1560

JOURNAL OF HYDROMETEOROLOGY

Comparison of Downscaled Precipitation Data over a Mountainous Watershed:
A Case Study in the Heihe River Basin

XIAODUO PAN AND XIN LI

Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences, Lanzhou, China

KUN YANG

Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research,
Chinese Academy of Sciences, Beijing, China

JIE HE

Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research,
and State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics,
Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China

YANLIN ZHANG AND XUJUN HAN

Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences, Lanzhou, China

(Manuscript received 28 November 2013, in final form 5 March 2014)

ABSTRACT

Development of an accurate precipitation dataset is of primary importance for regional hydrological
process studies and water resources management. Here, four regional precipitation products are evaluated
for the Heihe River basin (HRB): 1) a spatially and temporally disaggregated Climate Prediction Center
Merged Analysis of Precipitation (CMAP) at 0.25° spatial resolution (DCMAP); 2) a fusion product obtained
by merging China Meteorological Administration station data and Tropical Rainfall Measuring Mission
precipitation data at 0.1° spatial resolution supported by the Institute of Tibetan Plateau Research (ITP),
Chinese Academy of Sciences (ITP-F); 3) a disaggregated CMAP downscaled by a statistical meteorological
model tool at 1-km spatial resolution (DCMAP-MicroMet); and 4) a Weather Research and Forecasting
(WRF) Model simulation with 5-km resolution (WRF-P). The validation metrics include spatial pattern,
temporal pattern, error analysis with respect to observation data, and precipitation event verification in-
dicators. The results indicate that 1) precipitation from the DCMAP product may not be suitable for water
cycle studies at the watershed scale because of its coarser spatial resolution and 2) ITP-F, WRF-P, and
DCMAP-MicroMet precipitation products generally show similar spatial-temporal patterns in HRB but
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have varying performances between different subbasins.

1. Introduction

The Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (Pachauri and Reisinger
2007) pointed out that the lack of data with high spa-
tial and temporal resolution and long time series is a
key source of uncertainties in understanding regional
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vulnerability to climate change and in developing ap-
propriate countermeasures. Meteorological data with
high spatial and temporal resolution are in urgent de-
mand for many purposes. In particular, precipitation
is one of the most important variables affecting the ex-
change of moisture and heat between the atmosphere
and the land surface (Fekete et al. 2004; Gottschalck
et al. 2005; Tian et al. 2007), and the development of
an accurate precipitation dataset is of primary impor-
tance for regional hydrological process studies and wa-
ter resources management (Wilk et al. 2006; Immerzeel
et al. 2009; Sorooshian et al. 2011).
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There are three basic kinds of precipitation estimate
(Prigent 2010): ground observations, satellite estimates,
and numerical modeling. The ground observations in-
clude rain gauges and weather radars; the satellite esti-
mation may use near-infrared (NIR), passive microwave,
and active microwave sensors; and the numerical mod-
eling can be based on either global or regional numerical
models.

In general, rain gauges are considered to be the source
of reference values at a given location and are the basis
for evaluating satellite or numerical modeling products.
Ground radars measure precipitation at a fine resolution
and may also be used to validate satellite precipitation
estimates (Amitai et al. 2012). In addition, disdrometers
are considered to be an aid to ground observations and
are used to distinguish precipitation type and measure
the drop size distribution (DSD) at a given location to
assess/calibrate the equivalent radar reflectivity factor
Z and to build more reasonable equations between Z
and rainfall intensity (Z-R relations) for various types
of rain. However, radar and disdrometers are not used
in the precipitation products discussed in this paper.

The distribution of ground observations is uneven and
sparse, whereas satellite estimates can overcome this
disadvantage and can provide spatially continuous pre-
cipitation data. NIR-based precipitation estimates have
high spatial-temporal resolution, but the relationship
between the cold cloud tops and surface rainfall is in-
direct. Representative NIR satellites are the Geosta-
tionary Operational Environmental Satellite (GOES),
the Geostationary Meteorological Satellite (GMS), FY-
3B, Meteosat, and Multifunctional Transport Satellites
(MTSAT). Microwave-based precipitation estimates
cover the globe and have a more accurate calibration,
but their spatial-temporal resolution is coarse. Rep-
resentative passive microwave products are the Special
Sensor Microwave Imager (SSM/I), the Special Sensor
Microwave Image/Sounder (SSM/IS), the Advanced
Microwave Scanning Radiometer for Earth Observing
System (EOS; AMSR-E), and the Advanced Micro-
wave Scanning Radiometer 2 (AMSR2). Representa-
tive active microwave products are the Tropical Rainfall
Measuring Mission (TRMM; Kummerow et al. 1998) and
the Global Precipitation Measurement (GPM; Smith
et al. 2007); the GPM mission was launched in 2014.

Numerical modeling can provide spatially and tem-
porally consistent precipitation products. In general,
global numerical models and global reanalysis can de-
scribe precipitation distribution patterns at a 100-km
scale; regional numerical models describe weather at
10-100-km scales and even much finer spatial scales.
Regional numerical model simulations are often initi-
ated and bounded by global numerical model output or
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reanalysis data, so regional numerical model simulations
are also called dynamic downscaling. Precipitation has
proven to be the most difficult parameter to be simu-
lated in numerical models because of our limited un-
derstanding of precipitation phenomena.

In addition to the above basic precipitation products,
other approaches have been developed to create ac-
curate precipitation products, such as merging various
precipitation estimates, assimilating observation data
into a numerical model, and ensemble forecasts.

Many global precipitation datasets have been de-
veloped based on these measurements and techniques.
The Climatic Research Unit (CRU; New et al. 1999,
2000), the Global Precipitation Climatology Project
(GPCP; Adler et al. 2003), the U.S. Climate Prediction
Center (CPC; Chen et al. 2002), the German Weather
Service Global Precipitation Climatology Centre (GPCC;
Beck et al. 2004), the CPC Merged Analysis of Pre-
cipitation (CMAP; Xie and Arkin 1996), and TRMM
(Huffman et al. 2007) are global precipitation products
(more information on global precipitation datasets can
be found at www.isac.cnr.it/~ipwg/data/datasets.html).

However, precipitation variability over complex ter-
rain is difficult to estimate, especially at small spatial
scales (Johnson and Hanson 1995), where rain gauges
are often unevenly and sparsely deployed. Downscal-
ing methods have been developed to apply coarser-
resolution precipitation data to a watershed-scale region.
Various physically based statistical models have been
developed to downscale spatially low-resolution pre-
cipitation fields and establish long-term and appropri-
ately scaled precipitation products for mountainous
terrain (Daly et al. 1994; Wilby and Wigley 2000; Brown
and Comrie 2002; Guan et al. 2009). A number of
downscaled precipitation fields obtained by coupling re-
gional numerical models with hydrological models have
been applied for flood forecasting, runoff simulation,
and decision-support system development (Anderson
et al. 2002; Evans 2003; Kotlarski et al. 2005; Lin et al.
2006; Kunstmann et al. 2008). The basis of these ap-
plications is acceptable accuracy of precipitation data,
so evaluation of the accuracy of downscaled precipi-
tation and of the downscaling methods in a specific
region has become necessary (Colle et al. 1999; Su et al.
2008; Zong and Wang 2011; Ward et al. 2011).

The Heihe River basin (HRB) is a relatively large
mountainous watershed for precipitation evaluation,
owing to its complex terrain and diverse landscapes
from upstream to downstream, with glaciers, frozen
soil, alpine meadow, forest, irrigated crops, riparian
ecosystems, and the Gobi desert. The HRB is a typical
inland river basin in an arid region, where there is se-
vere conflict between the water demands of ecosystems
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TABLE 1. Data sources used in this study.

Spatial Temporal  Time period
Product resolution  resolution available Source of data
DCMAP 0.25° 3hourly  2001-present Goddard Earth Sciences Data and Information Services Center
(Rodell et al. 2004)
ITP-F 0.1° 3 hourly 1998-2010 ITP, Chinese Academy of Sciences (Chen et al. 2011)
WREF-P Skm Hourly 1999—present  National Center for Atmospheric Research (Skamarock et al. 2008)
DCMAP-MicroMet 1km Hourly 2001-present ~ MicroMet Group (Liston and Elder 2006)

and economic development (Li et al. 2013). In addition,
HRB precipitation has shown considerable spatiotem-
poral variation, and 10 years of observations at stations
supported by the China Meteorological Administra-
tion (CMA) have indicated that around 70% of pre-
cipitation occurred from June to September, while only
5% occurred from November to the following February;
annual precipitation was around 400mmyr ™' in the up-
stream region of the HRB, around 100mmyr ! in the
central region, and around S0mmyr ' in the down-
stream region. The lack of abundant precipitation ob-
servations and long-term regional precipitation products
has limited many hydrological and ecological simula-
tions in the HRB (Chen et al. 2006; Kang et al. 2008;
Yin et al. 2013). Because of this lack of data and the
complexity of precipitation patterns over the HRB, a
wireless observation network will be installed by the
Heihe Watershed Allied Telemetry Experimental Re-
search (HIWATER) project (Li et al. 2013). Five self-
recording rain gauges recently supported by the
Watershed Allied Telemetry Experimental Research
(WATER) project (Li et al. 2009) are included in this
paper; these gauges are independent of any analyses,
some of which use some of the CMA gauges.

In this paper, four regional downscaled precipitation
products are evaluated over the HRB: 1) a spatially and
temporally disaggregated CMAP (DCMAP; see Rodell
et al. 2004) at 0.25° spatial resolution; 2) a fusion product
obtained by merging CMA station data and TRMM
precipitation data (TRMM 3B42; see Huffman et al.
2007) at 0.1° spatial resolution supported by the Institute
of Tibetan Plateau Research (ITP), Chinese Academy of
Sciences (named ITP-F); 3) DCMAP downscaled by
a statistical meteorological model (MicroMet; see Liston
and Elder 2006) tool at a 1-km spatial resolution (named
DCMAP-MicroMet); and 4) a Weather Research and
Forecasting (WRF) Model (see Michalakes et al. 1998,
2001) simulation with 5-km resolution (named WRF-P).
These four products cover satellite estimates, ground
observations, and downscaling methods. The down-
scaling methods include dynamic downscaling, statis-
tical downscaling, interpolation, and merging methods.
The main aims of this paper are 1) to use different

spatial-resolution precipitation data to determine the
appropriate scale for watershed regions; 2) to evaluate
the precipitation patterns in complex mountainous
regions; 3) to comprehensively validate the above four
precipitation products; and 4) to find a reasonable
method based on multiple sources to build long-term
precipitation products for complex mountainous re-
gions at the watershed scale. The next section describes
these four products in detail, section 3 introduces the
validation methods and the research region, section 4
presents the results, and section 5 comprises the dis-
cussion and conclusions.

2. Summary of precipitation products over the HRB

Table 1 summarizes the spatial resolution, temporal
resolution, time period coverage, and source of data
for the four precipitation products.

a. DCMAP

One of the optional precipitation forcings for the
Global Land Data Assimilation System (GLDAS; see
Rodell et al. 2004) is the CMAP (see Xie and Arkin
1996, 1997) at 2.5°, which is a blend of satellite (IR and
microwave) and gauge observations and was then spa-
tially and temporally disaggregated by Global Data
Assimilation System (GDAS) modeled precipitation
fields to match the GLDAS resolution of 0.25°. This
precipitation product (named DCMAP) was accessed at
the Hydrology Data and Information Services Center
(HDISC) and was adopted as one of the precipitation
sources evaluated in the HRB.

b. China Meteorological Forcing Dataset

The China Meteorological Forcing Dataset was de-
veloped by merging a variety of data sources at the In-
stitute of Tibetan Plateau Research (ITP), Chinese
Academy of Sciences (He 2010). This product is also
called the ITP-forcing (ITP-F). It has been used for land
surface modeling in China (Chen et al. 2011). The inputs
for the precipitation data fusion are CMA measure-
ments at 740 stations and TRMM satellite precipitation
analysis data (3B42v6) (Huffman et al. 2007). This
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product is provided at a spatial resolution of 0.1° and
a temporal resolution of 3 h.

The precipitation product is produced by the follow-
ing general procedures. First, TRMM 3B42v6 precipi-
tation data are bilinearly interpolated at the 740 CMA
stations and aggregated from 3h to 1 day. Then, the
differences between the measurement and the TRMM
3B42v6 values at the stations are interpolated into gridded
values at a spatial resolution of 0.1° by the ANUSPLIN
package (Hutchinson 1995). The TRMM 3B42v6 pre-
cipitation data are then bilinearly resampled into grid
values at the same spatial resolution from 0.25°. Last, if
the resampled TRMM precipitation grid point value is
greater than 0, the precipitation is obtained by adding
the gridded TRMM precipitation value and the gridded
difference between the TRMM value and the measure-
ment; otherwise, 0 is retained as the final precipitation
product. If the TRMM value is less than the interpolated
difference, zero is assigned to prevent negative values.

c. WRF-P

The WRF is a modern mesoscale numerical weather
prediction system that serves both operational and re-
search communities. The model uses a terrain-following
hydrostatic pressure coordinate system with permitted
vertical grid stretching (Laprise 1992). Arakawa C grid
staggering (Arakawa and Lamb 1977) is used for hori-
zontal discretization. A detailed description of WRF was
presented in Skamarock et al. (2008). In the present
study, WRF was used for downscaling of weather and
climate ranging from 1km to thousands of kilometers
and was then used for deriving meteorological param-
eters required for hydrological models. The model was
initialized by real boundary conditions using the National
Centers for Environmental Prediction (NCEP) Final
Analysis (FNL) data (NCAR 2014), with a resolution
of 1° X 1°. Two-way nested computational domains of
40 X 54 X 27 and 100 X 120 X 27 grid points at hori-
zontal resolutions of 25km and 5km, respectively,
were used. The first domain covers most of Gansu
Province, ranging from 32.6° to 47.4°N in latitude and
from 92.4 to 107.6°E in longitude (shown in Fig. 1). The
second domain covers the HRB, ranging from 37° to
43°N in latitude and from 96.6° to 103.4°E in longitude.
A ratio of 1:5 was maintained between resolutions
of the outer domain and FNL data to ensure reliable
boundary conditions for the model. The model’s physi-
cal configuration is summarized in Table 2.

d. DCMAP-MicroMet

The DCMAP precipitation product was interpolated
into the spatial-temporal precipitation products with
a spatial resolution of 1 km and a temporal resolution of
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1 h with the MicroMet tool. MicroMet, of intermediate
complexity and quasi-physical basis, has been developed
to produce the high-resolution (e.g., 30-m to 1-km hor-
izontal grid increment) atmospheric forcing required
to drive spatially distributed terrestrial models over a
wide variety of landscapes (Liston and Elder 2006). In
the present study, the 3-h interval precipitation data
were first converted into 1-h interval precipitation data
by a smoothing method in a 7-h time window. Spatial
interpolation was carried out after the processing of
the time series. The Barnes objective analysis scheme
(Barnes 1964) was used to interpolate the DCMAP grid
values to high-spatial-resolution gridded data. The
variable P (mmh™!) is computed from

1+ x(z - zp)
P=pPy|—= 0,
0 1—X(z—zo)}

M

where Py (mmh™') is the DCMAP forcing-data pre-
cipitation at a spatial resolution of 0.25° zy (m) is the
grid elevation at a spatial resolution of 0.25° z (m) is
the grid elevation at a spatial resolution of 0.01°, and
x (km™') is a seasonally varying factor (Thornton et al.
1997). Here, y is determined using 10-yr time series of
precipitation from CMA stations within or around the
HRB. Owing to the uneven distribution of these sta-
tions, y strongly influences the interpolation of DCMAP.

3. Research region, validation data,
and verification indicators

a. Research region

The HRB is the second largest inland river basin in
China (shown in Fig. 1). It is located at 37°45'-42°45'N
and 97°-102°E and covers an area of approximately
140 000 km?. Based on the terrain relief characteristics,
the HRB can be divided into three parts: upstream,
center, and downstream. The upstream region is the
source region of the HRB, and the dominant topogra-
phy is high mountains and deep gorges. On the cold
mountain tops, evaporation is weak, the average annual
temperature ranges from —3.1° to 3.6°C, and the average
annual precipitation is from 350 to 450 mm (Cao and
Dou 2005; Song et al. 2003). The zone of maximum
precipitation lies between 4500 and 4700 m (Wang et al.
2009), and on the high mountains the snow distribution
is relatively stable. In the central region, the dominant
topography is flat terrain, the average annual tem-
perature is 7°-8.2°C (significantly higher than that in
the upstream region), and the annual precipitation is
80-120 mm (Cao and Dou 2005; Song et al. 2003). In the
downstream region, with the exception of the lake
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FIG. 1. Nesting domain configuration for the numerical experiment (red crosses denote CMA stations; numbers indicate stations:
1) Ejin, 2) Mazongshan, 3) Yumen, 4) Dingxin, 5) Jinta, 6) Jiuquan, 7) Gaotai, 8) Tuole, 9) Yeniugou, 10) Zhangye, 11) Qilian, 12)
Shandan, 13) Yongchang, and 14) Guaizihu.

shorelines of Juyan Lake and Ejin delta, most of the b. Validation data and verification indicators
landscape consists of the Gobi desert (much of the Gobi

is not sandy but has exposed bare rock), where the an- There are 14 CMA daily rain gauges distributed
nual precipitation is from 40 to 60mm (Cao and Dou throughout the entire HRB and five continuously op-
2005; Song et al. 2003). erating WATER hourly rain gauges in the upstream

TABLE 2. WREF physical configuration in this study.

Physics processes Domain 1 (25km) Domain 2 (5km)
Horizontal 40 X 54 100 x 120
Time interval 150s 30s
Microphysics Lin et al. (2006) scheme Lin et al. (2006) scheme
Cumulus parameterization Kain-Fritsch scheme Kain-Fritsch scheme
PBL Yonsei University scheme Yonsei University scheme
Radiation Dudhia scheme Dudhia scheme
Surface-land Noah LSM Noah LSM

Initial and Boundary data NCEP/FNL analysis Domain 1
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TABLE 3. Contingency table comparing observations and the four precipitation products (set yes if daily precipitation =0.1 mmh™";
otherwise, set no).

DCMAP ITP-F WRF DCMAP-MicroMet
Yes No Yes No Yes No Yes No Sum
Obs Yes 218 0 172 47 188 30 195 23 218
No 242 0 63 178 97 145 105 137 242
Sum 460 0 235 225 285 175 300 160 460

region of HRB. The geographical features of these sta-
tions’ positions are shown in Fig. 1.

Analysis of spatial and seasonal patterns of pre-
cipitation, error analysis based on comparison with rain
gauge data, and evaluations of precipitation events are
presented below. The total precipitation and spatial
patterns of the upstream, central, and downstream re-
gions of the HRB for 2008 were analyzed separately.
The mean bias error (MBE) of precipitation was cal-
culated at the CMA stations for all of 2008 and at the
WATER stations: Arou (AR), Dadongshu (DDS), and
Huazhaizi (HZZ) from June to August 2008 and
Guantan (GT) and Yingke (YK) from June to August
2010. The indictors, which include probability of de-
tection (POD), threat score (TS), false alarm ratio
(FAR), frequency bias (FBI) and equitable threat score
(ETS), were used to evaluate the daily precipitation
events from June to August at the five WATER stations.
POD can be regarded as the fraction of occasions when
an event occurred that was also forecast. TS can be
viewed as the proportion of correct forecasts of the
quantity being forecast after removal of correct “no”
forecasts. FAR is the fraction of “yes” forecasts that
turn out to be wrong, equivalent to the proportion of
forecast events that fail to materialize. The FBI has a
range of possible values from 0 to o, but its ideal value
is 1, indicating an unbiased forecast where the event is
forecast exactly as often as it is observed. ETS is the
ratio of the correct forecast area to the total area of
the forecast and observed precipitation, which can vary
from a small negative number to 1.0, where 1.0 repre-
sents a perfect forecast.

The POD, TS, FAR, FBI, and ETS indicators were
derived using a contingency table approach (Wilks 1995)
and were used to evaluate precipitation events in the
HRB from June to August. Higher POD, TS, and ETS
values, lower FAR values, and smaller deviations of
FAR from unity all indicate better estimates. Five sta-
tions were selected, the number of station days was 92,
and the actual number of rainy days for these five sta-
tions was 218. Table 3 is the daily precipitation event
contingency table comparing observations and the four
precipitation products. Based on the contingency table,
values of POD, TS, FAR, FBI, and ETS were calculated

from Egs. (2) to (6) below. Fifteen thresholds were set,
from 0.1 to 15mm day ..
The equations are as follows:

rob= Nn]\jile’ @
TS:Nu +i]71:)+N01’ ®
FAR::me?NH, “4)
FBI = %, and (5)
ETS = Nij — b

Ny~ e + Ny + Ny
_ Ny XNyg = Njg XN

10 01

a (6)
f ’

e Nll X NOO + NlO X NOl

where N;; means the observation is yes (i.e., wet) and
the precipitation product estimate is yes, Nio means the
observation is yes and the precipitation product esti-
mate is no, Ny, means the observation is no and the
precipitation product estimate is yes, and Ny, means
the observation is no and the precipitation product esti-
mate is no.

4. Results
a. Spatial pattern

Figures 2a—d are the spatial patterns of precipitation
in the HRB during 2008 from DCMAP, ITP-F, WRF-P,
and DCMAP-MicroMet, respectively. Overall, these
four products shared some common characteristics:
precipitation decreased gradually from south to north,
the upstream region had the most precipitation (around
350mm), the downstream region had the least pre-
cipitation (around 50 mm), and the central region was
in between. Table 4 lists the annual precipitation flux
and precipitation volume in the whole basin and in the
upstream, central, and downstream regions in 2008. The
coarser DCMAP underestimated precipitation flux in
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FIG. 2. Comparison of spatial patterns of the four precipitation products in the HRB during 2008.

the upstream region, possible because the upstream re- from the average in statistical analysis. This caused the
gion of the HRB has much larger precipitation flux than annual precipitation for the HRB to be lower than that
the other regions; however, the landscape of the upper of the other products.

basin has a much higher fractal index, and in many coarse Precipitation in the HRB occurs mainly in the up-
grids the higher precipitation flux values are excluded stream region. From Figs. 2a—d, we also can see the

TABLE 4. Annual precipitation estimates of four precipitation products for HRB in 2008 (areas are 12.87 X 10%,2.76 X 10%,3.24 X 10*, and
6.87 x 10*m? for whole, upper, middle, and lower basins, respectively).

Total precipitation flux (mmyr ") Total precipitation (10°m?)
Product Resolution Whole Upper Middle Lower Whole Upper Middle Lower
DCMAP 0.25° 114.3 247.1 129.8 54.0 147.2 68.1 42.0 371
ITP-F 0.1° 1717 360.6 182.0 99.8 2287 101.1 59.0 68.6
WREF-P Skm 166.1 406.8 122.0 90.5 213.7 111.9 39.6 622

DCMAP-MicroMet 1km 159.9 428.2 124.1 72.9 205.7 115.4 40.2 50.1
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FIG. 3. Annual precipitation fluxes estimated by four precipitation products from 2001 to 2010.

spatial patterns of precipitation in the upstream reach
of the HRB in 2008 from DCMAP, ITP-F, WRF-P, and
DCMAP-MicroMet, respectively. Overall, these four
products shared one common characteristic: precipita-
tion decreased gradually from east to west. Because of
the coarse spatial resolution, as mentioned above, the
precipitation flux from DCMAP could not describe the
watershed scale in detail. The other estimates were
somewhat similar to each other, but the spatial patterns
were different. The DCMAP-MicroMet precipitation
product placed the precipitation maximum in the middle
of the eastern end of the basin, ITP-F placed it in the
northern part of the eastern end, and WRF-P placed it
in the central and southern parts of the eastern end.

b. Temporal and seasonal patterns

All precipitation products showed that the precipi-
tation fluxes gradually increased from 2001 to 2010
(Fig. 3), and these four precipitation products had
peak fluxes in 2007; all these features are similar to the
observations (Fig. 4). Although the DCMAP precipi-
tation fluxes were a little lower than those of the
others, the trend of DCMAP precipitation fluxes from
2001 to 2010 was the same as that of the others and
similar to the observations in the upstream and central
regions (Fig. 4).

The precipitation fluxes in 2003 from WRF-P, DCMAP,
and DCMAP-MicroMet had inflection points and
were lower than that from ITP-F, possibly because
the two international exchange stations (Fig. 4d) were

assimilated into the GCM, which provides the bound-
ary data for WRF, and were merged into CPC (which
provides the original data for DCMAP precipitation),
although the stations in the upstream and parts of
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FIG. 4. Annual precipitation fluxes at CMA stations from 2001
to 2010; numbers indicate stations, see Fig. 1.
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FIG. 5. Monthly precipitation fluxes estimated by four precipitation products for 10 years from 2001 to 2010.

the central region showed no such inflection points in
2003.

Figure 5 shows the average monthly precipitation
flux from 2001 to 2010 and indicates that in both the
HRB as a whole and in its subbasins, the precipitation
mainly occurred in June, July, August, and September.
The precipitation in these four months accounted for
about three-quarters of the annual total. This charac-
teristic of the precipitation flux in the HRB is consis-
tent with findings in several previous studies (Ding

et al. 1999; Song et al. 2003; Cao and Dou 2005; Wang
et al. 2009).

c. Error analysis of the four precipitation products
compared with CMA observations for 2008

Table 5 lists the precipitation flux errors of the four
products when compared against 14 CMA observations
in 2008. In the upstream region, precipitation flux errors
in DCMAP were larger than those of the other prod-
ucts: the greatest deviation was —273.0mmyr ', and the

TABLE 5. Errors in the four precipitation products when compared with CM A observations for 2008. The values in bold are the least mean
bias error.

Precipitation flux (mmyr~')

Error (mmyr ')

Station Obs DCMAP ITP-F WRF-P DCMAP- MicroMet DCMAP ITP-F WRF-P DCMAP- MicroMet
Upper Tuole 307.6 1842 2559 3115 344.7 -1234 517 3.6 371
Yeniugou 509.1  236.0 4114 3565 639.4 —-273.1 -977 —152.6 130.3
Qilian 4849  246.1 5182  192.6 586.0 —238.8 233 3024 101.1
Middle Yumen 86.6 36.9 135.9 51.1 84.5 —49.7 49.3 —355 -2.1
Jinta 56.4 49.7 119.4 58.4 86.9 —6.7 63 2.0 30.5
Jiuquan 36.8 61.8 126.2 42.6 61.8 25.0 89.4 5.8 25
Gaotai 113.9 61.6 186.8  108.7 148.3 -523 72.9 —-5.2 34.4
Dingxin 521 115.2 137.9 73.5 137.9 63.1 85.78 214 85.8
Zhangye 153.5 88.4 248.1 84.0 180.5 —65.1 94.6 —69.5 27.0
Shandan 2237 1739 2993  279.8 133.2 —49.8 75.6 56.1 -90.5
Yongchang 1947 2779 2475 2125 249.2 83.2 52.8 17.8 54.5
Lower Ejin 63.0 51.8 91.3 57.2 55.0 -11.2 283 —5.8 —8.0
Mazongshan  32.0 72.8 61.7 535 78.9 40.8 29.7 21.5 46.9
Guaizihu 62.2 39.0 71.3 60.4 51.7 —232 15.1 -1.8 -10.5
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lowest was —1254mmyr . Errors in ITP-F were the
smallest: at Qilian station, the error was 23.3 mm yrfl, and
the errors were —97.7 and —51.7mmyr ! at Yeniugou
and Tuole, respectively. Errors in WRF-P fluctuated:
the error was 3.6 mm yr ' at Tuole station but reached
302.4 and —152.6mmyr ' at Yeniugou and Qilian, re-
spectively. In the central basin, errors in WRF-P were
smaller than those in the other precipitation products
except at Zhangye station and Yumen station. Errors in
ITP-F were the largest, and the precipitation flux esti-
mates in ITP-F were far larger than the others, which is
why the precipitation flux estimated by ITP-F in the
central basin was almost one-third higher than the
others. In the lower basin, errors in WRF-P were smaller
than those in the other precipitation products. Overall,
the precipitation flux simulated by the WRF agreed well
with observation data in the central and downstream
basins of the HRB. The precipitation flux interpolated
from TRMM by ANUSPLIN yielded better results in
the upstream region, where terrain is complex.

d. Event evaluation: A comparison of four
precipitation products with WATER data
from June to August 2008

In addition to precipitation flux error analysis, the
evaluation of precipitation events is also important for
a variable with such high spatial and temporal variabil-
ity. In the HRB, the precipitation is strongly focused
both spatially and temporally: the spatial center is the
upstream region, and the temporal center is from June
to September. To carry out the analysis for summer,
WATER rain gauge data were selected to evaluate the
precipitation events from June to August 2008, shown in
Fig. 6 (the precipitation from some WATER stations
was solid in September, so this month was excluded from
the precipitation event analysis). Table 6 lists the pre-
cipitation flux errors of the four precipitation products.
The precipitation flux errors from WRF-P were 15.6,
10.8, —30.7, and 30.6mmyr ' at the AR, GT, HZZ, and
YK stations, respectively. However, the error reached
181.0mmyr ! at DDS station in WRF-P. The errors in
ITP-F and DCMAP-MicroMet were also high at DDS
station. DDS station is located on the south slope of
Qilian Shan, which has an altitude of 4146.8 m. Wang
et al. (2009) measured a precipitation flux from June to
August at Ebao of 360 mm yr ! in 2006. Ebao is located
on the north slope of Qilian Shan, and its altitude is
around 3500 m. From the elevation lapse rate and a
general knowledge of precipitation on Qilian Shan, Chen
et al. (2008) determined that the total precipitation on the
south slope was greater than that on the northern slope at
the same elevation by about 44% in summer 2006. The
precipitation flux from June to August at DDS station
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was deduced to be 500mmyr~', and the fluxes estimated
from ITP-F, WRF-P, and DCMAP-MicroMet were also
around 500 mm yr~ !, so it is reasonable to believe that the
observation data may be incorrectly recorded.

At rainfall intensities of 0.1-4 mm day !, Fig. 7 shows
that the values of the five indicators remained almost the
same for the ITP-F, WRF-P, and DCMAP-MicroMet
precipitation products. However, from 6 to 15mm day ",
the values of POD decreased sharply from 0.6 to 0.3,
the values of TS decreased from 0.5 to 0.1, the values
of FAR increased from 0.4 to 0.8 in the ITP-F and
DCMAP-MicroMet precipitation products, and the
values of FAR remained lower for the WRF-P pre-
cipitation product. The FBI values decreased from 1.0
to 0.6 in ITP-F and DCMAP-MicroMet and increased
from 1.4 to 2.1 in WRF-P. In other words, WRF-P in-
flates the high-end events for precipitation simulation.

5. Discussion and conclusions

In this study, four precipitation products, specifi-
cally, DCMAP, ITP-F, WRF-P, and DCMAP-MicroMet,
covering ground observations, satellite estimates, nu-
merical models, and ensemble methods, were evalu-
ated in a complex watershed by analysis of their spatial
and temporal distribution patterns, in situ error anal-
ysis, and verification indicators. Spatial pattern maps
were constructed for the whole basin and the upper
basin. The interannual and monthly precipitation fluxes
for 10 years (2001-10) were calculated to reveal the
temporal patterns. Data from 19 rain gauge stations
were used for in situ error analysis. Five sets of verifi-
cation scores were derived based on the number of
occurrences in which precipitation products matched
the observations.

The results indicate that precipitation from the
DCMAP product may not be suitable for water cycle
studies at the watershed scale because of its coarser
spatial resolution. For example, HRB precipitation is
concentrated in the upper basin, where terrain is com-
plex and rainfall processes are diverse, so the DCMAP
precipitation product, with a resolution of 0.25°, cannot
satisfy the needs of HRB research.

Precipitation dynamically downscaled by the WRF
agreed well with CMA observations in the central basin
of the HRB but not better than remote sensing products
calibrated by CMA observations (ITP-F) in the upper
basin. It would be worth trying to assimilate rain gauge
data in regional climate models to improve the accu-
racy of precipitation simulation and forecasting. As far
as precipitation event evaluation is concerned, ITP-F,
WRF-P, and DCMAP-MicroMet showed equally good
performances.
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FIG. 6. Two-dimensional scatterplots comparing rainfall events in WATER observations [(al),(a2),(a3) are for ITP-F at 3-h, daily,
and 5-day time scales; (b1),(b2),(b3) are for WRF-P; and (c1),(c2),(c3) are for DCMAP-MicroMet].

The precipitation product estimated by TRMM and
interpolated by the ANUSPLIN method, precipitation
dynamically downscaled from the NCEP FNL global
gridded analysis, and the precipitation product statisti-
cally downscaled from DCMAP precipitation data by
the MicroMet method can be used as forcing data for
ecological and hydrological models and can be impor-
tant sources of data for water cycle studies after they are
corrected by rain gauge data.

In summary, the results from this study indicate that
while remote sensing precipitation products such as

DCMAP and TRMM can provide global and long-term
precipitation estimates in data-scarce areas, currently
there are limitations in their accuracy and spatial reso-
lution for watershed-scale studies. The downscaling
method is a bridge between the global scale and the
regional scale. The DCMAP-MicroMet product sta-
tistically downscaled directly from the DCMAP pre-
cipitation product by the MicroMet tool, with a spatial
resolution of 0.25° is strongly dependent on the accu-
racy of DCMAP. It is a potential method for calibrating
and interpolating remote sensing precipitation products
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TABLE 6. Errors in the four precipitation products when compared with WATER observation data for 2008 from June to August
(rain gauge observations and precipitation products for GT and YK are for 2010). The values in bold are the least bias error.

Precipitation flux (mmyr ')

Error (mmyr ')

Station Observation DCMAP ITP-F WRF-P DCMAP-MicroMet DCMAP ITP-F WRF-P DCMAP-MicroMet
WATER AR 250.0 220.8 2742  265.6 304.5 -29.2 242 15.6 54.5
DDS 326.7 220.8 468.9  507.7 512.3 —-1059 1422 181.0 185.6
GT 139.5 157.0 136.6  150.3 212.0 17.5 -2.9 10.8 72.5
HZzZZ 80.5 79.6 116.3 49.8 106.1 -0.9 358 —30.7 25.6
YK 18.7 79.6 61.1 49.3 56.7 60.9 424 30.6 38.0

by rain gauge data, such as the ITP-F precipitation
product, but it must be noted that the interpolation
method (ANUSPLIN) is itself uncertain and is highly
dependent on the density of the rain gauge network.
Dynamic downscaling based on physical constraints
can be used whenever models require small-scale data,
but it has many uncertainties in terms of its initial and
boundary conditions and its physical parameterizations,
especially for complex terrain. Downscaling methods
applied without consideration of local factors could fail
to generate reliable climate data for areas where the
topography is complicated (Custer et al. 1996; Almeida
and Landsberg 2003). Regional numerical models are
aimed at improving the representation of microphysi-
cal processes involved in cloud rain and are also useful
in assimilating multiscale precipitation products to im-
prove the initial conditions for generating more accu-
rate precipitation simulation and forecasting. Therefore,
although there are current limitations in our compre-
hensive understanding of the precipitation process, it
may be useful to assimilate remote sensing and rain
gauge data into regional climate models to yield high-
resolution and precise precipitation products.

In addition to the establishment of appropriate-
scale precipitation products, use of the rain gauge for
evaluation is also open to question. Ground validation
sites are a key data source for precipitation evalua-
tion (Asadullah et al. 2008), but there are two issues:
1) systematic errors of rain gauge measurement and
2) representativeness errors between point and areal
measurements. Precipitation measurements are affected
by systematic errors that lead to an underestimation of
actual precipitation. Systematic losses vary by type of
precipitation (rain, mixed, snow) and gauge type. For
most precipitation gauges, the error depends strongly on
the site surroundings, the prevailing wind speeds and
the specific gauge form, and more research needs to
be conducted on this subject (Sevruk et al. 2009). The
representativeness error is defined (Kitchen and Blackall
1992) as the combination of two sources of errors: the
spatial representativeness error associated with com-
parison between a point and an areal average, and the

temporal representativeness error associated with the
comparison between an accumulation and an inte-
gration of a set of instantaneous measurements. These
errors must be acknowledged when single rain gauges
are used to estimate local-scale spatial means at the
daily scale (Bitew and Gebremichael 2010). However,
because of limitations to the density of rain gauge net-
works, it is difficult to convincingly estimate errors in
precipitation products across the upstream region of
the HRB, especially at the AR and DDS sites. A high-
density wireless measurement system is planned for
deployment in the near future in the upstream region
of the HRB.

The other limitation of this paper is solid precipi-
tation. The accuracy of snow/rainfall also affects the
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results of hydrological model forecasting (Tobin et al.
2012). However, solid precipitation is not distinguished
from liquid precipitation at this time, because the liquid
and solid precipitation are mixed in some products in our
study, so we try to distinguish them by a two-temperature
threshold (Han et al. 2010), which uses a gradual change
of the proportion of rain and snow based on a linear
transition over 2°. However, the weather in the HRB is
too complex to use one single criterion, so this issue re-
mains open for future research.
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