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[11 We study the properties of precipitation in the Hindu-Kush Karakoram Himalaya
(HKKH) region using currently available data sets. We consider satellite rainfall estimates
(Tropical Rainfall Measuring Mission), reanalyses (ERA-Interim), gridded in situ rain
gauge data (Asian Precipitation Highly Resolved Observational Data Integration Towards
Evaluation of Water Resources, Climate Research Unit, and Global Precipitation
Climatology Centre), and a merged satellite and rain gauge climatology (Global
Precipitation Climatology Project). The data are compared with simulation results from the
global climate model EC-Earth. All data sets, despite having different resolutions,
coherently reproduce the mean annual cycle of precipitation in the western and eastern
stretches of the HKKH. While for the Himalaya only a strong summer precipitation signal
is present, associated with the monsoon, the data indicate that the Hindu-Kush Karakoram,
which is exposed to midlatitude “western weather patterns”, receives water inputs in
winter. Time series of seasonal precipitation confirm that the various data sets provide a
consistent measurement of interannual variability for the HKKH. The longest observational
data sets indicate a statistically significant decreasing trend in Himalaya during summer.
None of the data sets gives statistically significant precipitation trends in Hindu-Kush
Karakoram during winter. Precipitation data from EC-Earth are in good agreement with
the climatology of the observations (rainfall distribution and seasonality). The evolution of

precipitation under two different future scenarios (RCP 4.5 and RCP 8.5) reveals an
increasing trend over the Himalaya during summer, associated with an increase in wet
extremes and daily intensity and a decrease in the number of rainy days. Unlike the
observations, the model shows an increasing precipitation trend also in the period 1950-2009,
possibly as a result of the poor representation of aerosols in this type of GCMs.

Citation: Palazzi, E., J. von Hardenberg, and A. Provenzale (2013), Precipitation in the Hindu-Kush Karakoram
Himalaya: Observations and future scenarios, J. Geophys. Res. Atmos., 118, 85-100, doi: 10.1029/2012JD018697.

1. Introduction

[2] The Hindu-Kush Karakoram Himalaya (HKKH) is the
largest mountain region in the world, encompassing parts of
or the entire countries of Afghanistan, Bangladesh, Bhutan,
China, India, Nepal, Myanmar, and Pakistan. The HKKH
region feeds some of the major rivers in Southeast Asia
(such as the Ganges, the Brahmaputra, the Indus, the Yellow
River, and the Yang-Tze), which bring water to more than
1.5 billion people.

[3] The position and characteristics of various orographic
reliefs in the HKKH are major climatic drivers; the conflu-
ence of different mountain ranges makes the topography of
this area so complex that the relationship between rainfall
and topography still remains poorly defined.
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[4] Estimating current precipitation, both rainfall and
snowfall, in this region and its possible changes in the com-
ing decades is thus a major challenge from both a scientific
and geopolitical viewpoint, and a necessary step to develop
appropriate adaptation strategies.

[5] Unique interactions among the atmosphere, cryosphere,
and hydrosphere, and influences from multiple climatic
systems, prevent treating the HKKH as a single region. In
fact, the Hindu-Kush Karakoram (HKK) in the west and the
Himalaya in the east, differ in circulation patterns and, by con-
sequence, in sources and types of precipitation. The eastern
Himalaya is mostly affected by monsoon-controlled dynam-
ics: precipitation occurs during summer, owing to the moisture
advected northward from the Indian Ocean by the southwest
Indian monsoon [e.g., Li and Yanali, 1996; Wu and Zhang,
1998; Krishnamurti and Kishtawal, 2000]. In the HKK,
precipitation occurs also during winter, mostly due to the
influence of westerly winds bringing moisture from the Medi-
terranean and Caspian Sea [Singh et al., 1995; Archer, 2001;
Archer and Fowler, 2004; Treydte et al., 2006; Syed et al.,
2006]. Different circulation patterns and precipitation regimes
in the HKK and the Himalaya lead to different glacier dynamics



PALAZZI ET AL.: PRECIPITATION IN HINDU-KUSH KARAKORAM HIMALAYA

in the two regions. Many observational and model studies have
highlighted that the total eastern Himalayan glacier mass bal-
ance has been distinctly negative in the last decades [Solomon
et al., 2007], mainly due to significant regional warming. By
contrast, relatively recent studies have indicated that some
glaciers in the central Karakoram have thickened or been stable
[Schmidt and Nusser, 2009]. The Baltoro glacier, located in the
northern Pakistan and running through part of the Karakoram
mountain range, has shown small and limited variations in its
extension in the last 50 years [Mayer et al., 2006], possibly
owing to the role of debris-covered areas in reducing ice
ablation [Scherler et al., 2011]. Many other glaciers in the
Karakoram range show stable conditions or even a slight mass
gain [Hewitt, 2005; Gardelle et al., 2012], and recent estimates
indicate a tendency to increasing snow cover in this area [7ahir
et al.,2011]. Some of these changes have been suggested to be
linked to an increasing trend of winter precipitation in the
Karakoram [Archer and Fowler, 2004] as well as to a decreas-
ing trend of summer temperatures [Archer and Fowler, 2006].
However, a clear understanding of why the Karakoram cryo-
sphere behaves so differently from eastern Himalayan glaciers
is still lacking.

[6] Understanding these and other changes (or the lack
thereof) in the hydrological cycle requires the availability
of high-resolution and high-quality precipitation data, but
the complex orography of the region poses a serious obstacle
to monitoring its hydrometeorology and microclimates,
especially by in situ stations. In spite of the recent growing
observational efforts in the HKKH, especially in the eastern
Himalaya, the existing number of climate and meteorologi-
cal stations is still low and the data provided by the existing
network are largely biased by altitude, because most of the
stations are located in valley floors, much lower in altitude
than the zones of maximum precipitation, while very few
are on mountain slopes and tops [Archer and Fowler,
2006]. Regions above 5 km still remain largely unexplored,
mainly for technical reasons [Winiger et al., 2005], and
high-altitude snowfall is poorly measured (see for example
Rasmussen et al. [2012]).

[7] Given the importance of the hydrological cycle in this
area, the aim of this paper is to analyze and compare rainfall
patterns, seasonality, and trends in the HKK and Himalaya,
making use of a wide ensemble of currently available data
quantitatively assessing the current and expected changes
of precipitation in HKKH.

[8] Several studies already quantified the reliability of in-
dividual precipitation data sets in the East Asian region.
Sohn et al. [2011] used merged rain gauge and satellite
precipitation data sets together with reanalysis products to
evaluate the reliability of the Climate Anomaly Monitoring
System-Outgoing Longwave Radiation Precipitation Index
data for the purpose of monitoring large-scale precipitation
variability in East Asia. Yatagai and Kawamoto [2009]
estimated quantitatively orographic precipitation over the
Himalayas using the Tropical Rainfall Measuring Mission
(TRMM) satellite data acquired by the Precipitation Radar
(PR) instrument. They validated the precipitation patterns
seen by the TRMM/PR using the daily precipitation data
provided by a dense network of rain gauges developed in
the framework of the APHRODITE (Asian Precipitation
Highly Resolved Observational Data Integration Towards
Evaluation of Water Resources) project. Bookhagen and
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Burbank [2006] used rainfall data derived from the TRMM Pre-
cipitation Radar and Microwave Imager instruments (TRMM/
PR and TRMM/TMI) for the time period 1998-2005 and
found clear relationships between topographic characteristics
of the Himalayan arc and rainfall location and amount.
According to their study, rainfall maxima occur in the frontal
regions along the entire Himalaya at an average elevation of
0.95km (mean relief of 1.2 km), while the central Himalaya
is characterized by an inner rainfall belt occurring at an aver-
age elevation of 2.1 km (mean relief of 2km). The eastern
and northwestern regions do not show this inner rainfall belt.
Krishnamurti et al. [2009] used a modified version of
the TRMM 3B42 algorithm and of the data of nearly 2100
APHRODITE rain gauges over India to apply a simple linear
regression-based downscaling of the Florida State University
multimodel superensemble, to provide improved forecasts of
rain over India. New et al. [2001] presented a review of the
existing precipitation data sets and analyzed the information
about precipitation trends and variability on a global perspec-
tive. Andermann et al. [2011] made a comparative analysis of
various gridded precipitation data sets, including remote sens-
ing and interpolated rain gauge data, as well as ground-based
precipitation measurements along the Himalayan front, giving
an overview on the applicability for that region of precipitation
data sets especially in the zones where relief has a pronounced
impact on precipitation.

[9] In the present study, we compare satellite observa-
tions (TRMM 3B42), rainfall archives based on the inter-
polation on regular spatial grids of sparse in situ stations
data (APHRODITE, Global Precipitation Climatology
Centre (GPCC), and Climate Research Unit (CRU) data
sets), merged satellite and rain gauge data (Global Pre-
cipitation Climatology Project (GPCP) climatology), rea-
nalyses (ERA-Interim), and the precipitation provided
by an ensemble of simulations of the state-of-the-art
global climate model EC-Earth [Hazeleger et al., 2012].
We focus separately on the HKK and Himalayan subre-
gions and verify how the various data sets represent the
properties of precipitation in the two regions in terms
of precipitation amounts, seasonality, and trends. We do not
try to define a ground “truth” or a reference data set, but we
highlight the biases between the various products, their simi-
larities and discrepancies. The statistics of the climate model
output in the historical period are compared to the climatology
provided by the other data sets to assess the extent to which
this global climate model reproduces the observed seasonality
and long-term behavior of precipitation in the two focus
regions. Future projections of precipitation trends in terms of
rainfall averages and intensity are obtained with two scenarios
produced by the model for the twenty-first century, based on
the representative concentration pathways “RCP 4.5” and
“RCP 8.5” [Moss et al., 2010].

[10] The paper is structured as follows. Section 2 presents
the study areas, describes the rainfall data sets and the EC-
Earth model. Section 3 provides a comparison of all data sets
in terms of precipitation distribution over the HKKH and
surrounding regions and analyses seasonality and trends in
the HKK and Himalaya, during summer and winter. Section
4 discusses future precipitation projections under two differ-
ent climate change scenarios. The implications of our find-
ings and perspectives for future work are discussed in the
conclusive section.
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2. Study Areas and Precipitation Data Sets

2.1. Study Areas and Methodology

[11] The complex topography, circulation patterns,
and climatic responses in different parts of the Hindu-Kush
Karakoram Himalaya range make a global description of
these mountain areas scarcely useful and suggest a division
into subregions. In this work, we consider separately two
main areas, the HKK in the west and the Himalaya in the
east, which are exposed to different circulations, precipita-
tion patterns and are characterized by different glacier
behavior [Bookhagen and Burbank, 2010].

[12] We have defined two domains, shown in Figure 1,
which contain the main subregions of the HKK and
Himalaya mentioned above, in the ranges 71°E-78°E/
32°N-37°N and 78°E-93°E/25°N-32°N, respectively. In
the following, we analyze the seasonal cycle and long-term
trends of summer and winter precipitation in the two
domains, focusing on mountain areas with elevation higher
than 1000 m. To this end, we use several observational data
sets, reanalyses and outputs from the EC-Earth model.
Throughout the paper, we define summer to include the
months from June to September (JJAS), over which the
summer monsoon typically manifests itself over the eastern
stretches of the HKKH. Winter includes the months
from December to April (DJFMA), due to the duration of
the wintertime precipitation in this area, as discussed in
detail below.

2.2. Observations and Reanalyses

[13] Although some individual, high-quality, monitoring
stations have been installed in recent years, the observational
effort provided by in situ station data in this area remains
extremely uneven and nonhomogeneous. The sparse rain
gauge network covers mainly valleys and lowland areas,
leading to a bias toward the lower elevations in the observa-
tions. There are far more in situ stations measuring the
standard meteorological parameters and the atmospheric
composition in the eastern Himalaya than in the HKK,
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Figure 1. Map of the study area and the HKK (West) and
Himalaya (East) domains.
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despite an increased effort in the Karakoram region in
recent years. For example, the Nepal Climate Observatory
at Pyramid (NCO-P, 27.95°N, 86.82°E), installed at 5079 m
above sea level near the base camp area of Mt. Everest (eastern
Nepal Himalaya), in the framework of the ABC-UNEP and
SHARE-Ev-K2-CNR projects, is probably the most outstand-
ing example of a high-altitude monitoring station performing
continuous observations (since March 2006) of the microcli-
mate, meteorology and atmospheric composition in the high
Himalayas [Bonasoni et al., 2010].

[14] There have been several initiatives to collate the
available, although sparse, historical rain gauge measure-
ments and create gridded archives with the highest possible
spatial resolution, in order to quantitatively represent the
spatial distribution of precipitation.

[15] Gridding, based on different interpolation techniques,
is a necessary step that reduces biases arising from the irreg-
ular station distribution and it is essential for the analysis of,
e.g., regional precipitation trends. A great advantage of rain-
gauge-based data sets is their long temporal coverage,
extending back to the early decades of the 20th century.
One of the major limitations of these data sets is the poor
spatial coverage and high sparseness, especially in mountain
regions, which constitutes a potential source of uncertainty
when interpolating grid point values from the nearest few
available stations. For short averaging time scales the spatial
intermittency of precipitation represents a major source of
uncertainty for these approaches. On the other hand, remote
sensing techniques, especially satellite-based, can provide
spatially-complete coverage of precipitation estimates, but
they do not extend back beyond the 1970s and as such are
not yet suitable for assessing long-term trends and
performing climatological studies. The shortcomings of
satellite data and of surface station data have stimulated
the development of combined satellite rain gauge data sets,
in order to maximize the benefits and minimize the disad-
vantages of the two approaches.

[16] It is important to recall that both in situ station data
and satellite estimates, and their combinations, have diffi-
culties in detecting the snow component of precipitation
[Rasmussen et al., 2012]. This is due to a wide range of
issues, ranging from the scarcity of high-elevation in situ
stations, to the interference of wind with the sensors
and to problems of satellite-based meteorological radars
in identifying snow crystals. A fourth possibility for precip-
itation analysis at global and regional scales is to make use
of reanalysis systems, which use data assimilation techni-
ques to keep the output of a numerical global circulation
model close to observations. Contrary to most observa-
tions, reanalysis data do account for total precipitation
(rainfall plus snow). It is worth pointing out that climate
trends obtained from reanalysis data should be regarded
with caution, since continuous changes in the observing
systems and biases in both observations and models can
introduce spurious variability and trends into reanalysis
output [e.g., Bengtsson et al., 2004].

[17] Three interpolated data sets (APHRODITE, GPCC,
and CRU), the TRMM 3B42 satellite product based on the
merging of different remote-sensing and ground-control
data, the GPCP combined precipitation data set, and the
ERA-Interim reanalyses, all employed in the present study,
are briefly described below.
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Asian Precipitation Highly-Resolved Observational
Data Integration Towards Evaluation of Water
Resources: This project, conducted by the Research
Institute for Humanity and Nature and the Meteorologi-
cal Research Institute of the Japan Meteorological
Agency since 2006, develops state-of-the-art daily pre-
cipitation data sets with relatively high spatial resolution
grids (0.25°, 0.5°) for Asia (see http://www.chikyu.ac.
jp/precip/products/index.html). Details on the gridding
procedure and on the reliability of daily interpolated
precipitation fields can be found in Yatagai et al.
[2009, 2012]. For the present study, we have used the
Monsoon Asia (60°E—150°E longitude, 15°S-55°N
latitude) domain of APHRODITE. The data set version
employed here (APHRO_V1003R1), which does not
include a discrimination between rain and snow, is charac-
terized by a spatial resolution of 0.25° latitude-longitude,
extending from 1951 to 2007.

Climate Research Unit: The most recent version (July
2012) ofthe CRU TS 3.1 data set (CRU TS 3.01.01) from
the University of East Anglia has been used, consisting of
monthly gridded fields of precipitation over land areas
(excluding Antarctica), based on daily values, from
1901 to 2009 with a spatial resolution of 0.5° latitude-lon-
gitude. CRU TS 3.1 data are produced using the same
methodology as for the previous 3.0 version [Mitchell
and Jones, 2005]. The main differences is that the 3.1 data
set extends from 1901 to 2009. The recent data set used
here includes the correction of a systematic error in pre-
cipitation which has been detected in July 2012.

Global Precipitation Climatology Centre: Established in
1989 on request of the World Meteorological Organization,
GPCC is operated by the Deutscher Wetterdienst (National
Meteorological Service of Germany) in the framework of
the World Climate Research Program. The GPCC data
set consists of global analyses of monthly precipitation data
on the Earth’s land surface, based on in situ rain gauge data,
at the 0.5° latitude-longitude resolution from 1901 to 2009.
In this study, we have used the GPCC v5 product.

Global Precipitation Climatology Project: GPCP is an
element of the Global Energy and Water Cycle Experi-
ment, established by the World Climate Research Pro-
gram in 1986 with the initial goal of providing monthly
mean precipitation data on a 2.5° grid. We have used
the latest available version (v2.2) of monthly means of
precipitation derived from a combination of precipitation
estimates from low-orbit satellite microwave data,

)

(6)

geosynchronous-orbit satellite infrared data, and surface
rain gauge observations, from 1979 to 2010 [Adler
et al., 2003]. GPCC and GPCP are linked in that, from
1986 to the present, GPCC monthly rain gauge analyses
constitute the in situ component of the GPCP data set.
ERA-Interim reanalyses: ERA-Interim is the latest
global atmospheric reanalysis produced by the Euro-
pean Centre for Medium-Range Weather Forecasts,
covering the period from 1979 onwards. Estimates of
precipitation associated with the reanalysis are produced
by the forecast model, based on temperature and humid-
ity information derived from assimilated observations.
Precipitation is not assimilated in the model. These data
are available at a daily resolution on a 0.75° latitude-
longitude grid.

TRMM 3B42 data: We have analyzed 13 years (1998—
2010) of the TRMM 3B42 (version 6) product [Huffman
et al., 2007], available through the NASA Mirador
interface (http://mirador.gsfc.nasa.gov). TRMM 3B42
is a precipitation data set that combines data from sev-
eral passive microwave radiometers and infrared obser-
vations, then corrected with the monthly field ratios
between the TRMM 3B43 product (monthly version of
TRMM 3B42) and gauge stations. TRMM 3B42 data
have a 0.25° spatial and 3 h temporal resolution, and
are available on a global belt extending, approximately,
from 50°S to 50°N latitude. Technical details and the
description of the algorithm 3B42 can be found at
http:/trmm.gsfc.nasa.gov/3b42.html. Kamal-Heikman
et al. [2007] reported an underestimation of precipita-
tion amounts provided by this product in mountainous
regions particularly affected by snowfall contribution.

[18] Table 1 summarizes the main characteristics, such as
the temporal and spatial sampling and resolution of the six

precipitation data sets employed in this study.

2.3. The EC-Earth Global Climate Model

[19] Precipitation estimates from the EC-Earth GCM were
included in the analysis, with a threefold aim: (1) Supplying
a further “instrument” giving precipitation estimates in the
two focus regions; (2) evaluate the extent to which a global
climate model can reproduce precipitation patterns, seasonal-
ity, and long-term behavior of precipitation in a limited area,
though having a coarse resolution, and (3) evaluate future sce-
narios and possible trends in the HKK and Himalaya under
different forcing conditions. EC-Earth is a state-of-the-art

Table 1. Main Characteristics of the Observational and Reanalysis Precipitation Data Sets Analyzed

Data Set Product Spatial Temporal Spatial Temporal
Domain Domain Resolution Resolution
TRMM 3B42 Tropics 19982010 0.25° lat-lon 3 hourly
(50°S-50°N)
GPCP V2.2 Global 19792010 2.5° lat-lon Monthly
1.25°E-358.75°E
88.75°S—88.75°N
APHRODITE APHRO_V1003R1 Land 1951-2007 0.25° lat-lon Daily
Monsoon Asia 60°E-150°E
15°S-55°N
GPCC V5 Land 1901-2009 0.5° lat-lon Monthly
CRU CRU TS 3.01.01 Land 1901-2009 0.5° lat-lon Monthly
ERA-Interim Reanalyses Global 19792011 0.75° lat-lon Daily



http://www.chikyu.ac.jp/precip/products/index.html
http://www.chikyu.ac.jp/precip/products/index.html
http://mirador.gsfc.nasa.gov
http://trmm.gsfc.nasa.gov/3b42.html

PALAZZI ET AL.: PRECIPITATION IN HINDU-KUSH KARAKORAM HIMALAYA

Earth System Model, based on the concept of seamless predic-
tion [Hazeleger et al., 2012] developed in the framework of
the European Consortium EC-Earth, which includes more
than 20 research institutions, universities and other public
parties from ten different countries. The core of the EC-Earth
model is a fully coupled atmosphere-ocean-sea ice model sys-
tem joining the Integrated Forecast System of the European
Centre for Medium-Range Weather Forecasts and the ocean
model Nucleus for European Modelling of the Ocean
(NEMO) [Madec, 2008]. It also includes the land surface
modulus H-Tessel [Dutra et al., 2010] and the sea-ice model
LIM-2 [Fichefet and Morales-Maqueda, 1997]. The standard
EC-Earth (v2.3) configuration runs at T159 horizontal spectral
resolution (corresponding to about 1.125° grid resolution)
with 62 vertical levels, for the atmosphere, and an irregular
grid with about 1 degree resolution and 42 vertical levels for
the ocean.

[20] For this work we used the EC-Earth model to simulate
climate in the period 1850-2005, using reconstructed histori-
cal anthropogenic forcing and solar variability (according to
CMIPS prescriptions), and to create two scenarios for the
period 20062100, based on the two representative concentra-
tion pathways (RCPs) for anthropogenic emissions RCP 4.5
and RCP 8.5 [Moss et al., 2010]. RCP 4.5 [Thomson et al.,
20117 is a scenario that stabilizes anthropogenic radiative forc-
ing at 4.5 W m ? (compared to preindustrial) in the year 2100.
The more extreme RCP 8.5 scenario [Riahi et al., 2011]
assumes no effective climate change policies and a continua-
tion of high energy demand and high greenhouse gas emis-
sions, leading to 8.5 W m 2 of anthropogenic radiative forcing
in 2100.

3.
3.1.

Precipitation Climatology
Rainfall Distribution Over the HKKH Region

[21] The spatial distribution of summer (JJAS) and winter
includes

(DJFMA) precipitation over a region that

Aphrodite JUAS
80°

CRU JJAS

90° 80°

80" 90"
mm/day

0 2 4 6 8 10 12 14 16 18 20

mm/day
0 2 4 6 8 10 12 14 16 18 20

GPCP JJAS ERA-Interim JUAS

the HKKH range obtained from the APHRODITE, CRU,
GPCC, TRMM, GPCP, and ERA-Interim data sets and from
EC-Earth, is shown in Figures 2 and 3, respectively. Precipita-
tion is averaged over the period 1998-2007 for which data from
all six archives are available. Precipitation data from EC-Earth
have been averaged over the same decade, through an extension
of the historical run ending in December 2005 using the RCP
4.5 scenario data. Please note that the color scales in Figures 2
and 3 are not the same for summer and winter precipitation.

[22] All data sets coherently reproduce the key features
of summer and winter precipitation in the HKKH region.
During summer (Figure 2), precipitation is concentrated over
the eastern stretch of the Himalaya and decreases from
southeast to northwest along the Himalayan chain. Mountain
regions in northern Pakistan are quite dry during summer,
reaching a maximum precipitation of about 3-4mmd .
During winter (Figure 3), while the whole Himalayas
receive considerably lower precipitation amounts than dur-
ing summer, the land masses of northern Pakistan receive a
water input carried by eastward propagating midlatitude pat-
terns. Moisture-laden westerly winds are intercepted as they
encounter high mountain ranges in northern Pakistan, lead-
ing to moisture condensation and precipitation at high alti-
tudes and dry conditions at the interior high plains.

[23] Although the key features of the precipitation field over
the target arca are well represented by all data sets, important
discrepancies arise from the different temporal and spatial
sampling and resolution and from the specific characteristics
of the various products, such as different bias correction,
homogenization or interpolation choices. Important differ-
ences are observed in winter precipitation over North Pakistan
and in summer precipitation over Nepal, two periods which
are essential for the hydrologic budget of these two areas. It
is also important to point out that while the reanalysis
and global climate model data estimate the total precipitation
(including snow), the APHRODITE, CRU, and GPCC station
data and the TRMM 3B42 product provide rainfall estimates.

GPCC JJAS

TRMM JJAS
80°

mm/day
0 2 4 6 8 10 12 14 16 18 20

mm/day
0 2 4 6 8 10 12 14 16 18 20

EC-Earth JUAS
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Figure 2. Multiannual mean (1998-2007) of summer (JJAS) precipitation over the region between
69°E-95°E and 23°N-39°N from the APHRODITE, CRU, GPCC, TRMM, GPCP, ERA-Interim, and

EC-Earth model data sets.
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Aphrodite DUFMA

CRU DJFMA
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B — VY
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B — Y

[ 1 2 3 4 5

Figure 3. Same as Figure 2 for winter (DJFMA).

[24] In areas with sparse station coverage, the GPCC,
APHRODITE, and CRU data sets interpolate grid-point
values from the nearest few available stations, introducing a
significant element of uncertainty. An example of the applica-
tion of the interpolation procedure to the GPCC archive is
given in Figure 4 illustrating the transition from sparse in situ
station data to the final gridded product. Another example is
given in Figure 5 showing, for the APHRODITE data set,
the multiannual mean summer distribution over the HKKH
and surrounding areas of precipitation (right panel) and of
the RSTN index (left panel), defined as the ratio of valid
station grids in the 0.25° analysis, giving a measure of the
reliability of the daily interpolated precipitation fields in the
APHRODITE final product [ Yatagai et al., 2009, 2012].

3.2. Seasonal Cycle

[25] Because we focus on the behavior of precipitation in
high-elevation regions in HKKH, in all the following analyses
we consider only the data and model outputs from pixels/grid

GPCC stations JJUAS
70° 80° 90°

30°
" -ﬁ.. .‘I; “.F'

" . s _a"mn

i e M i

90°

70° 80°

mm/day
0 2 4 6 8 10 12 14 16 18 20

points with mean elevation higher than 1000 m above mean
sea level. The annual cycle of precipitation averaged over
the high-elevation regions of the HKK domain (solid lines)
and from of the Himalaya domain (dashed lines) from the
APHRODITE, CRU, GPCC, TRMM, GPCP, ERA-Interim
data sets, and from the EC-Earth model is reported in the left
panel of Figure 6. The mean annual cycle of precipitation is
calculated as the average over the time period 1998-2007
which is common to all data sets. All data sets give a similar
picture of the monthly climatology of precipitation, with a bi-
modal distribution in the HKK and a unimodal distribution in
the Himalaya. In fact, the figure is consistent with the two prin-
cipal sources of precipitation in the whole HKKH range. The
monsoon represents the dominant source in terms of total
amounts of precipitation delivered, bringing storm systems
from the south to the Himalayan range in the period from late
June through September, with a maximum in July, coherently
reproduced by all data sets. The precipitation peak in July is
lower for APHRODITE and TRMM (around 5 mmd ") than

GPCC JJAS
70° 80° 90°

70° 80° 90°
mm/day
0 2 4 6 8 10 12 14 16 18 20

Figure 4. Multiannual mean (1998-2007) of summer (JJAS) precipitation over the HKKH and
surrounding areas from GPCC: (left) the original station data and (right) the gridded data. The figure high-
lights the effect of the interpolation process.

90



PALAZZI ET AL.: PRECIPITATION IN HINDU-KUSH KARAKORAM HIMALAYA

Aphrodite JJUAS

70° 80°

Aphrodite JJAS
80°

90°

30°

' ! _', »,
..-I_q." % S

1 H ! .' I"I..l T .I‘..'
B e otk
70° 80° 90°
O/O
0 5 10 15 20 25 30 35 40

80° 90°

mm/day

0 2 4 6 8 10 12 14 16 18 20

Figure 5. Multiannual mean (1998-2007) of summer (JJAS) RSTN index (left, see text) and precipita-
tion (right) over the HKKH and surrounding areas from APHRODITE.
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Precipitation on HKK/Himalaya
EC—-Earth

Total precipitation [mm/day]

(left) Monthly climatology of precipitation (averaged over the period 1998-2007) for the HKK

domain (solid lines) and the Himalaya domain (dashed lines), for the APHRODITE, GPCC, GPCP, TRMM,
CRU, ERA-Interim, and EC-Earth data sets. The lines marked with stars indicate liquid precipitation only
(obtained subtracting the snowfall flux from total precipitation for ERA-Interim and EC-Earth). (right) Mean
annual cycle of precipitation in the HKK domain (solid lines) and Himalaya domain (dashed lines) from the
EC-Earth model, averaged over different model decades as indicated in the figure legend.

for GPCP (around 5.5-6 mmd "), CRU and GPCC (6.5 mmd ")
and ERA-Interim (around 10 mmd"). In the HKK domain
a further source of precipitation occurs in winter/early
spring (February/April), which is known to be associated
with midlatitude westerly weather systems.

[26] ERA-Interim overestimates precipitation compared to
the other data sets. The wintertime peak, whose timing is any-
way consistent with observations, is about 4 mmd . Precipi-
tation for EC-Earth in the Himalaya is in better agreement
with the observations than ERA-Interim. In the HKK domain,
EC-Earth precipitation is higher than the satellite/in situ
derived observations, but still lower than ERA-Interim.

[27] As already mentioned, both in situ station data and
satellite estimates have difficulties in detecting the snow com-
ponent of precipitation. This could lead to an underestimation
of precipitation, particularly in snow-rich areas such as the
HKKH and especially in winter. Even if some of the observa-
tional, satellite and merged data sets considered here have
been treated for bias correction, this issue may contribute to
the higher precipitation values found for ERA-Interim and
EC-Earth. To explore this point, we report in the left panel
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of Figure 6 the contribution of liquid-only precipitation for
EC-Earth and ERA-Interim (lines with stars), obtained by re-
moving the snowfall flux from the total precipitation. An im-
provement is indeed observed for ERA-Interim, which gets
closer to the observations in winter in HKK. EC-Earth
displays an overall lowering of precipitation amounts after
removing snowfall. In the HKK domain in winter the
liquid precipitation component becomes significantly lower
than the observations. One possibility is that measured precip-
itation (especially from rain gauges) includes a partial contri-
bution from snow (typically, snow underestimates are very
variable and can easily reach a factor of 2 or more, see
Rasmussen et al. [2012]). On the other hand, the model may
overestimate snow with respect to rainfall, particularly during
winter. It is indeed known that EC-Earth has, globally, a cold
bias [Hazeleger et al., 2012], which could cause a wrong
partition between snow and rain, probably associated with a
model overestimation of snow cover and surface albedo during
winter and spring [Dutra et al., 2011]. The EC-Earth tempera-
ture bias averaged over the elevated regions of the HKK in win-
ter (also averaged over the time period 1998-2007), evaluated
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against ERA-Interim, is ~—5.5°C, while the maximum and min-
imum cold bias values reached in the HKK domain during win-
ter are, respectively, —8.6°C and —2.1°C. For complete-
ness, we also report the mean, maximum, and minimum
cold bias values in the Himalaya domain during winter
(-3.2°C, —-4.9°C, —0.7°C respectively) and during summer
(-4.4°C, -6.7°C, —1.9°C, respectively), and in the HKK
domain during summer (—0.78°C, =5°C, —2.3°C respectively).

[28] Thanks to the long time span covered by the EC-Earth
runs, we can also explore the decadal variability of the sea-
sonal signal. The right panel of Figure 6 shows multiannual
averages of monthly precipitation from EC-Earth, averaged
over different decades in the period from 1951 to 2010
(through the extension of the historical run using the data from
the RCP 4.5 scenario). While this variability is in general
small, compared to the average precipitation amplitudes,
the strongest decadal variability is found in summer for the
Himalaya and in winter for the HKK domain, consistent with
the importance of different large-scale synoptic patterns in
different seasons for these two regions.

3.3.

[29] Time series of yearly average winter and summer pre-
cipitation for the two subregions are shown in Figure 7. Note
the different vertical axes for different domains and seasons,
which have been used to better highlight how the various
products can capture the interannual variability of precipita-
tion and to facilitate their comparison. Figure 7 indicates that
the elevated regions of the HKK domain receive comparable
amounts of precipitation during summer and winter, while in
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the Himalaya summer precipitation largely exceeds winter
precipitation.

[30] The correlation coefficients between pairs of time
series, computed using seasonal mean values, are reported
in Tables 2 and 3 for HKK and Himalaya, respectively. Data
below the diagonal refer to winter. The correlation values
associated with each pair refer to overlapping time periods
of different length, and, therefore, they have been calculated
on different numbers of data points. For example, TRMM
and APHRODITE overlap for only 10years, while GPCC
and CRU overlap for 109 years, APHRODITE and CRU
for 57 years, and so on (see Table 1).

[31] APHRODITE has very high correlation values with
GPCC and GPCP in both seasons, both for the Himalaya
and for HKK. The extremely high correlations found
between GPCC and GPCP, in both summer (» > 0.85) and
winter (» > 0.84), could be expected because GPCC data
are the in situ components of the GPCP data set. Interest-
ingly, Figure 7 shows that despite being highly correlated,
the GPCC and GPCP data sets do not always agree in terms
of precipitation amounts in both domains. This could reflect
the local effect of bias adjustments in the data sets. The CRU
data generally present lower correlations in the Himalaya
than in the HKK region, possibly due to a different coverage
in terms of stations in the two areas.

[32] The correlations of TRMM measurements with all
in situ based data sets are higher in winter than in summer
(except with CRU). It is important to point out that some
of these low correlations are probably due to the fact that
most rain gauges are located in the valley bottom, while
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Figure 7. Time series of precipitation over (a,c) the HKK domain and (b,d) the Himalaya domain during
DJFMA (Figures 7a and 7b) and JJAS (Figures 7c¢ and 7d) for the APHRODITE, GPCC, GPCP, TRMM,
CRU, and ERA-Interim data sets (from 1950 onwards), and from the EC-Earth model, shown as the grey
line. The dashed lines are for liquid precipitation (that is, after removing snow), for ERA-Interim and for

the EC-Earth model.
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Table 2. Correlation Coefficients Between Pairs of Time Series for Precipitation During Summer and Winter in the HKK. Data Above
(below) the Diagonal Refer to the Summer JJAS (Winter DJFMA) Period. The Overlapping Years for the Various Data Set Pairs are:
1998-2007 (APHRODITE-TRMM), 1998-2009 (CRU-TRMM, GPCC-TRMM), 1998-2010 (GPCP-TRMM, TRMM-ERA-Interim),
1979-2007 (APHRODITE-GPCP, APHRODITE-ERA-Interim), 1979-2009 (GPCC-GPCP, CRU-GPCP, GPCC-ERA-Interim, CRU-
ERA-Interim), 1979-2010 (GPCP-ERA-Interim),1951-2007 (APHRODITE-GPCC, APHRODITE-CRU), 1901-2009 (CRU-GPCC)

HKK JIAS
APHRODITE CRU GPCC GPCP TRMM ERA-Interim
APHRODITE - 0.59 0.88 0.80 0.51 0.61
CRU 0.79 - 0.71 0.77 0.79 0.51
DJFMA GPCC 0.84 0.72 - 0.90 0.78 0.58
GPCP 0.94 0.76 0.95 - 0.93 0.56
TRMM 0.73 0.69 0.89 0.87 - 0.60
ERA-Interim 0.80 0.75 0.78 0.81 0.83 -
Table 3. The Same as Table 2 for the Himalaya Domain
Himalaya JJIAS
APHRODITE CRU GPCC GPCP TRMM ERA-Interim
APHRODITE - 0.69 0.88 0.86 0.48 0.59
CRU 0.41 - 0.38 0.69 0.78 0.46
DIJFMA GPCC 0.76 0.23 - 0.85 0.51 0.69
GPCP 0.84 0.48 0.84 - 0.55 0.48
TRMM 0.84 0.62 0.85 0.80 — 0.49
ERA-Interim 0.79 0.54 0.80 0.73 0.89 -

highest rainfall amounts occur near or at the mountain peaks
and are usually much higher. It is exactly this signal that the
remote sensing data are most sensitive to [Bookhagen and
Burbank, 2006; Barros et al., 2000].

[33] ERA-Interim data have a generally good correlation
with the main in situ and merged observational data sets dur-
ing winter, while they correlate less in summer, particularly
for the Himalaya. The precipitation of ERA-Interim has a
significant high bias compared to the observational data sets.

[34] The fact that summer correlations are generally lower
than winter correlations could be a symptom of difficulties,
either of the satellite or the rain gauges or of the combined
and reanalysis products, in consistently measuring precipita-
tion during intense monsoonic episodes.

[35] The interannual fluctuations of EC-Earth precipita-
tion, shown as the grey lines in Figure 7, cannot be corre-
lated with observations, because the model runs in climate
mode (while the model attempts to reproduce the properties
of real climate in a statistical sense, there will be no exact
agreement with observations in any particular year). For

the HKK domain during summer we find a high bias of
almost 1 mmd ' compared to observations, similar to that
observed for ERA-Interim. It is possible that this bias is of
dynamical origin and linked with an excessive summer mon-
soonal flow, with associated precipitation, extending to this
region, as discussed further below.

[36] As noted previously, some of the biases between
EC-Earth or ERA-Interim and the observations may be linked
to difficulties in measuring the snow component of precipita-
tion. For completeness, we report the contribution of liquid-
only precipitation for EC-Earth and ERA-Interim, shown with
the dashed lines in Figure 7. The same considerations
discussed above for seasonality apply also in this case.

3.4. Long-term Trends

[37] Table 4 summarizes the values of JJAS and DJFMA
precipitation trends obtained from the various data sets for
HKK and Himalaya. Note that the table also shows, for each
data set, the period of time over which trend calculation is
performed to emphasize that trends from the various sources

Table 4. Precipitation Trends (in mmd ™' yr™') in the HKK and Himalaya During Summer (JIAS) and Winter (DJFMA) for the Various
Data Sets (in Parentheses the Years Over Which Trends Have Been Calculated). Bold Figures are Significant at the 95% Level (p-value

Indicated in Brackets)

JIAS DIFMA

Himalaya HKK Himalaya HKK
APHRODITE (1951-2007) —0.010(p=0.001) 0.0 0.0 —0.003
CRU (1950-2009) —-0.008 0.002 0.005(p=0.004) —-0.001
GPCC (1950-2009) —0.021(p=0.001) 0.0 —0.004(p=0.000) 0.002
TRMM (1998-2010) 0.015 0.057 —0.006 0.041
GPCP (1979-2010) —0.012 0.017(p=0.045) —0.010(p=0.001) —0.007
ERA-Interim (1979-2010) 0.027 —-0.011 —-0.002 -0.012
EC-Earth (1950-2009) 0.008(p=0.002) 0.005 —0.001 0.0
* ERA-Interim (1979-2010) 0.027 —0.011 0.0 -0.007
* EC-Earth (1950-2009) 0.014(p=0.000) 0.007(p=0.027) 0.001(p=0.050) 0.001
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Figure 8. Same as Figure 7, after filtering the time series with a 5 years running mean.

refer to different periods. To help identify visually long-term
variations, Figure 8 shows the precipitation time series after-
application of a 5 year running mean. Starred entries in
Table 4 indicate the ERA-Interim and EC-Earth liquid pre-
cipitation data. Data in bold style refer to trend values
that are statistically significant at the 95% confidence level
(the corresponding p-value is indicated in brackets). Statisti-
cal significance against the null-hypothesis of no trend

CRU JJAS

Aphrodite JUAS

has been determined using a Monte Carlo method based on
randomly shuffling the series in time (1000 realizations were
used) [Ciccarelli et al., 2008]. For completeness, in Figure 9
we show the spatial pattern of JJAS precipitation trends in
the target area, over the period of time indicated in Table 4
for the various data sets.

[38] None of the spatially averaged precipitation time series
provides statistically significant evidence of long-term trends
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Figure 9. Spatial maps of summer (JJAS) precipitation trends for the APHRODITE, CRU, GPCC, TRMM,
GPCP, ERA-Interim, and EC-Earth model data sets. Trends are computed over the same years as indicated in
Table 4 and for areas above 1000 m in altitude. The boxes show the HKK (west) and Himalaya (east) regions
over which average trends discussed in the text have been computed.
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in HKK in winter. In HKK during summer, GPCP provides a
statistically significant increasing trend of 0.017mmd " yr'
and so does EC-Earth (0.007mmd 'yr™"). Archer and
Fowler [2004] discussed seasonal precipitation trends in the
Karakoram region and found an upward trend in winter pre-
cipitation in the period 1961-1999, statistically significant at
three out of seventeen stations they analyzed (Skardu,
2210 m; Shahpur, 2012 m; Dir, 1425 m). It is interesting that
no such trend emerges from the analysis of the ensemble of
data sets considered here. Quite a different study was per-
formed by Treydte et al. [2006] who presented a millennial-
scale reconstruction of precipitation variability in the high
mountains of northern Pakistan using an annually resolved
oxygen isotope record from tree-rings. Their analysis revealed
an increase of precipitation during the late 19th and the
20th centuries, yielding the wettest conditions of the past
1000 years, preceded by dry conditions at the beginning of
the past millennium and through the eighteenth and early
nineteenth centuries.

[39] In the Himalaya during winter, the CRU data in-
dicate a statistically significant increasing trend of about
0.005mmd 'yr ' while GPCC gives an opposite trend of
about —0.004 mmd "' yrfl; both trends are evaluated over the
time period 1950-2009. GPCP gives a statistically significant
decreasing trend of <0.010mmd ' yr ' in the same region and
season but computed on a shorter period of time (1979-
2010). In the Himalaya during summer the CRU data indicate
a decreasing precipitation trend (-0.008 mmd " yr "), which is
not significant at the 95% confidence level (p=0.1). On the other
hand, a statistically significant trend in summer precipitation in
the Himalaya is provided by two out of the three longest obser-
vational data sets (APHRODITE and GPCC, covering almost
the same period of time), corresponding to a decrease of about,
respectively, —0.010mmd "' yr' (=0.57mmd (57 years) "),
and —0.021 mmd ' yr ' (~1.25 mm d (60 years) ). The analy-
sis of the APHRODITE daily time series allows to explore
whether the observed decreasing trend in total precipitation is
associated with changes in the distribution of intense precipita-
tion episodes. In Figure 10 we show the evolution of the ampli-
tude distribution of daily precipitation from 1951 to 2007 in the
Himalaya during summer, reporting the 99th, 95th, and 90th
percentile lines (Figure 10a), the daily precipitation intensity
(Figure 10b), the number of wet days during the warm season
(defined as the number of days with precipitation greater than
I mmd ™, Figure 10c), and the evolution of the hydroclimatic
intensity (HY-INT) index (Figure 10d), introduced by Giorgi
etal. [2011]. This index is defined as the product of the average
precipitation intensity in mmd ™' and the average dry spell
length in days (here normalized to their values in the period
1951-2007). The analysis of the APHRODITE daily time
series shows that the observed decrease in total precipitation
corresponds to a statistically significant decreasing trend in
precipitation intensity (—0.009 mmd ™" yr™, p=0.002).

[40] A statistically significant decreasing trend in mon-
soon and overall annual precipitation and an increasing
but statistically insignificant trend in winter precipitation
over the period 1866-2006 was found by Bhutiyani et al.
[2010] for the northwestern Himalayan region. Other stud-
ies, such as the paper by Shrestha et al. [2000] which anal-
yses precipitation data from Nepal over the past three
decades, showed large interannual and decadal variability
in the all-Nepal as well as regional (within Nepal)
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Figure 10. Precipitation statistics for APHRODITE in the
Himalaya domain during summer. Time series of (a) average
daily precipitation (black thick line) and precipitation
above the 90th, 95th, and 99th percentiles (shaded regions);
(b) daily precipitation intensity; (c) number of days with
precipitation larger than 1 mmd™" (wet days); and (d) the
hydroclimatic index HY-INT.

precipitation records, but an absence of long-term trends
in the precipitation records.

[41] Unlike the observations, EC-Earth indicates an
increasing trend of monsoon precipitation in the Himalaya
domain in the period 1950-2005. This could be due to the
fact that the countering effects of the recent increases of
atmospheric aerosol resulting from the combustion of fossil
fuels in Asia [Ramanathan et al., 2005] is not correctly
reproduced and/or to an improper representation of aerosols
in this climate model. We will further discuss historical
long-term variations in the EC-Earth model precipitation
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output in the next section, along with the EC-Earth future
precipitation trends under different emission scenarios.

4. Precipitation Scenarios in HKKH

[42] The EC-Earth model allows for analyzing projections
of summer and winter precipitation in the HKK and Himalaya
in the two emission scenarios RCP 4.5 and RCP 8.5 intro-
duced in section 2. To this purpose, we extend the individual
EC-Earth simulation discussed above and consider an ensem-
ble of independent realizations created, under the same histor-
ical and future forcing conditions, by the participants in the
EC-Earth consortium. These data, which allow for estimating
natural climate variability in the EC-Earth modeling system,
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Figure 11.

are publicly available on the “Climate Explorer” web site of
KNMI (http://climexp.knmi.nl/). Figure 11 shows the time
series of precipitation (after filtering with a 5 years running
mean) from the resulting eight-member ensemble in the histor-
ical period (1850-2005) and for the future (2006-2100) in the
RCP 4.5 scenario, for the two subregions of HKK (Figures 11a
and 11b) and Himalaya (Figures 11c and 11d), averaged over
winter (Figures 11a and 11c) and summer (Figures 11b and
11d). In order to highlight the interannual variability of the
model precipitation, we report the EC-Earth simulation used
above with a thick black line. Figure 12 shows the same as
Figure 11, but for the more extreme RCP 8.5 scenario.

[43] As already noted in the previous section, Figures 11
and 12 show that in Himalaya during summer (Figures 11d
and 12d), EC-Earth indicates an increasing trend of
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Time series of precipitation over (a and b) HKK and (c and d) the Himalaya domain during
DJFMA (a and c) and JJAS (b and d) from the eight realizations of the EC-Earth model ensemble for the
historical period (18502005, gray lines) and from 2006 to 2100 (orange lines) in the RCP 4.5 scenario.
The individual member of the EC-Earth ensemble used in the previous analyses is indicated with a thick
black line. The time series have been filtered with a 5 years running mean.
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Figure 12. Same as Figure 11 but for the RCP 8.5 scenario.
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precipitation in the period 1950-2009. Seven out of eight
EC-Earth members actually give a statistically significant
trend which corresponds to an increase in average precipita-
tion rate between 0.005 and 0.010mmd ' yr .

[44] The increasing trend in summer precipitation over the
Himalaya is projected to continue under the most extreme
RCP 8.5 scenario (Figure 12d). All eight EC-Earth members
predict a statistically significant trend corresponding to an
increase of about 0.008 to 0.014 mmd ' yr ! (average increase
of about 0.8 to 1.2mmd " in the period 2006-2100). In the
RCP 4.5 scenario (Figure 11d), the increasing trend indicated
by the model in the historical period continues till about 2050,
when it stabilizes and a slight decrease starts. No statistically
significant trend is found in the Himalaya in summer under
the RCP 4.5 scenario. In the Himalaya during winter, one
out of eight EC-Earth members provides a statistically signif-
icant increase in precipitation (0.08 mmd (95 years) ') in the
RCP 4.5 scenario, and another member shows a trend in future
precipitation in the RCP 8.5 scenario corresponding to an
increase of 0.16 mmd ™" (95 years) .

[45] Three (five) out of eight EC-Earth members give a sta-
tistically significant increasing trend in winter precipitation in

the HKK of about 0.3 to 0.4 (0.4 to 0.7) mmd '(95 years) '
under the RCP 4.5 (RCP 8.5) scenario. No statistically signif-
icant precipitation trend is found during summer in the HKK
in the RCP 4.5 scenario, while in the RCP 8.5 scenario, two
members give an increase in summer precipitation of about
0.5mmd (95 years)*l.

[46] We further explore the trend in precipitation found for
the Himalaya in summer in the two future scenarios. The
analysis of daily time series shows that this trend is associ-
ated with changes in the distribution of intense precipitation
episodes. In Figures 13a and 13e we report the evolution of
the amplitude distribution of daily precipitation from 1850 to
2100 in the Himalaya during summer, reporting the 99th,
95th, and 90th percentile lines. For both scenarios, the
increasing trend in summer precipitation over the Himalaya
is associated with an increasing trend in precipitation
extremes. For the RCP 8.5 scenario, in particular, daily pre-
cipitation intensity (Figure 13f) is projected to increase
through the 21st century, in line with the increase in precip-
itation extremes (~1.3mmd ' over the period 2006-2100).
The number of wet days during the warm season
(Figure 13g) shows a significant decreasing trend (~8 days
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Figure 13. Precipitation statistics for EC-Earth. Time series of (a,e) average daily precipitation (black thick
line) and precipitation above the 90th, 95th, and 99th percentiles (shaded regions); (b,f) daily precipitation
intensity; (c,g) number of days with precipitation larger than 1 mmd "' (wet days); and (d,h) the hydroclimatic
index HY-INT, for the Himalaya domain during summer. (left) RCP 4.5; (right) RCP 8.5 scenario.

97



PALAZZI ET AL.: PRECIPITATION IN HINDU-KUSH KARAKORAM HIMALAYA

over 2006-2100). This is in line with climate projections at
the global scale, which indicate for the 21st century an
increase in precipitation intensity and number of dry days
in response to increased greenhouse gas concentrations,
although with pronounced regional variability [Solomon
et al., 2007]. The RCP 4.5 scenario presents a similar picture,
with an increase followed by stabilization of precipitation
intensity at mid-21st century (Figure 13b). The number of
wet days does present a weak, but significant trend (—4.5 days
in 2006-2100, Figure 13c).

[47] We also discuss changes in hydroclimatic intensity
computing the HY-INT index introduced by Giorgi et al.
[2011]. As mentioned above, HY-INT is defined as the prod-
uct of the average precipitation intensity in mmd ™" and the
average dry spell length in days, here both normalized to their
values in the period 1850-2005. The HY-INT index is sensi-
tive to increases in both quantities which define it and has been
found to be an ubiquitous signature, in several regions of the
world, of 21st century global warming. The evolution of the
index is reported in Figures 13d and 13h. We find a significant
positive trend in HY-INT in the Himalaya for the RCP 8.5
scenario (0.38 in the period 2006-2100), indicating a trend
toward more episodic and intense monsoonal precipitation.
This result is consistent with the changes found for the number
of dry days and precipitation intensity, in agreement with
Giorgi et al. [2011] where an increase was found for the Indian
region for different models in the A1B scenario. No significant
trend in the 21st century can be found for HY-INT in the RCP
4.5 scenario simulated by EC-Earth. The projected increase of
HY-INT in the RCP 8.5 scenario should however be taken
with caution, both because no significant trend is visible in
the more moderate RCP 4.5 scenario and because most
climate models indicate an intensification of the hydrological
cycle in the Himalaya during summer also in the last 50 years,
which is not supported by the observations.

5. Discussion and Conclusions

[48] The complex meteoclimatic regimes in different parts
of the HKKH range hamper a description of this area in
terms of a homogeneous region and call for a division into
subregions. In this work we have considered separately
two main areas, the HKK in the west and the Himalaya in
the east, which are exposed to different circulations and pre-
cipitation patterns. In these regions, we have specifically
analyzed the properties of precipitation in mountain areas
located above 1000 m above mean sea level, focusing on
precipitation patterns, seasonality and trends as revealed by
various existing gridded precipitation data sets, including a
satellite data set (the TRMM 3B42 product), rain gauge
based collections (APRHODITE, CRU, GPCC), a merged
satellite and rain gauge climatology (GPCP), a reanalysis
product (ERA-Interim), and precipitation data from a state-
of-the-art GCM (EC-Earth).

[49] All the currently available gridded observational data
sets are perforce limited to coarse resolutions. This makes
them suitable for large-scale global studies, and for applica-
tions such as the comparison and validation of climate mod-
els at global scales or the comparison with global reanalysis
products. Their application to assess the climate in smaller
and orographically complex regions, such as the HKKH,
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is more difficult owing to their limited resolution and the
limited coverage and inhomogeneities in the spatial and
altitudinal distribution of the measuring sites. Our analysis
shows that it is anyway possible to obtain a consistent
picture of climate at the seasonal scale from these data sets
in terms of area averages over subregions of the HKKH.
On the other hand, there are severe difficulties in considering
any of these observational/reanalysis data sets as a reference
or ground truth for precipitation, and thus multiprobe source
data should always be considered for estimating the hydro-
logical cycle in these areas. Similar considerations can be
applied to other regions: Carvalho et al. [2012], for instance,
studied the South American monsoon system comparing
several gridded precipitation data sets with different interpo-
lation and gridding schemes, including the GPCP and
TRMM 3B42 products also used in this study, and discussed
the issues related to the use of such data sets.

[s0] The mean annual cycle of precipitation over HKK
and Himalaya is coherently reproduced by the various data
sets. In the HKK it is characterized by a bimodal precipita-
tion distribution, reflecting the wintertime precipitation asso-
ciated with the western weather patterns and the impact of
the summer monsoon. In the Himalaya, the dominant source
of precipitation is the summer monsoon, leading to a unimodal
precipitation distribution peaked around July. ERA-Interim
strongly overestimates precipitation compared to the other
data sets, and so does EC-Earth in the HKK domain, probably
owing to the fact that both ERA-Interim and EC-Earth provide
total precipitation while the in situ station and satellite data, as
well as their combinations, have difficulties in detecting the
snow component of precipitation. The analysis of liquid-only
precipitation in ERA-Interim and EC-Earth generally gives
results closer to the observations. However, EC-Earth liquid
precipitation still keeps considerably lower than the total
precipitation and lower than the observed precipitation,
suggesting that the model may overestimate snowfall. This
issue could be attributed to an existing cold bias in EC-Earth
[Hazeleger et al., 2012].

[s1] The precipitation time series from the various data
sets in the time period 1950-2010 reproduce, in spite of
the biases between the data sets, the interannual precipitation
variability in a coherent way. None of the data sets shows
statistically significant trends in the HKK during winter. In
the Himalaya during summer, a statistically significant
decreasing trend is observed from the analysis of the longest
data sets (APHRODITE, CRU, and GPCC). Outputs from
EC-Earth indicate a positive summer precipitation trend in
this region, opposite to what is revealed by the observations:
a possible explanation for the discrepancy between the
decreasing trend in the observations and the increasing mon-
soon precipitation predicted by EC-Earth is that the model
does not correctly reproduce the complex effect of the recent
increase of atmospheric aerosols resulting from the combus-
tion of fossil fuels in Asia [Ramanathan et al., 2005; Lau
et al., 2006; Bollasina et al., 2011].

[52] Projections made with EC-Earth under two different
emission scenarios, RCP 4.5 and RCP 8.5, show for RCP
4.5 that the historical increasing precipitation trend in the
Himalaya during summer is predicted to continue until about
2050, starting a slight decrease from that time on. In the RCP
8.5 scenario, summer precipitation is found to increase
throughout the century, associated with an increasing trend
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in the intensity of rainfall events, a slight reduction of
the number of rainy days. In this scenario, the hydroclimatic
intensity index by Giorgi et al. [2011] is also found to
increase, indicating a transition toward more episodic and
intense monsoonal precipitation. Overall, these results agree
with most current climate model projections [Solomon et al.,
2007] giving an increase in wet extremes, in the length of
dry periods and in precipitation in the Indian monsoon by
the end of the 21st century, as a result of atmospheric moisture
build-up due to increased greenhouse gases and consequent
temperature increase. Future projections in the HKKH region
should be further verified with climate models interactively
resolving temporally varying radiative and thermodynamical
effects of various aerosol species (however, this class of mod-
els is currently not included in the IPCC-CMIP5 ensemble).

[s3] The data sets considered here did not confirm
the view of an increasing winter precipitation trend in the
Karakoram [Archer and Fowler, 2004], sometimes indicated
as one of the possible causes of the snow cover increase
and slight glacier advance in this area [Tahir et al., 2011;
Gardelle et al., 2012], a well-known anomaly of Karakoram
glaciers known since at least 30 years [Hewitt, 2005]. On the
other hand, also the protecting effect on glacier melting of
the debris cover, at least in the ablation areas of nonsurging
glaciers between 3000 and 5000 m above mean sea level,
has recently been questioned [Gardelle et al., 2012]. The high
number of glacier surges [Hewitt, 2007; Quincey et al., 2011]
in the region makes the situation and interpretation of the
few available observations rather complex: the anomalous
behavior of the Karakoram cryosphere still remains partly
unexplained or, at least, not univocally understood.

[54] In this work, we did not explore the mechanisms
associated with western weather patterns coming from the
Mediterranean, which are responsible for winter precipitation
in the western stretches of the HKKH, as well as their strength-
ening as they encounter a region of enhanced low pressure or
their possible enrichment in terms of moisture from the Cas-
pian Sea. These issues have been addressed in other studies,
making use of both observations [Syed et al., 2006] and mod-
eling approaches [Syed et al., 2010], and they are beyond the
scope of this study. Similarly, we did not explore the issue
of possible dynamical changes in the monsoon dynamics
and in episodic intense precipitation events. This problem is
of the utmost importance, as evidenced by the 2010 summer
floods in Pakistan which were associated with anomalous pat-
terns of the atmospheric circulation [Houze et al., 2011]. Un-
derstanding whether the probability of such events could
change in the coming decades is a crucial issue to be explored
in future studies. A resolution higher than that offered by the
data sets employed in this work, both for observations and
models, is needed when hydrological models are to be driven
for small-scale basins or for assessing hydrometeorological
extremes. In these cases, the problem could be addressed with
high-resolution nonhydrostatic atmospheric models, as well as
with stochastic downscaling techniques capable of generating
ensembles of high-resolution, stochastic fields of climate vari-
ables from coarse resolution observed or modeled fields
[Rebora et al., 2006].
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