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Abstract. Meteorological observations over the Tibetan model strategy applicable for the high-altitude TiP, its fring-
Plateau (TiP) are scarce, and precipitation estimations oveing high-mountain areas of extremely complex topography
this remote region are difficult. The constantly improving ca- and the low-altitude land and sea regions from which much
pabilities of numerical weather prediction (NWP) models of- of the precipitation on the TiP is originating. The choice of
fer the opportunity to reduce this problem by providing pre- the physical parameterisation scheme will thus be always a
cipitation fields and other meteorological variables of high compromise depending on the specific purpose of a model
spatial and temporal resolution. Longer time periods of yearsimulation. Our study demonstrates the high importance of
to decades can be simulated by NWP models by successiverographic precipitation, but the problem of the orographic
model runs of shorter periods, which can be described by thdias remains unsolved since reliable observational data are
term “regional atmospheric reanalysis”. In this paper, we as-still missing. The results are relevant for anyone interested
sess the Weather Research and Forecasting (WRF) modeis carrying out a regional atmospheric reanalysis. Many hy-
capacity in retrieving rain- and snowfall on the TiP in such drological analyses and applications like rainfall-runoff mod-
a configuration using a nested approach: the simulations arelling or the analysis of flood events require precipitation
conducted with three nested domains at spatial resolutionsates at daily or even hourly intervals. Thus, our study of-
of 30, 10, and 2km. A validation study is carried out for fers a process-oriented alternative for retrieving precipitation
a one-month period with a special focus on one-week (22-fields of high spatio-temporal resolution in regions like the
28 October 2008), during which strong rain- and snowfall TiP, where other data sources are limited.
was observed on the TiP. The output of the model in each
resolution is compared to the Tropical Rainfall Measuring
Mission (TRMM) data set for precipitation and to the Moder- 1 |ntroduction
ate Resolution Imaging Spectroradiometer (MODIS) data set
for snow extent. TRMM and WRF data are then compared toThe Tibetan Plateau (TiP) is the source of many major rivers
weather-station measurements. Our results suggest an ovérr Central Asia, thus affecting hundreds of millions of peo-
all improvement from WRF over TRMM with respect to ple in the surrounding regions. Its glaciers are characteris-
weather-station measurements. Various configurations of theéic elements of the natural environment, forming water re-
model with different nesting and forcing strategies, as well assources of great importance for both ecosystems and local
physical parameterisation schemes are compared to propog®pulation. Yao et al.(2007 underlined the importance of
a suitable design for a regional atmospheric reanalysis ovethe Tibetan and Himalayan glaciers on the hydrological con-
the TiP. The WRF model showed good accuracy in simulat-ditions in Asia. Several studies have shown the strong con-
ing snow- and rainfall on the TiP for a one-month simulation trol of orography and boundary-layer structure of the TiP on
period. Our study reveals that there is nothing like an optimalthe Asian monsoon system (e.G.ao et al. 1981, Hahn and
Manabe 1975.

Focusing on the monsoon history over the past, present
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Forschungsgemeinschaft (DFG) to develop a multidisci-of time integration of days to weeks. We will subsequently
plinary approach dealing with the complex processes and inuse the term “regional atmospheric reanalysis” for this kind
teractions taking place between the major driving forces onof NWP-model application. A good example of a regional at-
the TiP. This study took place within this frame. mospheric reanalysis is given Box et al.(2004 who used
Located in a transition zone between the continental cli-the Atmospheric Research Mesoscale Model MM5 for gen-
mate of Central Asia and the Indian Monsoon system, theerating a contiguous multi-year weather data set for Green-
Nam Co drainage basin including the western Nyaingentaniand by dynamical downscaling of 2@&perational analyses
glha Mountains has been pointed out as a key research ardeom the European Centre for Medium-Range Weather Fore-
in Tibet, and is also investigated in this study. The recent risecasts (ECMWF) by a sequence of daily model rurBox
of the lake level of Nam Co, one of the largest and highestet al.(2006 used the MM5 output for driving a surface mass
lakes on the TiP (year 2000: 1980 kiarea, 4724 ma.s.l. lake balance model of the Greenland Ice Sheet.
level altitude), has been attributed to glacier retreat as well as Caldwell et al.(2009 simulated the climate of Califor-
to an increase of precipitation in recent decades (8My., nia for a 40 yr period by the Weather Research and Forecast-
and Zhy 2008 Krause et al.2010. Precipitation increase ing (WRF) model, which has been re-initialised every month.
in central TiP during this period has also been reported byThe latter simulation is, however, not driven by assimilated
Liu et al. (2009. However, the TiP remains a sparsely ob- observational data but by the output of a General Circula-
served region, and there is limited availability of meteoro-tion Model (GCM), which makes it impossible to validate
logical data. This is especially true for long-term weatherthe model results also on an event-basis. Dynamical down-
records necessary for reliable climatological studigaen-  scaling of GCM simulations required for climate reconstruc-
feld et al, 2005 Kang et al, 2010. In particular, no long-  tions or projections could also be done by Regional Climate
term data from weather stations are existing at elevationdModels (RCM).Lo et al. (2008, for example, discussed dif-
above 4800 ma.s.l. Generally, the geographical distributiorferent strategies for time integratiorzowler et al.(2007)
of weather stations is biased towards lower altitudes, flat arand Laprise et al(2008 presented in-depth discussions of
eas and specific land-cover types excluding high-mountairapproaches and challenges including e.g. hydrological appli-
regions covered by glaciers. The question of the respectiveations.
contributions of glacier retreat and precipitation increase to The approach oBox et al. (2004 is of special interest
rising lake levels on the TiP remains unanswered, so far, foralso for the TiP. However, the capacity of the models in re-
these reasons. trieving snow- and rainfall in complex terrain is still dis-
Besides air temperature, precipitation is considered to beussed. Using higher horizontal spatial resolution of less
a key variable for understanding recent environmental vari-than 10 km has been advanced as a substantial improve-
ability and trends on the TiP. Unfortunately, precipitation is ment, as it allows more accurate representation of mountain
strongly influenced by terrain, and can hardly be retrievedregions. Mountain-valley structures in the Nyaingentanglha
from existing gridded precipitation data sets, especially inMountains are often showing elevation differences of 1 to
mountainous regions. This has been discussed e.yiby 2 km within short distances of less than 10 km, which is com-
et al. (2008 for problems in using remotely sensed precipi- mon for high-mountain regions all over the worldaeng|
tation data sets derived from the Tropical Rainfall Measuring(2007 shows that increased spatial resolutions in areas of
Mission (TRMM), and also for global atmospheric reanalysis complex terrain can be highly beneficial for simulating pre-
data (e.g.Ma et al, 2009. cipitation fields. However, higher spatial resolution does not
The constantly improving capabilities of numerical automatically improve a NWP models skill in predicting pre-
weather prediction (NWP) models offer the opportunity to cipitation in mountainous regions. Studies like the one from
reduce this problem by providing precipitation fields and Zaengl(2007 have shown that increasing the spatial reso-
other meteorological variables at high spatial and temporalution does not improve the model quality for precipitation
resolution. Generally, NWP models are suitable not only forcaused by embedded convection.
weather forecasting but also for dynamical downscaling of The effect often cited as orographic bias is described as
large-scale atmospheric processes. NWP models can be instrong over-prediction of precipitation rates along windward
tialised and laterally forced by assimilated observational dataslopes while predicted snowfall lie under measured values
describing the large-scale atmospheric conditions throughoute.g.,Leung and Qian2003. This bias stems from a vari-
the simulation period, thus keeping the model results closeety of sources, buCaldwell et al.(2009 argue that models
to observations also at finer spatial scales. This approacthemselves may be the dominant cause, for instance due to
enables validation of the model output for single events butinappropriate physical parameterisation schemes. However,
does not allow forecasts, since the assimilated observationaince observations of precipitation in high-mountain areas
data have to be available not only for the time of model ini- are generally sparse and accuracy of observations is limited
tialisation but for the whole simulation period. (especially for snowfall), quantitative analyses of orographic
Longer time periods of years to decades can be simulatetbias are rarely carried out and missing for the TiP. There
by NWP models by successive model runs of shorter periodss, so far, no general answer how to quantify precipitation
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Fig. 1. WRF domains and model topography. Left: large domain (LD); the medium (MD) and small (SD) are indicated by black frames.
Center: medium domain. Right: small domain. Black dots represent the locations of the available weather stations.

in high-mountain drainage basins, prerequisite to subsequertlso aims at a quantitative analysis of the effects of using dif-
hydrological studies. ferent strategies for time integration.

Only few studies employed the Weather Research and In this study, we address two main research questions:
Forecasting (WRF) model on the TiP, by that tinké.et al.
(2009 investigated the sensitivity of the WRF model to sur-
face skin temperature of Nam Co for simulating a precipita-
tion event. Sato et al (2008 analysed the sensitivity of the

WRF model to horizontal grid spacing with respect to sim- |5 3 specific set-up of the WRF model able to reanal-

ulate the diurnal cycle of precipitation. Their results show yse precipitation fields in the mountainous and sparsely
that the finest spatial resolution (7 km) is more efficient in observed region of the TiP?

representing diurnal cloud formation than coarser grids. So
far, no study used the WRF model for a regional atmospheric The first question is less frequently addressed in similar

1. Which validation methods and data sets are suitable for
assessing the accuracy of simulated precipitation fields
of high spatio-temporal resolution over the TiP?

reanalysis. model studies since observations are usually taken as an ab-
solute reference to assess the performance of a model. How-
1.1 Objectives ever, the particularities of the TiP do not ensure the applica-

bility of validation approaches that have been proven to be

The main objective of our study is optimising the design of suitable in other regions. Especially without knowing the
a modelling strategy including a suitable model configura-limitations of the validation data sets the second question
tion for producing a weather data set of high spatio-temporamay not be answered appropriately.
resolution for the study region by a regional atmospheric re- The WRF model, like other NWP models, offers a broad
analysis. This is particularly relevant for subsequent hydro-spectrum of options for setting up and forcing simulations,
logical and glaciological studies, e.g. requiring detailed pre-including various parameterisation schemes for sub-scale
cipitation fields as input data in hydrological and glaciolog- processes. We present a sensitivity study following the gen-
ical models. In this paper, we therefore concentrate on theeral ideas as discussed e.g.Rgkesh et al(2007) or Yang
capacity of the WRF model in retrieving data on solid and and Tung2003 to quantify the uncertainty in the model out-
liquid precipitation. For this purpose, we focus on a specificput caused by the model itself.
precipitation event over the TiP (see SekB) including its The study region and the simulation period are described
contribution to monthly precipitation amounts. in Sects.1.2and 1.3 respectively. The design of the refer-

While dynamical downscaling studies employing RCM ence experiment, as well as the validation data sets and meth-
use integration periods from months to years or even manyds are described in Se&t. The results of the study, i.e., the
decades, the objective of our study is to analyse the capabilvalidation of the reference experiment by three observational
ity of the WRF model as a NWP model to be employed for data sets, and those from the sensitivity study, are presented
a regional atmospheric reanalysis, enabling direct compariin Sect.3. The results are further discussed in Sé¢t give
son of model results with observations. By using a contin-answers to the main two research questions. Finally, we draw
uous sequence of short time integration periods, we preventonclusions from our study.
the model deviating too much from large-scale observations.
After two days of simulation we expect the model to be less
accurate than during the first two days. Therefore, our study
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100 ‘ of Sciences (CAS), makes it one of the most intensively stud-
| ied regions on the TiP, and thus an ideal test bed for our study.
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1.3 Simulation period

L ] Focusing model-validation studies on short simulation pe-
60 8 riods enlightens some particularities and issues that are not
1 visible in long-term validation studies. Short-term validation

| studies enable evaluation of precipitation rates and cumu-
f lated amounts on a process-oriented basis. Individual strong
1 precipitation events are well suited for this kind of analysis,
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| ] also due to the fact that relative errors in simulated precipi-
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. tation are generally larger in these cases, and thus easier to
| detect and quantify.
The complex terrain of the high-mountain fringe of the
—_— TiP and its blocking effect on moisture transfer coming from
0 11 32 50 100 150 . . o
Number of days the Indian and Pacific Oceans has a characteristic impact on
the formation of orographically induced storn@hen et al.
Fig. 2. Contribution (%) of accumulated daily precipitation to the 2007 causing strong precipitation events. The tropical cy-
annual precipitation in the year 2008 for the 19 available weatherclone Rashmi formed in the Bay of Bengal on 24 Octo-
stations. The daily precipitation values are sorted in decreasing orher 2008, reaching the coast on late evening of 26 October.
der. The number of days in which 50 % of the annual precipitation Strong winds and heavy rainfall occurred over Bangladesh
is reached are indicated for the two extremal stations. and India causing substantial damages and fatalities (the In-
dia Meteorological Department made a comprehensive de-
scription of the event ilMD, 2008. The system weakened
rapidly after landfall, carrying along further precipitation,
] _mainly as snowfall, on the Himalayas and the TiP. This pre-
The study region and the set-up of the three nested domaingitation event happened after the monsoon period, and is
used by the WRF model are presented in Eig. challenging the model by its complexity: cyclonal formation
The large domain (LD) covering an area of gverseas and snowfall over the TiP.
4500x4500knt is used to capture large-scale processes on 27 October 2008 daily precipitation amount averaged
and to avoid model artefacts near the lateral boundariesgyer the 19 operational weather stations used in our study
The studied precipitation event originated from the Bay of (see Sect2.4) is the absolute maximum of the last decade.
Bengal, which is fully covered by the LD. The event was also one of the strongest snowfall events in
The medium domain (MD) covers an area of the autumn season affecting large areas on the TiP that have
1500% 1500 knf comprising large parts of the TiP including been snow-free prior to the event, which allows a quantitative
the western and eastern Nyaingentanglha Mountains. Thanalysis of the simulated snowfall. Thus, October 2008 was
southern-eastern part of the TiP is strongly influenced by thechosen for the study as simulation period. A one-week pe-
summer monsoon, and has generally lower altitudes, thusiod between 22 and 28 October 2008 was used for detailed
maritime (temperate) glaciers are present, while glaciers imanalysis of the precipitation event.
the central, northern and western parts of the TiP are mostly Using a simulation period of one month offers the opportu-
continental (cold or polythermal) (s&hi and Liy 200Q for  nity to include weather situations without or with only light
a detailed description). precipitation in the validation study. In addition, monthly
Detailed analyses are carried out for the small domainprecipitation is frequently used in climatological studies, and
(SD) covering an area of 36B00kn?. The SD is cen- many gridded climatological data sets are available on a
tred on Nam Co and its drainage basin. The highly glaciatednonthly basis. Strong precipitation events are often main
western Nyaingentanglha Mountains (8=gch et al, 2010, contributors to monthly or even annual precipitation, as
reaching elevations of more than 7100m a.s.l., are fullydemonstrated in Fig2. Thus, it is of high relevance for cli-
contained in the SD. Nam Co and the other lakes sig-matological purposes to understand a NWP models capabil-
nificantly influence local climates and atmospheric mois- ity to simulate an individual weather system, especially when
ture content Klaginoya et al. 2009. The presence of the model shall be employed for a regional atmospheric re-
the well-equipped Nam Co Monitoring and Research Sta-analysis. Figur@ shows that all the stations on the TiP used
tion (30?46 N, 90°59 E, 4730 m a.s.l., located in the south- in this study received half of the annual precipitation in 2008
eastern shore of the lake; see Higy.operated by the Institute  within 12 and 32 days. The studied precipitation event con-
of Tibetan Plateau Research (ITP) of the Chinese Academyributed up to 20.75% of the annual precipitation in 2008

1.2 Study region
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(Deqgen), but some of the stations far away from the cycloneTable 1. Design of the reference experiment (RE).

track (see SecB) showed almost no precipitation at the same

time.

Map and grids

2 Methodology
2.1 Design of the reference experiment

The NWP model used in this study is the community WRF-
ARW model, version 3.1.1, developed primarily at the Na-

Lambert conformal
28.80 ,89.57PE
28
30km, 10km, 2km
15150, 150<150, 150<150
USGS standard dataset at
10,5, 30" resolution

Map projection

Centre point of domain
Number of vertical layers
Horizontal grid spacing
Unstaggered grid points
Static geographical fields

tional Center for Atmospheric Research (NCAR) in collabo-

ration with different agencies like the National Oceanic and
Atmospheric Administration (NOAA), the National Center

for Environmental Prediction (NCEP), and many others. The
WREF is a limited-area, non-hydrostatic, primitive-equation

model with multiple options for various physical parameter-
isation schemesSkamarock et a/2008.

Timing
Simulation period October 2008
Time step 120s, 40s, 8s
Nesting strategy
Nesting Two-way nesting in cascade

simulations

The three nested domains described in SE@and dis-

Forcing strategy

played in Fig.1 are used in all the experiments of this study.
Spatial resolutions of the different model grids covering the
three WRF domains are 30 km for the LD grid, 30 and 10 km
for the two MD grids, as well as 30, 10 and 2 km for the
three SD grids. WRF model output in the three different spa-
tial resolutions (30, 10 and 2 km) will be named WRF30,
WRF10 and WRF2 to avoid confusions between model do-
mains and spatial resolutions (e.g. WRF30-SD indicates the
WRF results for the 30 km grid of the SD).

We have designed a reference experiment against which
a series of further experiments are performed and analysed

Boundary conditions NCEP/FNL from GFS Operational
Model Global Tropospheric
Analyses (2, 6 hourly)
NCEP/MMAB real-time, global,
sea surface temperature (RIS5T)
analysis (0.5, daily)
derived from MODA11
8-DAY 1KM L3 LST

Sea surface temperature

Lake surface temperature

Initialisation Daily
Runs starting time Daily, 12:00UTC
Runs duration 36h
Spin up 12h

to understand how and why simulated precipitation fields
change with modified nesting and forcing strategies, as well

Physical parameterisation schemes

as with modified physical parameterisation schemes. The de-
sign of the reference experiment is resumed in Tabl€he
choices for the design of the reference experiments have been
following three principles:

1. The reference experiment should incorporate expe-
rience gained from comparable numerical modelling
studies as far as possible, such that its design is expected
to be one of the most suitable candidates for a decadal
regional atmospheric reanalysis.

Short-wave radiation
Long-wave radiation

Dudhia scheni2udhia 1989
Rapid Radiative Transfer Model
(RRTM) (Mlawer et al, 1997
New Grell-Devenyi 3 shemeZrell
and Devenyi2002 (exept for 2km
domain: no cumulus)
Modified Thompson scheme
(Thompson et al2008
Noah Land-surface Model (LSM)
(Chen and Dudhig2001)
Mellor-Yamada-Janjic TKE
scheme Janjic 2002

Cumulus
parameterisation

Microphysics
Land-surface model

PBL

2. The nesting and forcing strategy of the reference ex-
periment shall not only enable reanalysing precipita-
tion fields but also be suitable for further model ex-
periments, e.g. for simulations using modified boundaryway versus two-way nesting. Some authdtautis and Dur-
conditions. ran, 2010 argue that two-way nesting increases the predic-
3. The reference experiment shall preserve the predictivé've skill of a NWP mode| within the child domain, while oth-

ers (e.g.Bukovsky and Karoly2009 could show that two-
way nesting generates artefacts in the parent domain near the
borders of the child domain. We are therefore using a cas-
cade of three simulations:

The nesting strategy of the reference experiment is based
on a novel method, solving a scientific conflict currently dis- 1. Results for the LD are obtained from a simulation with-
cussed concerning the advantages and disadvantages of one- out nesting.

skill of the model providing the large-scale forcing
fields while concurrently allowing the WRF model to
utilise its predictive skills at the resolved scales.
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2. Results for the MD are obtained from a simulation of the tion of the percentage of convective precipitation to total pre-
LD as parent domain and the MD as a child domain us-cipitation. The parameterisation of micro-physical processes
ing the two-way nesting capability of the WRF model. (MP), the land-surface model (LS) and the parameterisation

of processes in the planetary boundary layer (PBL) are forced

3. Results for the SD are obtained from a nested simulatiorby WRF to be identical in all nested domains. The parame-
of the three domains using the two-way nesting capabil-terisation schemes for short- and long-wave radiative fluxes
ity of the WRF model. were kept constant in all model experiments (Table

This approach allows benefiting from the two-way nest-2.2 TRMM precipitation
ing approach in the respective child domain while concur-
rently avoiding the artefacts in the respective parent domainThe WRF model output is compared to the precipitation
The reference experiment is based on a forcing strategy usingata set of the TRMM, providing precipitation estimates de-
daily re-initialisation. The simulation comprises 31 consec-ved from a combination of remote sensing observations cal-
utive model runs of 36 h time integration. Each run startsibrated against a large number of rain gauges on a monthly
at 12:00 UTC (all times are further specified in UTC). The basis. In this study the 3B42 version 6 product is usuafft
WRF model (as any NWP model) requires some spin-upMan et al.2007. The data sets is covering the regions be-
time to reach a balanced state with the boundary conditionsiween 50 N to 5¢° S with a spatial resolution of 0.25with
We have therefore discarded the first twelve hours from eactputputs at 3 hintervals. The three-hourly data are aggregated
model run, thus the remaining 24 h of model output provide© daily, one-week and one-month values for the validation.
one day of the one-month simulation. This forcing strategy The TRMM data sets were projected to the map projec-
has been analogously usedBgx et al.(2004). tion used by WRF (see Tably) and resampled by nearest-
Meteorological input data sets are the standard final analn€ighbourhood interpolation to grids for each WRF domain
ysis (FNL) data from the Global Forecasting System (GFS)°f 30 km spatial resolution.
with additional sea surface temperature (SST) input (see Ta;
ble 1). The employed version of the WRF pre-processingz'3 MODIS snow extent

system (WPS) does not properly handle initialisation of IakeMODIS refers to two instruments currently collecting data

temperatures. The WPS sets the water temperature either . part of NASA's Earth Observing System (EOS) program.
an arbitrary value or, when SST fields are available, to the-l-he MODIS/Terra Snow Cover Daily L3 Global 500 m Grid
SST value. In our case, this leads to drastic errors in Simu'(MODlOAl) contains data on snow extent. snow albedo

lated precipitation. Water temperatures of the high'altitUdefractional snow cover, and Quality Assessment (QA). The

lakes on the TiP are simply extrapolated from the SST of theMODlOAl data set consists of 62600 kn? granules of
Bay of Bengal without considering the huge elevation dif- 500 m spatial resolution gridded using a sinusoidal map pro-

ference, resulting in water temperatures of about@@or jection. MODIS snow cover data are based on a snow-
Nam Co in October 2008. As proposedibetal. (2009 we  \ya05ing algorithm that employs a Normalised Difference
used remotely sensed skin temperatures of the Nam Co foénow Index (NDSI) and other criteria tesk(l et al, 2009

retrieving the initial lake temperature. We used the Moderate The MODIS data sets used in this study (Fiyare mo-

Resolution Imaging Spectroradiometer (MODIS) eight-day ¢5ics of four adjacent granules acquired around 05:00 UTC
Iand-surface'temperature product (MODA11 8-DAY 1KM on 22 and 29 October 2008, corresponding to mid-morning
L3 LST, version 5, 23-30 October 2008). Mean temperaturg, ..o sojar times. We selected MODIS data for a day prior

of the_ watgr-covered grid cells was c_omputed for_ the day-y; ang a second one after the precipitation event to compare
and mgfht—nmefMOrI]DIS .scelne_s to obFa:jn a rr?ean |Sk'n_ temper-the observed changes in snow extent with WRF snowfall pre-

a_ture 0 4'9@ or the simulation period. This val UE IS CON- gictions. Because cloud coverage does not allow retrieval of

sistent with the Iake—temperatgr('e.cI_|mato|ogy kéginoya 54 data from optical sensors, only MODIS data of sparse

et al. E‘Zl\(l) 09, Cand v(\j/as useddtp |n|t|aI|sebtf(1f w?ter ter:perg- cloud coverage are suitable for validation, preventing more

ture of Nam 0 and surrounding water_ OdIes for éach moc ebletailed analyses for regions that have never been cloud-free
run. The positive effect of this correction is clearly seen in during the one-week simulation

daily precipitation amounts at the Nam Co research station The MODIS data sets were reprojected to the map projec-

on 27 October 2008: the observed precipitation amount is[ion used by WRF (see Tabl) and resampled by nearest-
8 mm, while the model computed 117 mm before the correc-

neighbourhood interpolation to grids of 500 m spatial resolu-
tion of the lake temperature, and 30 mm after the correction g P g P

P ! tion covering the MD and the SD, respectively.
The parameterisation of convective processes and related

formation of cumulus clouds (CU) was only applied to the
30 and 10 km model grids. Precipitation computed by the
CU parameterisation scheme is stored separately from the
precipitation resolved by the grid, enabling the quantifica-
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Fig. 3. MODIS snow extent before (22 October 2008) and after (29 October 2008) the Rashmi precipitation event in the MD.

2.4 Weather stations Table 2. Contingency table used in the validation and sensitivity

. . . tudies.
Data from weather stations used in this study are from theS uaies

“Global Summary of the Day”Http://www.ncdc.noaa.gov/

. . . . Observation
oa/ncdc.htmjlprovided by the National Climatic Data Center Event Yes No
(NCDC) for download free of charge. The stations included
in this data set follow the recommendations of the World Me- WRE Yes A B
teorological Organization (WMO), and data are undergoing No C D

quality control before being published.

The weather stations selected for this study follow two
criteria: they must be located within the MD, and must be
situated above 3000m a.s.l. Data from just 19 operationapbserved. This score is an indicator of how well the model
weather stations fulfilling these criteria are available for therecovers the number of occurrences of an event, regardless of
simulation period, showing how much the TiP still lacks of the spatio-temporal distribution.
observations. The weather stations are not homogeneously The False Alarm Rate (FAR) computes the fraction of pre-
distributed over the study region, since they are concentrate@icted events that where not observed:
in more densely populated regions in the southern and eas(,ijR_ B_ B @
ern parts of the TiP. In addition, precipitation data measure “F A+B
at the Nam Co Monitoring and Research Station were usedhe probability Of False Detection (POFD) is the fraction of

to validate the WRF model (see FD. predicted events that have not been observed relative to the
2.5 Scores for statistical evaluation total numt;er of url;observed events:

L . == 3)
Scores are commonly used for validation purposes to statis- NO B+D

tically assess the performance of a model simulation relative_ike the FAR the POFD is not a perfect indicator for valida-
to observations (validation) or to results of other model sim-tion since it depends on the number of unobserved events, but
ulation (inter-comparison). Some of them are derived fromis convenient for inter-comparison since it does not depend
a 2x2 matrix called “contingency table” (e.gWVilks, 1995, on the number of unpredicted events.

where each of the elementd,(B, C, D) holds the num- Similarly to the POFD the Probability Of Detection (POD)
ber of combinations of model prediction and observation inis the fraction of predicted events relative to the number of
a given statistical population (see TaBe In this study, five  observed events:

different scores are used. A A
The bias score (BIAS) is defined as: POD=Ges= 17 ¢ 4
BIAS — ¥ _ A+B (1) Einally, the frequently used Heidke Skill Score (HSS) is de-
0 A+C fined:
where F is the number of cases where the event was pre- S — SRef

HSS= ——
Sperf— SRef

©)

dicted, andO is the number of cases where the event was
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whereS is the simulation scoreSres the probability of de-  over Bangladesh on 27 October than the WRF30 predicts for
tection by chance anflperf the score obtained by a perfect that day. Over the Himalayas and the TiP, precipitation pat-

simulation: terns are generally comparable. Two precipitation maxima
H A+D are seen in both data sets, which were induced by the block-
§= N N (6) ing effect of the Himalayas over the slopes of Bhutan and
(A+BY(A+C)+(B+D)(C+D) by the eastern Nya_in.qentanglha Mountair)s. Also, both.dgta
Sref= 5 7) sets show the precipitation front propagating over the TiP in
N a similar way.
Speri=1 (8) Generally, WRF30 daily precipitation is larger than ob-

Histh ber of hits. i.e.. th ber of h served by TRMM, as indicated by the BIAS and FAR scores
' 1S the number ot hits, 1.€., the number of cases Where preg, Fig. 4. The two different threshold values used for com-
diction and observation are in accordance, whilis the size

f the statistical lation. The HSS indicates th bilit putation of the scores in Figt show that a higher thresh-
of €s a||st_|ca tpogute)l |tc;n. € L?] cates de capa III Yold lowers both the POD and the POFD. The HSS indicates
ot a simuiation to be betier or Worse than a random simulay, ¢ predictions based on small threshold values are generally
tion, and ranges from-1 to 1 (1 for a perfect and O for a

better in accordance with TRMM than those based on high
random case).

In addition to th based th i tabl threshold values.
N addition to the scores based on he contingency 1able, - 1, spatial patterns presented in Fig.reveal that

the standard Mean Bias (MB) and the Root Mean Square De; - ; .
viation (RMSD) are defined as: WRF30-MD generally predicts more events, especially on

the northern part of the TiP. Nevertheless, weather-stations

1 measurements suggest that this northern limit is properly
MB = NZ(PIO_ Po)i 9) predicted. The two data sets are still in good agreement at
i-1 20 mmweek?!, but the HSS constantly decreases as the FAR
LN increases.
RMSD=J NZ(PP_ Po),z (10) _ Both TRMM and WRF30—MD_ show preC|p|tat|or_1 max-
= ima of more than 60 mmweek in the eastern Nyaingen-

_ ~ tanglha Mountains and in north-eastern India, but more than
wherePp and P, are the predicted and observed precipitation 7g o4 of the 60 mm weeld events predicted by WRF30-MD
values. were not observed by TRMM. However, the maximum in
weather-station measurements on the eastern Nyaingentan-
glha Mountains (138 mmweek) suggests that the actual

3 Results o ) .
precipitation pattern may extend further in the western TiP
3.1 Validation of the control experiment than observed by TRMM. The reason behind this finding is
probably the insufficient capability of the TRMM to detect
3.1.1 Validation of predicted precipitation by TRMM snowfall and light rain.
observations WRF30-MD RMSD (54.3mmweek) and MB

(24.3mmweek?) with respect to TRMM indicate gen-
WRF30 and TRMM daily precipitation fields during the cy- erally higher values predicted by WRF30 than observed
clone life are presented for a subset of the LD in BigThe by TRMM. The one-week HSS are higher than the daily
cyclonal precipitation patterns can be recognised in both datgcores presented in Fid, most probably due to two major
sets. The cyclone is traceable by the high daily precipitationreasons: (1) possible discrepancies due to timing shifts
following its movement. In the WRF30 output the centre of are withdrawn when looking at the one-week precipitation

the cyclone shows alocal precipitation minimum on 24 Octo-amounts, (2) the considered spatial subset is different with
ber indicating that an eye has formed, which is, however, notespect to precipitation patterns.

presentin the TRMM observations. On 25 October, the max-

imum of daily precipitation amount observed by TRMM is 3.1.2 Validation of predicted snow depth by MODIS
following the centre of the cyclone. The eye is no longer vis- observations

ible in the WRF30 output of this day. Both data sets accord-

ingly show that strong precipitation caused by the cycloneThe goal of this test is to analyse where snowfall has been
occurs in the eastern and southern parts of Bangladesh. Gsimulated by the WRF model in comparison to observational
26 October the cyclone reaches the coast in the late eveningata.

hours. The precipitation maximum of this day is still over- The two MODIS data sets do not contain data on snow-
seas for TRMM, whereas the WRF30 already predicts maxifall directly. Thus, we selected areas from the MODIS data
mum precipitation over Bangladesh. This discrepancy is ex-set that were snow-free prior to and snow-covered after the
plainable by the difficulties in allocating the strong precipi- event. Other areas that have been snow-covered prior to the
tation to the correct day. TRMM observes less precipitationevent or snow-free after the event (e.g. lakes) are excluded
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22.10.2008 23.10.2008 24.10.2008 25.10.2008
\ | | | | | | | \

|
|
|
|
|
Lo

BIAS | FAR | POD |POFD| HSS BIAS | FAR | POD |POFD| HSS BIAS | FAR | POD |POFD| HSS BIAS | FAR | POD |POFD| HSS
T= 1mm |1.411]0.473|0.744|0.2370.447| [1.134]0.340/0.748|0.210[0.522| [1.095|0.279|0.790|0.204|0.577| |1.098|0.324|0.743|0.227 | 0.506
T=20mm[1.114]0.675|0.362|0.047]0.299| [1.036/0.646|0.367|0.056[0.306/ |1.591]0.675[/0.517[0.101/0.328| |1.673]0.659]0.570]/0.101]0.359

BIAS | FAR | POD |POFD| HSS BIAS | FAR | POD |POFD| HSS BIAS | FAR | POD |POFD| HSS
T= 1mm [1.205]0.320/0.819/0.269|0.534| |1.5600.425|0.897|0.271|0.537| |1.594|0.527|0.753|0.211|0.443

T=20mm[1.459]0.590/0.599(0.117[0.402| [2.694]0.774/0.608]0.115]/0.274] [6.477]0.969[0.198|0.054|0.039

Fig. 4. Daily precipitation fields (mm/day) froT) TRMM and (W) WRF30 over a subset of the LD for the period 22 to 28 October 2008.

from the test, although snowfall might also have been occurered to be covered by snow when the computed snow depth
ring there. Unfortunately, large areas have been covered bgfter one-week exceeds a certain threshold. Spatial distribu-
clouds either in one or both of the two MODIS data sets, andtions of predicted snow extent were computed for threshold
thus have also to be marked as areas of no data. values between 0.2 and 20 cmweék Five grid points at

We concentrated the validation on snow depth derived bythe border of the domains are removed to avoid artefacts, and

the model from predicted snowfall. A grid point is consid- Predicted snow extent was resampled to the respective 500 m
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T=10 mm/week T=20 mm/week T= 60 mm/week

Score

80 100

20 40 60
Threshold (mm/week)
—HSS —FAR - POD — POFD

TRMM

es no

BIAS | FAR | POD |POFD| HSS | |BIAS | FAR | POD |POFD| HSS | |BIAS | FAR | POD |POFD| HSS WRF
1.157]0.157/0.976]0.190]0.789 | [1.3070.253]0.976[0.221]0.719] [3.437]0.783|0.747]0.2210.248

Fig. 5. Left: Spatial patterns of the contingency tables for three different thresholds (10, 20 and 60 mniwagilied to the one-week
precipitation of WRF30-MD and TRMM, together with values from ground observations at the weather stations. Right: WRF30-MD scores
with respect to TRMM for the threshold range from 1 to 100 mm wetek

WRF1

5

0-MD, T=7.2cm

|

WRF10-SD, T=2cm

0.8 T

\
|
\
\
|
04577 ML |

w0
1]
I RN ‘ N
vV IN T
\ ‘\\ - ~ N
‘ NN T~ o -~ _
0.2+ > \ T =~ A
‘ \ ~ -
A ~
\ ‘o Tl
0.0 [ . “ oo Al w2l e
0 5 10 15 20
Srow depth threshold (cm) BIAS | FAR | POD | POFD | HSS BIAS | FAR | POD | POFD | HSS
1.011 | 0.251 | 0.757 | 0.069 | 0.685 1.072 | 0.109 | 0.956 | 0.604 | 0.415
— WRF30-MD—WRF10-MD WRF30-SD, T =2cm WRF2-SD, T=2cm
~ _WRF30-SD - ~WRF10-SD - ~WRF2-SD o e

BIAS | FAR | POD | POFD | HSS BIAS | FAR | POD | POFD | HSS
1.022 | 0.107 | 0.913 | 0.559 | 0.370 1.075 | 0.105 | 0.962 | 0.601 | 0.431

Fig. 6. Left: HSS curves for snow depth predicted by WRF simulations for thresholds between 0.2 and 20 cm with respect to snow extent
observed by MODIS. Right: spatial patterns of the contingency tables for the snow depth threshold of 7.2 cm for WRF10-MD and 2cm
WRF10-SD, WRF30-SD and WRF2-SD.
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Table 3. Observed precipitation (mmweek) at each weather station (19 NCDC stations and the Nam Co weather station) in comparison
to the TRMM, WRF30, WRF10 and WRF2 results. The observed type of precipitation is indicated by R (rain) or S (snow). Root Mean
Square Deviation (RMSD) and Mean Bias (MB) are indicated for each grid with respect to the NCDC data.

Id Station Lon Lat Alt.(m) Type NCDC TRMM WRF30 WRF10 WRF2
01 BAINGOIN 90.02 31.37 4701 S 6.1 5.7 11.2 18.0 111
02 DEGE 98.57 31.80 3185 R 12.2 38.8 44.3 38.2

03 DENGQEN 95.60 31.42 3874 S 36.6 40.4 57.5 45.7

04 DEQEN 98.88 28.45 3320 R 138.4 44.1 166.4 122.0

05 LHASA 91.13 29.67 3650 R 6.9 26.4 44.3 29.8 28.9
06 LHUNZE 92.47 28.42 3861 S 251 33.2 25.0 15.7

07 MADOI 98.22 34.92 4273 S 6.1 5.2 54 5.8

08 NAGQU 92.07 31.48 4508 S 221 22.7 19.3 18.8 27.0
09 NYINGCHI 94.47 29.57 3001 SIR 46.2 34.3 75.2 46.3

10 PAGRI 89.08 27.73 4300 S 65.0 55.9 114.9 107.9

11 QAMDO 97.17 31.15 3307 S/IR 25.9 24.4 20.3 325

12 QUMARLEB 95.78 34.13 4176 11.9 7.2 28.2 155
13 SOG XIAN 93.78 31.88 4024 SIR 30.2 60.0 31.3 31.8

n

14 TINGRI 87.08 28.63 4300 0.0 16.4 0.0 0.0
15 TUOTUOHE 9243 34.22 4535 S 0.8 0.7 3.3 3.5
16 XAINZA 88.63 30.95 4670 S 2.0 9.3 1.6 0.8
17  XIGAZE 88.88 29.25 3837 S 5.8 10.1 34.0 16.6
18 YUSHU 97.02 33.02 3682 S/IR 26.9 6.2 27.6 313
19 ZADOI 95.30 32.90 4068 S 17.3 34.8 41.6 32.8
20 NAMCO 90.98 30.77 4730 S 15.9 11.3 25.8 30.0 371
Total 501.5 487.3 777.2 643.0
RMSD 24.80 20.98 14.63 13.3
MB -0.71 13.79 7.08 10.6

grids for the test (see Se@.3). The area available for the geneous situation in the SD. In the Himalayas, the snow to
test is finally reduced to 47.8 % in the MD and to 45.3% in rain limit is caught accurately by both WRF10 and WRF30
the SD. Snowfall was detected by MODIS on 21.6 % of the (not shown). Higher HSS for the simulations for model grids
test area for the MD and on 83.9 % of the test area for theof higher spatial resolution, especially for higher thresholds,
SD. indicate the advantage of improved spatial resolution for pre-
Wang et al(2008 evaluated MODIS snow extentin north- dicting snowfall, particularly in the SD. The maximum HSS
ern Xinjiang, China, and they found that MODIS has high for the SD is reached at a smaller threshold than for the MD.
accuracies (93 %) when mapping snow at snow dejgtem This difference is attributed to the fact that altitudes in the
but does not have a proper accuracy for thinner layers. Thi$SD are generally higher than in the MD, thus the percent-
threshold can be considered as physically reasonable: at thege of areas affected by snowfall is higher as observed by
station Baingoin (north-west of Nam Co), 6 mm precipitation MODIS due to generally lower air temperatures. Snow melt
was recorded (6 cm of snow assuming a standard snow-tais less frequently occurring in the SD than in the MD, and
liquid-equivalent ratio of 10), and the pixel was classified astherefore even small amounts of snowfall will increase the
snow by MODIS. snow extent. This argument is also supported by the contin-
The evolution of the HSS with the threshold applied to the gency maps displayed in Fig, which reveal that most of the
WRF simulated snow depth with respect to MODIS is shown WRF2-SD snow extent not observed by MODIS is located in
in Fig. 6 (left) along with the spatial patterns of the contin- the lower-altitude valleys south of the western Nyaingentan-
gency tables for two optimal thresholds for WRF10-MD and glha Mountains.
WRF-SD in the three resolutions. The HSS curves for the The higher HSS obtained by the simulations for the MD
MD simulations are very similar, especially for lower thresh- compared to the SD are resulting from the higher percentage
olds, while there are more differences between the HSSf unobserved snowfall in the MD, increasing the number
curves for the SD. This is interpreted as an effect stemmingpf hits of the WRF simulations in the MD due to the high
from the higher spatial variability of snowfall in the MD due number of correctly predicted no-events. Figarghows that
to large altitudinal variations compared to the less heterothe transitional zone between areas affected by snowfall and
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Table 4. Design of the sensitivity experiments. 0'5; } ]
F . ——WRF30-TW  ----- WRF30-OW (RE) ]
Name Experiment  New parameterisation 04F o WRRIO-TW e WRF10-OW 1
o " —— WRF2-TW (RE) - -~ - - WRF2-OW ]
Nesting strategy F N ]
F L ——— WRF10-RE ]
TW Nesting Two-way nesting (all domains) 0.3 L 4
ow Nesting One-way nesting (all domains) a ) f )
C | J
Forcing strategy * 0 2; } E
Wi Initialisation Single initialisation and one- TE \
week continuous autonomous run F } J
WIN  Forcing Single initialisation and one- 0.1 c } ! \?'T?;T\\ E
week continuous run with L } o IR
analysis nudging | B o
Physical parameterisation schemes 0.0t . . ! -
0 5 10 15 20
CUl  Cumulus Betts-Miller-Janjic (BMJ)Betts Snow depth threshold (cm)
and Miller, 1986 Janjic 1994
cu2 Cumulus Kain-FEritsch Fig. 7. Sensitivity to the nesting strategy: HSS curves for snow
(Kain and Fritsch1990 depth predicted by WRF simulations (TW, OW and RE) at all reso-
MP1  Microphysics WRF Single-Moment lutions for thresholds between 0.2 and 20 cm, with respect to snow
6-class (WSM6) extent observed by MODIS on the SD.
MP2 Microphysics  Goddard Cumulus Ensemble
(GCE) (Tao et al, 2003
LS1  Landsurface  Rapid Update Cycle (RUC) be explained by errors in one or the other data-set (at Lhasa,
(Smirnova et al.2000 TRMM and WRF are in good agreement and at Degen, sta-

LS2 ~ Landsurface  Pleim-XilReim and Xiy 1999 tion observations and WRF are concordant) and for some

PBL1  PBL LOQ;SL?Q:Vggﬂg (YSu) stations the three data-sets differ substantially. Generally,
PBL2 PBL Asymmetrical Convective Model WRF10 has a lower RMSD than TRMM, but a higher MB.

2 (ACM2) (Pleim 2007 Unfortunately, no in-depth evaluation for WRF2 could be
made, because only four stations are situated in the SD. The
results for these stations suggest a small but overall improve-
ment to WRF10, again indicating the advantage of using
emodel grids of higher spatial resolution.

snow-free areas is situated in the north-western part of th
SD, and is well detected by the WRF2-SD for the thresholdg » Sensitivity study

of 2cm. Increasing the threshold shifts the transitional zone

to the South-west in all WRF simulations for the MD and |n this section, we investigate the sensitivity of the WRF
SD, such that the contingency maps show a switch from falsenodel to the nesting strategy, the forcing strategy, and var-
alarms to unpredicted events for all areas where predictionous physical parameterisations schemes (PPS). Tgile-

and observation are not concordant. vides an overview on the sensitivity experiments carried out

in this study, while Table§ and 6 present the results.
3.1.3 Validation of predicted precipitation by

observations at weather stations 3.2.1 Sensitivity to the nesting strategy

Table3 shows observed precipitation at each weather stationlfwo experiments have been carried out for analysing the ef-
in comparison to precipitation observed by TRMM and pre- fect of the nesting strategy on simulated precipitation. In
dicted by WRF30, WRF10 and WRF2. Results from the grid contrast to the nesting strategy in the reference experiment,
points nearest to the weather stations are used in the compadie results of the simple two—way nesting (TW) experiment
ison. are not only used for the SD (as in the RE, i.e., the WRF2

Differences between the WRF simulations are generallySD results of the RE and TW experiments are identical) but
small except for two stations: Nyingchi and Degen, the lateralso for the MD and LD, such that these results also contain
showing a large improvement from WRF30 to WRF10, il- some artefacts at the borders of the respective child domains.
lustrating the strong terrain dependency of precipitation inA second nesting experiment was performed using one-way
mountainous terrain. The RMSD and MB scores show a sighesting (OW) for a nested simulation of the three domains.
nificant improvement from WRF30 to WRF10. Some dis- Thus, the results of the RE and OW experiments for the LD
crepancies between station observations and TRMM couldre identical, but differ for the MD and SD.
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Table 5. Scores used for statistical evaluation of the reference, nesting and forcing experiments. The scores that differ of more than 10 %

from the RE are marked in bold, and put between parentheses if they have a lower skill than the RE.

Reference WRF Score Period RE T™W ow 7D 7DN
TRMM WRF30 BIAS,T=10mmweekl  week 1.16 1.18 1.16 0(58 1.10
TRMM WRF30 BIAS,T=60mmweek!  week 3.44 3.37 3.44 0.63 3.20
TRMM WRF30 HSST =10 mmweek? week 0.79 0.79 0.79  0(48 0.86
TRMM WRF30 HSST =60mmuweek? week 0.25 0.24 0.25 0.28 0.30
TRMM WRF30 RMSD week 54.3 55.3 543 225 44.1
TRMM WRF30 MB week 24.3 25.5 243 74 19.1

TRMM WRF30 BIAS, T=10mm montr!  month 1.15 1.19 1.15
TRMM WRF30 BIAS, T=60mm montl  month 1.93 1.93 1.93
TRMM WRF30 HSST=10mm montirl month 0.41 0.3) 0.41

TRMM WRF30 HSS;T =60 mmmontf?! month 0.44 0.48 0.44

TRMM  WRF30 RMSD month 10521 111.92 105.21

TRMM  WRF30 MB month  58.20 €5.55  58.20

MODIS ~ WRF10 HSS max week 069 069 068 0309 0.70
MODIS ~ WRF10 HSST=4cm week 065 066 065 009 0.69
MODIS  WRF2  HSS max week 043 043 040 0.q) 043
MODIS  WRF2 HSSI=4cm week 039 039 036 000 041
NCDC WRF10 RMSD week 146 140 136 312 108
NCDC WRF10 MB week 7.1 7.1 6.6 -20.0 6.7
NCDC WRF2  RMSD week 13.3 133 114 133 (7.9
NCDC WRF2  MB week 107 107 82 (-11.3 (143
NCDC WRF10 RMSD month  27.8 261  29.0

NCDC WRF10 MB month 181 158  19.1

NCDC WRF2  RMSD month 131 131 10.8

NCDC WRF2  MB month 195 195 0.70

The results of all validation analyses applied to the TW 3.2.2 Sensitivity to the forcing strategy
and OW sensitivity experiments are presented in Talite
gether with those of the reference experiment. Generally;Two experiments were carried out to analyse this element of
the differences in the overall scores between the sensitivitithe experimental design. In contrast to the other experiments,
experiments are small, indicating that this element of theonly the one-week period of the precipitation experiment was
experimental design is not highly sensitive for reanalysedcovered by the simulations. In contrast to the reference ex-
precipitation fields. periment, the model runs were only initialised once (incl. the

The most suitable analysis for assessing the performance2 h spin-up). The weekly initialisation (WI) experiment is
of the nesting experiments is presented in Figwhere de-  only forced at the lateral boundaries during integration time,
tection of snowfall in the SD is validated by the MODIS while in the second experiment (WIN) weekly initialisation
data on snow extent. Only in the SD the three different spais combined with the analysis nudging option of the WRF,
tial resolutions can be compared to each other. A threshold.e., the WRF30-LD simulation is nudged towards GFS in-
value of 4 cm is used for comparing predicted snow depthput data both horizontally and vertically using a point-by-
with MODIS observations since this value is considered topoint relaxation term for temperature, pressure and specific
be physically reasonable regarding the capability of MODIS humidity.
for detecting snow (see Se@.1.9. HSS curves of the TW  The results of all validation analyses applied to the WI
experiments for detecting snowfall in the SD are generallygnd WIN sensitivity experiments are presented in Tatite
higher than those of the respective OW experiments. Figgether with those of the reference experiment. The scores
ure 7 shows two major features of the two-way nested ap-jndicate the lower performance of the WI forcing strategy.
proach: the skill of the coarser resolutions is improved, andrhis is also seen in Fig8 (right) where the daily scores
the higher'reSOIUtion results are also Sl|ght|y meliorated bystrong|y decrease over time of the simulation, and the re-
the Step-Wise feedback mechanism. Thus, the use of tth)n on the TiP affected by rain- and snowfa” is not Cap_
two-way nesting option is recommended, although not beingyred accurately when compared to the TRMM observations.
decisive for the overall performance. The WRF as a limited area model is not capable of making
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HSS WRF30-TRMM, T=1 mm/d
T T T T

2 —WRF30-RE

— WRE30-WI
— WRF30-WIN

. . . . . . .
22 23 24 25 26 27 28
Days in October 2008

mm/week

5 40 80 120 160 200

Fig. 8. Sensitivity to the forcing strategy. Left: one-week precipitation (mm wégkor TRMM, WRF30-RE, WRF30-WI and WRF30—-
WIN over a subset of the LD. Right: daily HSS curves from WRF30 with respect to TRMM for the 1 mn gagcipitation threshold over

the same subset.

Table 6. Scores used for statistical evaluation of the reference and the eight PPS experiments. The scores that differ of more than 10 % from
the RE are marked in bold, and put between parentheses if they have a lower skill than the RE.

Reference WRF Score Period RE Cul cu2 MP1 MP2 LS1 LS2 PBL1 PBL2
TRMM WRF30 BIAS, T=10mm week 1.16 1.12 1.12 1.14 1.14 1.19 1.18 1.13 1.10
TRMM WRF30 BIAS, T=60mm week 3.44 3889 3.76 3.38 3.77 3.55 3.45 3.51 3.78
TRMM WRF30 HSST=10mm  week 0.79 0.82 0.80 0.80 0.81 0.76 0.77 0.81 0.82
TRMM WRF30 HSST=60mm  week 0.25 0.29 0.30 0.26 0.24 0.25 0.24 0.26 0.26
TRMM WRF30 RMSD week 54.3 .5 (68.7 554 56.1 54.3 55.4 53,5 679
TRMM WRF30 MB week 243 3589 (320 244 26.7 25.6 25.4 238 313
TRMM WRF30 BIAS, T=10mm month 1.15 1.19 1.18 1.17 1.19 1.26 1.14 1.10 1.09
TRMM WRF30 BIAS, 7=60mm month 1.93 1.81 1.92 1.90 1.98 2.19 1.93 1.78 1.77
TRMM WRF30 HSST=10mm month  0.41 Q30 (035 (039 (033 (0.12 0.44 0.52 0.54
TRMM WRF30 HSST=60mm month  0.44 0.49 0.45 0.45 0.44 @.36 0.45 0.49 0.49
TRMM WRF30 RMSD month  105.21 112.31 105.53 106.82 106.89 107.49 11280 95.70 102.34
TRMM WRF30 MB month  58.20 61.73 60.03 58.86 58.47 6748 62.76 50.30 52.97
MODIS WRF10 HSS max week 0.69 0.69 0.68 0.68 0.68 0.70 0.69 0.69
MODIS WRF10 HSS7T=4cm week 0.65 0.65 0.66 0.63 0.64 0.70 0.67 0.66
MODIS WRF2 HSS max week 0.43 0.41 0.40 0.40 0.40 0.45 0.420.33(
MODIS WRF2 HSST =4cm week 0.39 Q33 (029 (0.39 0.36 0.40 0.35 (0.22
NCDC WRF10 RMSD week 14.6 13.7 11.9 15.8 9.7 14.2 14.2 11.7 11.1
NCDC WRF10 MB week 7.1 5.2 6.7 1.9 13.7 (8.9 7.5 7.1 6.7
NCDC WRF2 RMSD week 13.3 9.7 (16.9 12.0 @z 127 14.0 115 (7.0
NCDC WRF2 MB week 107 7.0 10.3 8.0 (139 107 10.1 8.9 11.6
NCDC WRF10 RMSD month 27.8 245 24.2 25.9 29.1 84.]) 27.4 22.4 24.7
NCDC WRF10 MB month 18.1  13.3 185 12.4 (22.) (27.9 17.8 14.7 17.1
NCDC WRF2  RMSD month  13.1 157 118 125 153 123 136 104 (172
NCDC WRF2 MB month 1.95 —0.44 (259 (435) (7.0n (622 —-1.12 177 1.88
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accurate predictions when the large-scale forcing is missingpbtain an ensemble-mean realisation at a given time and lo-
thus WI without analysis nudging is not a suitable forcing cation, while the other two schemes are triggered on vari-
strategy. ous conditions on the vertical uplift within an atmospheric
In contrast, the WIN experiment performs as good as thecolumn. Our results are in accordance willakhopadhyay
reference experiment as the scores in Tékded the results et al.(2009 who compared convective parameterisations for
displayed in Fig8 indicate. Although there are some minor RCM simulations during the monsoon season, and found that
deficiencies at 2 km spatial resolution, these are compensatdtie PPS used in the CU1 and CU2 experiments underesti-
by some minor advantages at the lower resolution of 30 kmmate the observations for lighter rain rates, and overestimate
(and partly also of 10 km). for higher rain rates, while the PPS used in the RE shows
The applicability of the WIN forcing strategy is thus de- an overestimation for lighter rain rates. The predictive skill
pending on the specific purpose followed by a model exper-of the CU1 and CU2 PPS in the LD with respect to TRMM
iment. If precipitation fields of high spatial resolution are a observations is lower than that of the RE (not shown in Ta-
major objective then daily re-initialisation remains the bet- ble 6), thus the New Grell-Devenyi 3 scheme used in the RE
ter choice. Also, the flexibility of the daily re-initialisation could be recommended.
with respect to parallelisation of model runs is better than in The scores of the MP1 and MP2 experiments presented
the WIN strategy. In the RE design, daily model runs arein Table6 reveal that the PPS of the MP2 experiment is not
completely independent from each other, and there are onlguitable for the TiP. The MP1 results show similar effects in
minor jumps between the results of two consecutive daysfig. 9 as discussed for the CU1 experiment: high sensitivity
which may be more problematic in the WIN strategy (al- of this PPS in the regions of convective precipitation and low
though this aspect was not analysed in this study). A furthersensitivity on most parts of the TiP where advection dom-
argument for the forcing strategy followed in the RE designinates. We argue that the choices of the CU and MP PPS
is the fact that the WRF model is able to better utilise its pre-should also consider combinatory effects, but are less influ-
dictive skills within the resolved scales, while analysis nudg-ential for simulations in regions where advection is prevail-
ing strongly dampens the mesoscale processes resolved liyg. These findings are interesting since the MP schemes are

the WRF model. rather new and thus not extensively discussed in the scientific
literature, so far.
3.2.3 Sensitivity to the PPS The two experiments regarding the LS model underlying

the WRF simulations show less pronounced effects when

In this part of the sensitivity study eight experiments were compared with the CU and MP PPS. The scores of the LS1
carried out, applying two different schemes for any of the experiment reveal that larger differences to the RE are neg-
CU, MP, LS and PBL parameterisation schemes (Tdple ative, thus this PPS would have to be rejected from these

The results of all validation analyses applied to the PPSfindings. However, there are also minor improvements in the
sensitivity experiments are presented in Téllegether with  simulation of snow processes, which may give reason for us-
those of the reference experiment. While a comparison of théng this PPS when snow-hydrological investigations are in
scores mainly serves to show the effects of the different PP$he focus of a model study. The LS2 experiment, in con-
and to assess the overall performance, the spatial distriburast, shows that no stronger negative effects are arising from
tions of the differences between the PPS experiments and thiais PPS, but unfortunately, it does not include an explicit
reference experiment displayed in Figorovide insightinto  parameterisation of snow processes, and thus makes it in-
the mechanisms responsible for the differences. appropriate for snow-hydrological investigations. Fig@re

Comparing the CU1 and CU2 experiments, the latter oneshows that the effects of the two LS models are weak not
has a lower performance, not only with respect to the CUlonly on the TiP but also in the regions where the CU and
experiment but also to the RE. The CU1 experiment im-MP PPS show strong sensitivities. This can be attributed to
proves the predictions with respect to the observations athe fact that convective processes and related MP processes
weather stations while concurrently decreasing the predicare only weakly influenced by the underlying land surface,
tions with respect to the TRMM observations. Fige but mainly depend on the atmospheric dynamics and physics
shows that the sensitivity to the CU1 and CU2 experimentsthemselves. Over longer time periods, the choice of the LS
is very strong in the Bay of Bengal and the high-mountain model is expected to become more influential, but this aspect
fringes of the TiP, but is low on the TiP. Generally, the CU1 was not investigated in our study.
and CU2 experiments are wetter than the RE, especially in Finally, two different PPS for processes in the PBL have
these regions. The reason for this finding is the convecbeen analysed. The scores of the PBL1 and PBL2 experi-
tive nature of precipitation in the sensitive regions (as will ments presented in Tabereveal that the PPS of the PBL2
be discussed in Sect), while advection dominates large experiment is not suitable for the TiP. The PBL1 experiment
parts of the TiP. The three schemes work within different shows some improvement over the RE, but the skill for pre-
closure frameworks: for example, the PPS of the RE is adicting snowfall seems to be less than the skill of the RE.
cloud ensemble scheme that uses 16 ensemble members As enlightened byBraun and Taq2000, the sensitivity of
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Fig. 9. Sensitivity to the physical parameterisation schemes. Difference between the one-week precipitation ( mHhefekk sensitivity
experiments and the RE for WRF30 over a subset of the LD.

NWP models to the PBL parameterisation is also in this casesynoptic forcing. Depending on the focus of an investigation,
stronger than to microphysics, at least for the regions souttslightly modified PPS combinations may be used, but gener-
from the TiP. Figuré® shows an interesting effect: the spatial ally, the PPS combination used in the RE seems suitable for
pattern of the differences between the PBL2 experiment andeanalysing precipitation on the TiP.

the RE are strongly coupled to both CU PPS, since it also

considers convective processes in the PBL. ] )
4 Discussion

In conclusion of the sensitivity studies for the PPS, we
could show that there is nothing like a perfect combinationin this section we will give answers to the two main research
of PPS, since any model-based investigation of precipitatiomjuestions formulated in Sec.1 The first question is dis-
on the TiP has to consider the oceanic regions where muclkussed using the results presented in Se&twhile the dis-
of the water vapour and the convective systems influencingeussion of the second question is based on the results shown
the southern, central and eastern parts of the TiP are formedn Sect.3.2and additional analyses of the simulations of pre-
Yang and Tung2003 also concluded that it was not pos- cipitation fields in October 2008.
sible to define a best performing cumulus parameterisation
since each of the investigated cumulus schemes performed
very differently for precipitation prediction under different
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4.1 Validation methods and data sets We applied a combination of different validation methods
since none of the observational data sets could be unambigu-
In this study, we proposed three data sets (TRMM, MODIS, ously identified to serve as an absolute reference for model
NCDC weather stations) and several statistical methods talidation. Despite the discussed differences between the
assess the WRF model simulations. Several climatologicaodel experiments and the observational data sets (including
studies used the TRMM products, and it has been provenjifferences between the observational data sets themselves)
that TRMM 3B42 surface-rainfall rate is comparable to other the model predictions and the observational data are gener-
surface observation&go et al, 2009, although the spatial  ally concordant. Thus, we consider the validation methods

scale of the rainfall data makes direct comparison to gaugeind data sets principally suitable for this kind of studies.
data difficult. Our results also enlighten this issue: the WRF

model and precipitation data sets depicted some considerA-r 2 Reanalysis of precipitation fields over the TiP
able discrepancies when compared to point-by-point mea-

surements at weather stations. TRMM showed to be less ef- . .
The WRF model offers a countless number of configurations,

ficient than WRF10. Estimation errors due to spatial resolu- S . .
tion may be reduced by statistical correction methods as de"fl_nd in this study there was no intent to realise a complete re-

scribed byYin et al. (2008, but the authors also remind that view of the various poss?bilities. We assessed the sen;itivity
TRMM performs poorly during the winter months, because of the WRF r_nodel to d'|ffer¢nt PPS. In general, the |anu.-
of the presence of snow and ice over the TiP, since snow an@nce on predlcted preC|p|'tat|on Was.rather ;mall on the TiP
ice on the ground scatter microwave energy in a similar fashil comparison _to_ the_ forcing str_at_eg|es. This can be due to
ion as ice crystals and raindrops in the atmosphere. frequent re-initialisation co_nstralr_nng the_model to stay close
At the same time, TRMM offers a way to assess the © the large scale observations given as input data.
mesoscale WRF30 output on a gridded spatial basis, and the The comparison with observational data sets showed that
two data sets are in good accordance for the spatial delinthe WRF model had a good accuracy in predicting snow- and
eation of the 10 mmweek precipitation event. The com- rainfall of a single precipitation event. TablBsaand 6 also
parison also showed differences in the occurrence of exPresent the scores for the one-month simulations carried out
treme events, for which WRF30 predicts h|gher amountsfor October 2008, which are ShOWing that the WRF model is
than TRMM observes. India’s weather stations in the generally able not only reanalysing precipitation over longer
north-eastern provinces recorded precipitation amounts upime periods including also times of no precipitation.
to 150 mmday?® during the eventlMD, 2008, which is Figure 10 presents two results illustrating both the reason
lower than the highest values predicted by WRF (up tofor the applicability of our approach and the hydrological
500 mm week! for a few points at the high-mountain fringe relevance of individual precipitation events. The upper two
of the TiP) but higher than TRMM estimations (maximum maps display the contribution of convective precipitation to
values of 130 mm week). the total precipitation for the one-week simulation period of
One of the strengths of the WRF model is its ability to the Rashmi event. Except for the central and north-western
separate snow from rain. Since we are targeting on using thpart of the TiP, advection prevails and enables to retrieve ac-
regional atmospheric reanalysis for hydrological and glacio-curate precipitation values within the error limits of the ob-
logical applications, snow data are of great importance, angervations. In regions of high contribution of convective pre-
the MODIS test that we developed proved to give valuable in-cipitation the sensitivity of the two CU and MP PPS, as well
formation on the models capacity to retrieve snowfall at highas the PBL2 PPS are much higher than in the other regions,
spatial resolution, as e.g. indicated by the positive effect ofwhich explains why the PPS schemes are not as important on
increasing spatial resolution and the use of two-way nestingthe TiP. The dominance of advection on the TiP also allows
However, snow extent could be detected only where no snoweanalysing precipitation fields at high spatial resolution of
prior to the event or clouds was present, preventing us draw2 km without using a CU parameterisation scheme that is re-
ing conclusions on high-mountain snowfall. Furthermore, it quired at the lower resolutions of 10 and 30 km.

is rather difficult to find a suitable event or to run this teston  Figure 10 also shows the hydrological relevance of the
aregular and automatic basis. Rashmi event, and reveals the complex spatial pattern of the
So far, no robust assessment of the WRF2 output is possiprecipitation fields on the TiP. High contributions of precipi-
ble with weather stations either, as they are too scarce. Moretation caused by the Rashmi Cyc|one to month|y precipitation
over, rain gauges do have a high sensitivity to wind and toin October 2008 reaches almost 100 % in some areas in the
the size of snow/rain particles: the snow under-catch of thesouth and south-east of the TiP, while the areas of highest
four most widely used gauges can vary up to 8086¢di-  precipitation amounts during the event show contributions to
son et al. 1998. On response to this problem, we installed monthly precipitation far beyond on third. This is in line with
a Laser precipitation monitor (Distrometer) at the Nam Co the findings shown in Fig2 where the importance of individ-
station for future validation studies. ual precipitation events was shown for annual precipitation in
2008 as observed at the 19 weather stations used in this study.
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Fig. 10. Top: contribution of convective precipitation to the total precipitation for the one-week simulation period of the Rashmi event.
Bottom: contribution of precipitation caused by the Rashmi event to monthly precipitation in October 2008.

Not only precipitation amounts but also the capture andWRF model is well-suited to retrieve precipitation dynamics,
timing of precipitation events is of high hydrological rele- including times of no precipitation. This holds true even for
vance. Figurd1presents time-series of accumulated precip-many of the cases where the precipitation amounts for Oc-
itation amounts for October 2008 from NCDC, TRMM and tober 2008 simulated by WRF10 differs from one or both of
WRF10 at the 19 weather stations to analyse the capabilitfhe observations.
of the WRF model capturing precipitation events close to the Positive mean bias values also found in other model vali-
time they are also observed. In addition, we indicate the exdation studies are often interpreted as an error produced by
plained variancer€) of the daily accumulated time-series for the model. However, since the problems in observing pre-
each pair of data sets. cipitation are well-documented, resulting in systematically

At five weather stations monthly precipitation amounts lower values especially for snowfall, we argue that this bias
predicted by WRF10 are close to ground observations, whilealso documents the observational errors. Our study could not
TRMM observations are close to ground measurements gprove systematic, statistically significant over-prediction of
four weather stations. Similar values for monthly precipi- precipitation by WRF10, although there are certainly indi-
tation amounts are retrieved by WRF10 and TRMM at four vidual cases, where WRF10 values are actually too high.
weather stations, where ground observations strongly differ |n Fig. 12, the monthly precipitation fields from TRMM,
from these values. Ground observations are much highewtRF30, WRF10 and WRF2 on the SD are presented. The
than TRMM or WRF10 only at two weather stations, while general features of the precipitation pattern of October 2008,
much lower values are reported at six weather stations. Thesg.g. the generally high values in the south-eastern and east-
results are in general accordance with the findings that werern parts and the decrease in precipitation amounts towards
previously discussed for the single event. the north-western areas, are observable in each of the data

Generally, WRF10 is better in explaining the variance in sets. However, the well-known orographic control exerted
the ground observations than TRMM. With the exception of by the high-mountain areas on precipitation is only recognis-
three stations WRF10 is better correlated with ground obserable in the WRF10 and WRF2 results. The TRMM 3B42 es-
vations than TRMM. The generally very higi values of  timations do not represent the small scale changes that are to
WRF10 with the two observational data sets indicate that theexpect over this complex topography, due to its low spatial
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Fig. 11. Time series of daily precipitation amounts accumulated during October 2008 observed at weather stations, by TRMM and predicted
by the one-month WRF10 simulation. Explained varianeés 4re given for each pair of the three data sets and each station, as well as the
meanr2 for all stations. X-axis values are the days in October, the grey band marks the one-week focus period 22—28 October 2008.

resolution. Bookhagen and Streck€¢P008 analysed oro- plicable to single events due to low temporal sampling rates
graphic precipitation along the eastern Andes, showing thafabout one acquisition per day). Our findings are generally
only TRMM 2B31 data, which has a high spatial resolution consistent with the results from other studies (eCgldwell

of about 5 km is able to depict the small-scale orographicet al, 2009 Bromwich et al, 20095.

influence on precipitation. However, these data are not ap-
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Fig. 12. Spatial distributions of precipitation amounts in October 2008 observed by TRMM and predicted by the one-month WRF30, WRF10
and WRF2 simulations on the SD.

5 Conclusion perimental design traceable. Bias correction is only valid if
observational data are accurate, which is not the case for cur-
Our study reveals that there is nothing like an optimal modelrent observation methods available on the TiP. New remote
strategy applicable for the high-altitude TiP, its fringing high- sensing approaches will probably improve the situation as
mountain areas of extremely complex topography and thee.g.Bookhagen and Strecké2008 could demonstrate for
low-altitude land and sea regions from which much of the orographic precipitation detected by the TRMM 2B31 data
precipitation on the TiP is originating. The choice of the set. However, the same authors also discussed the limitations
physical parameterisation scheme will thus be always a comef this data set, in particular the low sampling frequency of
promise depending on the specific purpose of a model simuabout one overpass per day.
lation. Our study demonstrates the high importance of orographic
Many other model configurations could have been pro-precipitation, which is well captured as assessed on a qual-
posed and tested, but the comparatively small sensitivity tdtative basis. However, the problem of the orographic bias
the physical parameterisation schemes on the TiP suggestemains unsolved since reliable observational data are still
that further investigation should also focus on the modelsmissing.
response to the forcing data sets providing the initial and The results presented in this paper are relevant for anyone
boundary conditions. interested in carrying out a regional atmospheric reanalysis
In this study we do not apply bias correction for precipi- employing a NWP model. The benefits of NWP models over
tation, thus keeping the model results physically consistentusual gridded precipitation products are obvious: e.g. high
and the errors caused by the different elements of the exresolution in time and space, flexibility and reproducibility.
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The WRF model showed good accuracy in simulating snow- lar MM5 mesoscale model and in-situ data, J. Geophys. Res.,
and rainfall on the TiP for a one-month simulation period. 109, D16105d0i:10.1029/2003JD004452004.
Our results encourage further investigations over longer simBox, J. E., Bromwich, D. H., Veenhuis, B. A., Bai, L.-S.,

ulation periods, and should also include further atmospheric Stroeve, J. C., Rogers, J. C., Steffen, K., Haran, T., and Wang, S.-
variables. H.: Greenland ice sheet surface mass balance variability (1988—

Many hydrological analyses and applications like rainfall- 2004) from calibrated polar MM5 output, J. Climate, 19, 2783~

f modelling or the analysis of flood events require not o 0002000
runofl modetling or the analysis ot 1lood events requiré no Braun, S. A. and Tao, W. K: Sensitivity of High-Resolution Sim-

only precipitation accumulated over weeks and months but | ations of Hurricane Bob (1991) to Planetary Boundary Layer
also precipitation rates at daily or even hourly intervals.  parameterizations, Mon. Weather Rev., 128, 39413961, 2000.
Thus, our study offers a process-oriented alternative for reBromwich, D. H., Bai, L. H., and Bjarnason, G. G.. High-
trieving precipitation fields of high spatio-temporal resolu-  resolution regional climate simulations over Iceland using Polar
tion in regions like the TiP, where other data sources are lim- MM5, Mon. Weather Rev., 2005(133), 3527-3547, 2005.
ited. Bukovsky, M. S. and Karoly, D. J.: Precipitation Simulations Using
With the exception of the ground observations at the WRF as a Nested Reg.ional Climate Model, J. Appl. Meterol.
Nam Co research station, all data sets and the WRF mode| Clim-, 48, 2152-2159]0i:10.1175/2009JAMC2186. 2009

used in this study are available free of charge to the scienC@dwell, P., Chin, H.-N. S., Bader, D. C., and Bala, G.: Evaluation
of a WRF dynamical downscaling simulation over California,

tific community. Th!s recent mel|orat|oq in data acce53|bll_|ty Climatic Change, 95, 499-520i-10.1007/s10584-009-9583-

represents a great improvement and will offer many possibil- 5 2009.

ities for future atmospheric, hydrological and glaciological Chen, F. and Dudhia, J.: Coupling an advanced land surface-

research. hydrology model with the Penn State-NCAR MM5 modeling
system, Part I: model implementation and sensitivity, Mon.

AcknowledgementsThis work is supported by the German Weather Rev., 129, 569-585, 2001.

Research Foundation (DFG) Priority Programme 1372, “TibetanChen, J., Li, C., and He, G.: A diagnostic analysis of the impact of

Plateau: Formation — Climate — Ecosystems” under the codes complex terrain in the eastern Tibetan plateau, China, on a severe

SCHE 750/4-1, SCHE 750/4-2. The authors wish to thank the storm, Arct. Antarct. Alp. Res., 39, 699-707, 2007.

three anonymous referees that reviewed the manuscript anéudhia, J.: Numerical study of convection observed during the

made very useful comments and critics. We wish to warmly  winter monsoon experiment using a mesoscale two-dimensional

thank our colleagues that helped to improve the quality of the model, J. Atmos. Sci., 46, 3077—3107, 1989.

manuscript, the staff of the Nam Co research station for providingrowler, H. J., Blenkinsop, S., and Tebaldi, C.: Linking climate

the data used in this study. We also made use of TRMM data change modelling to impacts studies: recent advances in down-

provided by the GSFC DAAC and MODIS products distributed  scaling techniques for hydrological modelling, Int. J. Climatol.,

by the Land Processes Distributed Active Archive Center (LP 27, 1547-1578(0i:10.1002/joc.15562007

DAAC), located at the US Geological Survey (USGS) Earth Re- Frauenfeld, O., Zhang, T., and Serreze, M.: Climate change

sources Observation and Science (EROS) Celftdaéc.usgs.gov and variability using European Centre for Medium-Range
_ ) Weather Forecasts reanalysis (ERA-40) temperatures on the
Edited by: R. Uijlenhoet Tibetan Plateau, J. Geophys. Res.-Atmos., 110, D02101,

doi:10.1029/2004JD00523Q005.
Gao, V., Tang, M., Luo, S., Shen, Z., and Li, C.. Some aspects of
References recent research on the ginghai-xizang plateau meteorology, B.
Am. Meteorol. Soc., 62, 31-35, 1981.
Appel, E. and Mosbrugger, V.: Tibetan Plateau: Formation — Cli- Goodison, B., Louie, P., and Yang, D.: WMO solid precipitation
mate — Ecosystems: TiP, Science Plan For A Priority Programme, measurement intercomparison, 1998.
Tech. rep., 2006. Grell, G. and Devenyi, D.: A generalized approach to pa-
Betts, A. K. and Miller, M. J.: A new convective adjustment  rameterizing convection combining ensemble and data as-
scheme. Part II: Single column tests using GATE wave, BOMEX,  similation techniques, Geophys. Res. Lett., 29(14), 1693,
and arctic air-mass data sets, Q. J. Roy. Meteor. Soc., 112, 693— d0i:10.1029/2002GL015312002.
709, 1986. Haginoya, S., Fujii, H., Kuwagata, T., Xu, J., Ishigooka, Y.,
Bolch, T., Yao, T., Kang, S., Buchroithner, M. F., Scherer, D., Maus-  Kang, S., and Zhang, Y.: Air-Lake Interaction Features Found in
sion, F., Huintjes, E., and Schneider, C.: A glacier inventory for  Heat and Water Exchanges over Nam Co on the Tibetan Plateau,
the western Nyaingentanglha Range and the Nam Co Basin, Ti- Sola, 5, 172-175, 2009.
bet, and glacier changes 1976-2009, The Cryosphere, 4, 419Hahn, D. and Manabe, S.: Role of mountains in south asian mon-
433,d0i:10.5194/tc-4-419-201@010. soon circulation, J. Atmos. Sci., 32, 1515-1541, 1975.
Bookhagen, B. and Strecker, M. R.: Orographic barriers, Hall, D. K., Riggs, G. A., and Salomonson, V. V.. MODIS/Terra
high-resolution TRMM rainfall, and relief variations along Snow Cover Daily L3 Global 500 m Grid V005, 22—29 October
the eastern Andes, Geophys. Res. Lett., 35, L06403, 2008, Boulder, Colorado USA: National Snow and Ice Data Cen-
doi:10.1029/2007GL032012008 ter, Digital media., 2006.
Box, J. E., Bromwich, D. H., and Bai, L.-S.: Greenland ice Harris, L. M. and Durran, D. R.: An Idealized Comparison of
sheet surface mass balance for 1991-2000: Application of Po-

www.hydrol-earth-syst-sci.net/15/1795/2011/ Hydrol. Earth Syst. Sci., 15, 18352011


lpdaac.usgs.gov
http://dx.doi.org/10.5194/tc-4-419-2010
http://dx.doi.org/10.1029/2007GL032011
http://dx.doi.org/10.1029/2003JD004451
http://dx.doi.org/10.1175/2009JAMC2186.1
http://dx.doi.org/10.1007/s10584-009-9583-5
http://dx.doi.org/10.1007/s10584-009-9583-5
http://dx.doi.org/10.1002/joc.1556
http://dx.doi.org/10.1029/2004JD005230
http://dx.doi.org/10.1029/2002GL015311

1816 F. Maussion et al.: WRF simulation of a precipitation event over the Tibetan Plateau, China

One-Way and Two-Way Grid Nesting, Mon. Weather Rev., 138, Mlawer, E., Taubman, S., Brown, P., lacono, M., and Clough, S.:
2174-2187¢0i:10.1175/2010MWR3080,2010. Radiative transfer for inhomogeneous atmospheres: RRTM, a

Hong, S. Y., Noh Y., and Dudhia, J.: A new vertical diffusion pack-  validated correlated-k model for the longwave, J. Geophys. Res.-
age with an explicit treatment of entrainment processes, Mon. Atmos., 102, 16663-16682, 1997.

Weather Rev., 134, 2318-2341, 2006. Mukhopadhyay, P., Taraphdar, S., Goswami, B. N., and Krishna
Huffman, G. J., Adler, R. F., Bolvin, D. T., Gu, G., Nelkin, E. J., Kumar, K.: Indian summer monsoon precipitation climatology

Bowman, K. P.,, Hong, Y., Stocker, E. F., and Wolff, D. B.: The in a high resolution regional climate model: Impact of convec-

TRMM Multisatellite Precipitation Analysis (TMPA): Quasi- tive parameterization on systematic biases, Weather Forecast.,

Global, Multiyear, Combined-Sensor Precipitation Estimates at 25, 369-387, 2009.
Fine Scales, J. Hydrometeor., 8, 38-84j:10.1175/JHM560,1 Pleim, J. E: A combined local and non-local closure model for the
2007. atmospheric boundary layer. Part 1: Model description and test-

IMD: Cyclonic Storm, RASHMI: A preliminary Report, available ing, J. Appl. Meteor. Clim., 46, 1383-1395, 2007.
at:  http://www.imd.gov.in/section/nhac/dynamic/cycRashmi. Pleim, J. E. and Xiu, A.: Development and testing of a surface flux
pdf, last access: 8 June 2011, 2008. and planetary boundary layer model for application in mesoscale

Janjic, Z. |.: The step-mountain eta coordinate model: further de- models, J. Appl. Meteor., 34, 16-32, 1995.
velopments of the con- vection, viscous sublayer and turbulenceRakesh, V., Singh, R., Pal, P. K., and Joshi, P. C.: Sensitivity of
closure schemes, Mon. Weather Rev., 122, 927-945, 1994. mesoscale model forecast during a satellite launch to different

Janjic, Z. I.: Nonsingular Implementation of the Mellor-Yamada  cumulus parameterization schemes in MM5, Pure Appl. Geo-
Level 2.5 Scheme in the NCEP Meso model, Tech. Rep., 437, phys., 164, 1617-163d0i:10.1007/s00024-007-0245-2007.
2002. Sato, T., Yoshikane, T., Satoh, M., Miltra, H., and Fujinami, H.:

Kain, J. and Fritsch, J.: A one-dimensional entraining detraining Resolution Dependency of the Diurnal Cycle of Convective
plume model and its application in convective parameterization, Clouds over the Tibetan Plateau in a Mesoscale Model, J. Me-
J. Atmos. Sci., 47, 2784-2802, 1990. teorol. Soc. Jpn., 86, 17-31, 2008.

Kang, S., Xu, Y., You, Q., Fluegel, W., Pepin, N., and Yao, T.: Shi, Y. and Liu, S.: Estimation on the response of glaciers in China
Review of climate and cryospheric change in the Tibetan to the global warming in the 21st century, Chinese Sci. Bull., 45,
Plateau, Environ. Res. Lett, 5, 01510d0i:10.1088/1748- 668-672, 2000.
9326/5/1/0151012010 Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O,

Koo, M.-S., Hong, S.-Y., and Kim, J.: An Evaluation of the Tropi- Barker, D. M., Duda, M. G., Huang, X.-Y., Wang, W., and
cal Rainfall Measuring Mission (TRMM) Multi—Satellite Precip- Powers, J. G.: A Description of the Advanced Research WRF
itation Analysis (TMPA) Data over South Korea, J. Atmos. Sci,  Version 3, Tech. rep., 2008.

45, 265-282, 2009 Smirnova, T., Brown, J., Benjamin, S., and Kim, D.: Parameteriza-

Krause, P., Biskop, S., Helmschrot, J.,uél, W.-A., Kang, tion of cold-season processes in the MAPS land-surface scheme,
S., and Gao, T.: Hydrological system analysis and modelling J. Geophys. Res.-Atmos., 105, 4077-4086, 2000.
of the Nam Co basin in Tibet, Adv. Geosci., 27, 29-36, Tao, W., Simpson, J., Baker, D., Braun, S., Chou, M., Fer-
doi:10.5194/adgeo-27-29-2012010. rier, B., Johnson, D., Khain, A., Lang, S., Lynn, B., Shie, C.,

Laprise, R., de Elia, R., Caya, D., Biner, S., Lucas-Picher, P., Dia- Starr, D., Sui, C., Wang, Y., and Wetzel, P.: Microphysics,
conescu, E., Leduc, M., Alexandru, A., and Separovic, L.: Chal- radiation and surface processes in the Goddard Cumulus En-
lenging some tenets of Regional Climate Modelling, Meteorol. semble (GCE) model, Meteorol. Atmos. Phys., 82, 97-137,
Atmos. Phys., 100, 3—2#0i:10.1007/s00703-008-0292-2008 doi:10.1007/s00703-001-0594-2003.

Leung, L. and Qian, Y.: The sensitivity of precipitation and snow- Thompson, G., Field, P. R., Rasmussen, R. M., and Hall, W. D.:
pack simulations to model resolution via nesting in regions of  Explicit Forecasts of Winter Precipitation Using an Improved
complex terrain, J. Hydrometeorol., 4, 1025-1043, 2003. Bulk Microphysics Scheme. Part Il: implementation of a New

Li, M., Ma, Y., Hu, Z., Ishikawa, H., and Oku, Y.: Snow distri- Snow Parameterization, Mon. Weather Rev., 136, 5095-5115,
bution over the Namco lake area of the Tibetan Plateau, Hy- doi:10.1175/2008MWR2387,.2008.
drol. Earth Syst. Sci., 13, 2023-2031®i:10.5194/hess-13-2023- Wang, X., Xie, H., and Liang, T.. Evaluation of MODIS
2009 2009. snow cover and cloud mask and its application in North-

Liu, J., Wang, S., Yu, S., Yang, D., and Zhang, L.: ClIi- ern Xinjiang, China, Remote Sens. Environ., 112, 1497-1513,
mate warming and growth of high-elevation inland lakes on  doi:10.1016/j.rse.2007.05.018008.
the Tibetan Plateau, Global Planet. Change, 67, 209-217Wilks, D. S.: Statistical Methods in the Atmospheric Sciences — An
doi:10.1016/j.gloplacha.2009.03.012D09. Introduction, vol. 59 of International Geophysics Series, Aca-

Lo, J. C., Yang, Z., Pielke, Sr., and Roger, A.: Assessment of three demic Press, 1995.
dynamical climate downscaling methods using the Weather ReWu, Y. and Zhu, L.: The response of lake-glacier variations
search and Forecasting (WRF) model, J. Geophys. Res.-Atmos., to climate change in Nam Co Catchment, central Tibetan
113, D09112d0i:10.1029/2007JD009218008 Plateau, during 1970-2000, J. Geogr. Sci., 18, 177-189,

Ma, L., Zhang, T., Frauenfeld, O. W., Ye, B., Yang, D., and Qin, D.:  d0i:10.1007/s11442-008-0177-2008.

Evaluation of precipitation from the ERA-40, NCEP-1, and Yang, M. and Tung, Q.: Evaluation of rainfall forecasts over Taiwan

NCEP-2 Reanalyses and CMAP-1, CMAP-2, and GPCP-2 with by four cumulus parameterization schemes, J. Meteorol. Soc.
ground-based measurements in China, J. Geophys. Res.-Atmos., Jpn., 81, 1163-1183, 2003.

114, D09105¢0i:10.1029/2008JD011178009. Yao, T., Pu, J., Lu, A., Wang, VY., and Yu, W.: Recent glacial retreat

Hydrol. Earth Syst. Sci., 15, 1795817 2011 www.hydrol-earth-syst-sci.net/15/1795/2011/


http://dx.doi.org/10.1175/2010MWR3080.1
http://dx.doi.org/10.1175/JHM560.1
http://www.imd.gov.in/section/nhac/dynamic/cycRashmi.pdf
http://www.imd.gov.in/section/nhac/dynamic/cycRashmi.pdf
http://dx.doi.org/10.1088/1748-9326/5/1/015101
http://dx.doi.org/10.1088/1748-9326/5/1/015101
http://dx.doi.org/10.5194/adgeo-27-29-2010
http://dx.doi.org/10.1007/s00703-008-0292-9
http://dx.doi.org/10.5194/hess-13-2023-2009
http://dx.doi.org/10.5194/hess-13-2023-2009
http://dx.doi.org/10.1016/j.gloplacha.2009.03.010
http://dx.doi.org/10.1029/2007JD009216
http://dx.doi.org/10.1029/2008JD011178
http://dx.doi.org/10.1007/s00024-007-0245-0
http://dx.doi.org/10.1007/s00703-001-0594-7
http://dx.doi.org/10.1175/2008MWR2387.1
http://dx.doi.org/10.1016/j.rse.2007.05.016
http://dx.doi.org/10.1007/s11442-008-0177-3

F. Maussion et al.: WRF simulation of a precipitation event over the Tibetan Plateau, China 1817

and its impact on hydrological processes on the tibetan plateauZaengl, G.: To what extent does increased model resolution im-

China, and sorrounding regions, Arct. Antarct. Alp. Res., 39, prove simulated precipitation fields? A case study of two north-

642—-650, 2007. Alpine heavy-rainfall events, Meteorol. Z., 16, 571-580, 2007.
Yin, Z.-Y., Zhang, X., Liu, X., Colella, M., and Chen, X.: An assess-

ment of the biases of satellite rainfall estimates over the Tibetan

Plateau and correction methods based on topographic analysis, J.

Hydrometeorol., 9, 301-326i:10.1175/2007JHM903,2008.

www.hydrol-earth-syst-sci.net/15/1795/2011/ Hydrol. Earth Syst. Sci., 15, 18352011


http://dx.doi.org/10.1175/2007JHM903.1

