:

1. Radar-estimated precipitation data show that precipitation is maximized across the Alps
during the summer season, both in terms of average daily precipitation and occurrence of
intense precipitation rate. Nine years (2000-2008) of observational radar data were used
to analyze total precipitation and the frequency of heavy precipitation events
(precipitation rate > 20 mm/h) in six regions representing different topographical aspects
in the Alps. Total daily precipitation was found to follow an annual cycle across all
regions with minimum values in the winter, steadily increasing during the spring,
consistently at the highest values in the summer, and then decreasing in late summer and
more variable throughout the fall. All regions experienced the most high precipitation
rate events during summer and the least number during winter over the years 2000-2008.

2. Precipitation distribution in the Alps is related to synoptic scale weather patterns. The
highest amounts of total daily precipitation occur on days with advective weather
patterns, a synoptic situation that carries moist air from the Mediterranean toward the

Alps. A convective synoptic weather classification having minimal surface pressure
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gradient is associated with the occurrence of high precipitation rate. Under synoptic
conditions favorable to convection, large total amounts of precipitation are more likely to
result from high precipitation rates. Conversely, under an advective synoptic pattern
large amounts of total daily precipitation are more likely to result from longer duration,
lower intensity precipitation rates.

Changes in the frequency distribution of synoptic scale weather patterns are expected to
decrease total decadal precipitation by ~10-15% for Swiss river basins by the end of the
21% century. The relationship between synoptic weather patterns and precipitation
distribution enables the coupling of radar-estimated precipitation observations and GCM
output in order to generate a 21% century precipitation outlook for Swiss river basins.
The high spatial resolution (2x2 km?) of the radar-estimated precipitation observations
are leveraged to generate the probability and amount of precipitation received within the
specific boundaries of each river basin for each synoptic weather pattern. GCM data
from CCSM3 for scenario A1B indicate an increased probability of convective high, or
anticyclonic patterns, positioned over Switzerland. Since the anticyclonic pattern is
observed to produce less precipitation than other synoptic patterns, an increase in its
frequency results in a trend of reduced precipitation for Swiss river basins. The
probability of heavy precipitation, or total daily precipitation that exceeds the 95th
quantile established for 2000-2008, does not appear to be affected by dynamic changes
over the 21st century. Therefore, total precipitation is expected to decrease, but heavy
precipitation events account for a larger proportion of the total.

. The vertical structure of radar reflectivity over southern Switzerland follows an annual

pattern. The vertical extent of reflectivity, or maximum altitude at which reflectivity is
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observed, is maximized during summer and minimized during winter. In addition, the
summer season experiences the highest values of reflectivity near the surface and the
winter season has the lowest values of reflectivity near the surface. Vertical extent and
magnitude of reflectivity for the spring and fall seasons are at intermediate values as
compared to summer and winter. The increased vertical extent and magnitude of
reflectivity observed during the summer imply that summer season storms are, on
average, more likely to contain convective cells while winter season storms have a more
stratiform structure.

In addition, the vertical structure of radar reflectivity over southern Switzerland is related
to surface precipitation characteristics. After classifying individual storms based on the
similarity of their vertical reflectivity structure to seasonal averages, it was found that
storms having summer-type vertical structure have the highest precipitation rates and the
shortest duration. Winter-type storms have the longest duration, lowest total amount of
precipitation, and lowest precipitation rates.

The vertical structure of radar reflectivity over southern Switzerland is also related to
surface temperature. The relationship between vertical reflectivity structure and surface
temperature is most evident during the spring and fall seasons. For example, in late
spring and early fall when surface temperatures are warm, summer-type vertical
reflectivity structure is the most common. However, during early spring and late fall, the
cooler portions of each season, winter-type structure is the most common. The
relationships between vertical structure, surface precipitation characteristics, and surface
temperature suggest that increased temperature due to climate change will increase the

probability of more intense summer-type storms, especially in the spring and fall.
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5.2 Outlook

The work described herein presents several opportunities for further research. One avenue of
future work involves taking additional advantage of the high spatial resolution offered by the
radar-based precipitation distribution which has an underlying resolution of 2x2 km?. For
example, radar-based precipitation observations may be useful for comparison to precipitation
data generated from regional climate models. Radar-based precipitation estimates are also
relevant for long-term analysis of precipitation over specific terrain features, such as individual
catchments or glaciers.

The 21 century precipitation forecast for Swiss river basins also provides opportunities for
further work. The study presented here utilizes CCSM3 data from IPCC scenario A1B. The
methods developed for this study could be used to compare synoptic weather pattern frequency
in multiple GCMs and RCMs for a variety of climate change scenarios. In addition,
thermodynamic effects on precipitation have not been addressed. As suggested in chapter 3, a
possible approach to quantifying thermodynamic effects is to investigate the dependence of the
observed precipitation distribution on specific humidity, atmospheric moisture flux, and soil
moisture. These parameters, derived from satellite observations or models, could then be used as
an additional conditional variable for a long-term precipitation forecast in order to assess
thermodynamic effects.

Additional research questions are also raised by the relationship between vertical structure of
reflectivity and surface temperature. The model of vertical reflectivity structure as a function of
surface temperature (chapter 4) inherently assumes that the relationship between temperature and
vertical structure remains constant. This invites further investigation into the localized impacts

of climate change on atmospheric stability, moisture flux, and wind speed and direction as these
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parameters are especially relevant to blocked or unblocked flow in areas of complex terrain
where orography influences precipitation distribution. Vertical reflectivity data also lends itself
to identification of the melting level and could be used for the development of a melting level
climatology.

Lastly, this work has been based on the high spatial and temporal resolution of precipitation
observations offered by operational radar data. This is especially relevant in areas where
complex topography affects precipitation distribution. My research has utilized data from the
Swiss radar network — a truly unique dataset that encompasses multiple years of high quality
radar data over the complex terrain of the European Alps. Although this work has focused on the
Swiss Alps, the methods presented in this dissertation are potentially applicable to any region
with the important caveat that radar data are available. Currently, the availability of long-term
high quality radar data from mountainous regions outside of the Alps is limited. However, it is
my hope that the results from this work have demonstrated the value of radar for monitoring
precipitation in complex terrain and will motivate the expanded usage of radar for long term

precipitation observations that are relevant to climate.
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APPENDIX 1
Synoptic patterns as precipitation predictor: rain gauge basis

A modified version of the method used to project 21 century precipitation for Swiss river
basins based on radar-estimated precipitation data (Fig. 3.1) was also applied to rain gauge data
to evaluate the use of synoptic patterns as a precipitation predictor with the assumption that mean
precipitation received during each synoptic pattern remains constant. First, precipitation
recorded at 63 Swiss rain gauges for the eight main Schiiepp synoptic classifications: AN, AE,
AS, AW, CH, CF, CL, MIX (as described in Section 3.2.a.) was evaluated for the 10-year period
of 1989-1998. P(Precip|Classk) was determined following Eq. 3.1 where precipitation days are
defined as days when the rain gauge recorded at least 1 mm of total precipitation. For this case,
Precipg qass k » @S appears in Eq. 3.3, is the mean daily precipitation received at each rain gauge
during days when precipitation occurred for each synoptic classification. The observed
frequency of each synoptic pattern over 1999-2008, P(Classk), was used in Eq. 3.6 to predict
total precipitation for 1999-2008. This allows comparison of observed precipitation received at
each rain gauge to precipitation predicted by synoptic pattern frequency and the mean
precipitation distribution for each synoptic pattern (Fig. A1). Figure Al shows observed vs.
predicted total precipitation for the 10 year period of 1999-2008. The data are distributed
around the y = x line and have a mean value of predicted-observed (pred-obs) equal to -441 mm
with a 95% confidence interval of -1655 to 773 mm. Therefore, the hypothesis that predicted
precipitation equals observed precipitation (pred-obs = 0) cannot be rejected, so no bias is found
between predicted and observed precipitation. However, performing the analysis on the basis of

persistence shows similar results. For the persistence prediction, observed total precipitation
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FiG. Al: Observed vs. predicted total precipitation for total precipitation over the

10-year period of 1999-2008 based on rain gauge data from 63 Swiss rain gauges.

The dashed line isy = x.
over 1989-1998 is used as a predictor for precipitation during 1999-2008. For persistence, the
mean value of pred-obs is equal to -588 mm with a 95% confidence interval of -1763 to 587 mm.
Therefore, for this case, persistence from the previous decade is also an unbiased precipitation
predictor. The similarity in results for the synoptic pattern-based prediction and persistence
prediction may be attributed to lack of significant changes in synoptic pattern frequency between
the decades used for prediction and observation (Table Al). If the prediction and observation

periods contained more substantial differences in synoptic pattern frequencies, it is possible that

the outcomes would differ, both for the synoptic pattern-based prediction, as well as the
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persistence prediction. However, the main point of performing the rain gauge based analysis is to
provide an indication of the extent that mean precipitation associated with synoptic patterns
varies over decadal time scales. Although, we can’t claim it remains constant in this case, we do
not find evidence that it changes enough over the twenty year period of 1989-2008 to induce bias
in the synoptic pattern-based decadal precipitation prediction. One notable difference between
the rain gauge analysis and the radar-based analysis described in the main text is that rain gauges
provide point measurements of precipitation whereas the radar data are spatially integrated over
river basins. Since precipitation in complex terrain typically exhibits high spatial variation, it is
likely that the spatial integration incorporated in the radar-based approach reduces variability in

the difference between observed and predicted precipitation.

Synoptic 1989-1998 1999-2008

Classification P(Classy)  P(Classk) A
AN 0.13 0.15 0.01
AE 0.04 0.04 0.00
AS 0.08 0.09 0.01
AW 0.08 0.08 0.00

o 0.34 0.36 0.02
CL 0.07 0.06 -0.01
CF 0.31 0.30 -0.01
CH 0.23 0.21 -0.02

o 061 0.57 0.04
MIX 0.05 0.07 0.02

Total 1.00 1.00 -

TABLE Al: Frequency of Schiiepp’s synoptic weather classifications, P(Class),
for the 10-year periods 1989-1999 and 1999-2008, and the frequency difference
between the two periods (A).
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APPENDIX 2
Monte Carlo simulations of current and future precipitation distribution

Monte Carlo simulations of current and future climate were used to quantify the effect of
changing surface temperature on precipitation characteristics (Fig. A2). Each simulation has the
three-day average temperature as the input variable and outputs daily precipitation
characteristics: storm duration, interval between storms, total precipitation amount, and average
precipitation rate. For the current climate scenario, we use temperature as observed at Locarno
between March 2004 and February 2011 to calculate the mean three-day temperature for each
day of the year. For the future climate scenario, the three-day average temperature is increased
based on the PRUDENCE (Prediction of Regional scenarios and Uncertainties for Defining
EuropeaN Climate change risks and Effects) ensemble modeling results for the seasonal average
temperature increase in the Alps over years 2071-2100 as compared to 1961-1990 (Christensen
and Christensen 2007). As such, the observed three-day average temperature is increased by
3.53°C for each day in winter, 3.32°C for spring; 5.04°C for summer; and 4.15°C for the days
during the fall season. In both the current and future climate simulations, a storm type (DJF-
type, MAM/SON-type, or JJA-type) is randomly selected for each day of the year from the
probability distribution that results from the vglm of storm types as a function of average three-
day temperature (Fig. 4.6 and Eqgns. 4.3 and 4.4). The simulation of each day of the year is
repeated 100 times. The storm type is then used to select mean precipitation characteristics for
each simulated day (Table 4.2). Daily variations in temperature throughout each season and the
probability distribution of storm types for each repetition result in the distributions of seasonal
precipitation characteristics (Fig. 4.8). In reality, the precipitation characteristics associated with

each storm type are continuously distributed (Fig. 4.7) rather than single mean values (Table
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4.2). The use of mean values of precipitation characteristics as opposed to a distribution of
precipitation characteristics associated with each storm type has the effect of reducing the

variances of the resulting seasonal precipitation characteristics (Fig. 4.8).
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*current: use average daily temperature (T)

observed at Locarno between Mar. 2004 — Feb. 2011. seasonal
*future: use current (as above) + predicted seasonal precip.
change in T from PRUDENCE model intercomparison distribution
project (Christensen and Christensen 2007). (Fig. 4.8)

FiG. A2: Process used for Monte Carlo simulations of current and future
precipitation characteristics.



