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Comments from Referees:

GENERAL COMMENTS (I also produced a JPG version of this comments due to the lost of subscripts |
used in my review)

The focus of the paper is the quality assessment of manual precipitation observations made with CSPG
gauge, which is the standard manual gauge in China. It is placed into four different environments: put into a
PIT reference, applied DFIR and Single Alter (SA) shield and in an environment without any shields. After
describing the data and methodologies, the connection between the four installations are presented using
scattered graphs and ratio vs wind speed graphs. Based on the results the authors suggest areas for the
applicability of reference installment (PIT vs DFIR).

This publication deals with only one precipitation gauge (CSPG), so the applicability of the results is limited.
The analysis is based on 4 years of observation record, which is the bare minimum for similar analysis. The
applied ratio vs wind speed fitting equations are always linear in the paper. While this may be satisfactory,
the WMO recommendation should also be mentioned and possibly tried out.

The wind speed was converted to the 10 m value, the WMO recommendation is to use the wind speed value
at the gauge heights — this should be corrected or the reason behind it should be explained further. Some of
the results will be affected by this suggested change.

Author's response: Thank you very much for your good advices.
Author's changes in manuscript:

1) The used data are updated to April 30 2015. During October 2014 to April 30 2015, there occurs 29 mixed
(snow with rain) and snowfall events which would improve the results.

2) All the relevant figures, tables and equations are changed because of the new added data.

3) The INTRODUCTION part has been rewritten. The sentences are reworded, some new sentences and new
reference in the literature are added. After revision, the clearness, logic, and completeness etc. are much improved
in the INTRODUCTION part.

4) The Chapter ' DATA AND METHOD', RESULTS, etc. are all rewritten.

5) Total two kinds of catch ratio (CR) vs. wind speed equations are tried for snow, rain and mixed precipitation.
One is designed for easy application in China by using the precipitation event data and wind speed at 10m height
which is observed at all the stations of China Meteorological Administration (CMA). Another uses daily
precipitation, wind speed at gauge height and air temperatures similar to the WMO recommendation. This part
will be shown in the relevant SPECIFIC COMMENTS part.

6) The best CR vs. wind speed relationship are found by using the longer period data. The CR is calculated by



using the CSPGprir as the only reference. These equations are tested by using F-test method. These equations are

summarized in the Table 4, and some important equations are shown as equations and in the figures. The Table 4

is shown below:

Table 4. Catch ratio (CR) vs. wind speed relations at the Hulu watershed intercomparison site, 2012-2015.

Temporal ) ) ) P No. of
Phase | Gauges Best catch ratio (CR) vs. wind speed relation* F-test
scale (mm) | events
C - =0.181W3 —2.028W 2, +5.983W,,, + 92.24
CSPGUN I:zUN/DFIF!,Raln s10 s10 s10 0=0.06
R’=0.070
CR - =0.188W23, —2.027W 2, +5.554W_, +94.27
Rain CSPGSA SA/DFIR,Rain s10 s10 s10 P>3.0 103 0=0.01
R’=0.099
CR - =0.150W°, —1.748W 2, +6.183W,, + 94.20
CSPGPIT PIT/DFIR,Rain s10 s10 s10 OL:0.50
R’=0.023
Precipitation CSPGux CRunioFirMires = 102.98 7" R*=0.198 0=0.07
event
Mixed | CSPGsa CRyuorim ied = 102,40 R?=0.102 P>1.0 | 24 0=0.16
CSPGpyr CRPIT/DFIR,Mixed =-5.81In(W,,,) +106.4 R*=0.023 a=0.47
CSPGyy CRyy/orR snow = 103.58 %" R?=0.420 0=4.7E-5
CSPG CR =97.35W_ %% R?=0.122 =0.04
Snow SA SA/DFIR,Snow 510 P>10 3 o
CR L, =0.160W23, +0.956W 2, —9.754W_,, +109.9
CSPGPIT PIT/DFIR,Sno s10 s10 s10 a:0.30
R’=0.110
C . =—1.400W2 9.403W2, —18.22W,, , +106.8
CSPGUN RUN/DFIR,Ran s0.7 s0.7 s0.7 (X:0.26
R?=0.045
CR o =-0.924W2  +6.525W 2 —13.47W,,, +105.7
Rain CSPGSA SA/DFIR,Rai 0.7 0.7 0.7 P>30 90 a:0.43
R?=0.031
Daily CSPG CRPIT/DFIR,Rain = _0-952Ws30.7 + 6-371Ws%,7 _12-62\/\/50.7 +108.4 4=0.68
. PIT =0.
recipitation
prectp R’=0.017
CSPGyy CRun/oriR mired = 88-49W % R?=0.169 0=0.06
Mixed | CSPGsa CRowprir mixes = 93.64W 52 R?=0.122 P>10| 21 4=0.12
CSPGeir CRorr /i mixes = 101.6W.%° R?=0.017 0=0.60




CSPGyy CRun iR snow = 96.28W, %2 R?=0577 0=5.7E-6

CSPG CR , =-8.01In +97.61 R*=0.111 =0.09
Snow SA SA/DFIR,Sno Wso7) P>10 97 o
CR 0w = —D.760WS _ +41.641W . —93.05W,,, +160.5
CSPGorr PIT/DFIR,S 0.7 0.7 0.7 0=0.33
R?=0.134

*: Wq1o-Wind speed during period of precipitation at 10 m height; Wy, ;-Daily mean wind speed at gauge height (0.7 m for CSPG).

Comments from Referees:

It is hard to read the paper, since the terminology used is often confusing. The words “Alter”, “Pit” and “DFIR”
are often refer to gauges, when the authors meant the shield/gauge configuration with the CSPG gauge in the
middle. The authors reference the SPICE experiment. | suggest using the shield notations used in the related
literature: UN for UNshielded gauge, SA: for Single Alter shield, PIT and DFIR (no change required). So the four

types of precipitation observations made with the CSPG gauge would be: (1) CSPGPIT , (2) CSPGDFIR , (3)
CSPGSA , (4) CSPGUN.

Author's response: Thank you very much for your good advices.

Author's changes in manuscript:

All the relevant terminology in the text, tables and figures has be revised in the revised paper. For example, in
the Chapter 2.1 INTERCOMPARISON EXPERIMENTS AND RELEVANT DATA, relevant part is described as:
" The intercomparison experiments included (1) an unshielded CSPG (CSPGyy; orifice diameter=20 cm,
height=70 cm), (2) single Alter shield around a CSPG (CSPGsa), (3) a CSPG in a pit (CSPGp7), and (4) a DFIR

shield with a Tretyakov-shielded CSPG (CSPGprr) (Fig.1, Table 2)." Table 2 is revises as:

Table 2. The precipitation measurement intercomparison experiment in Qilian mountains.

Size(¢ stand for orifice diameter and Measure

Gauge Abbreviation Start date End date
h for observation height) time

An unshielded China standard 20:00 and
CSPGyy @=20cm, h=70cm Jun 2009  Apr, 2015

precipitation gauge (CMA, 2007a) 08:00, LT

Single Alter shield (Struzer, 1971) 20:00 and
CSPGsa ¢@=20cm, h=70cm Jun2009  Apr, 2015

around a CSPG 08:00, LT

A CSPG in a Pit (Sevruk and 20:00 and
CSPGp it @=20cm, h=0cm Sep 2010  Apr, 2015

Hamon, 1984) 08:00, LT

DFIR shield(Goodison et al., 1998) 20:00 and
CSPGprr @=20cm, h=3.0m Sep 2012 Apr, 2015

around a CSPG 08:00, LT




Comments from Referees:
The abstract contain the comparative results of (1)-(2), (1)-(4) and (2)-(4). For completeness, the results for the
missing (1)-(3), (2)-(3) and (3)-(4) relations should also be mentioned.

Author's response: Thank you very much for your good advices.
Author's changes in manuscript: These results have been described both in the ABSTRACT and in the relevant
text. For example, in the ASBSTRACT, the relevant part has been revised as:

The intercomparison experiments show that the CSPGsa, CSPGpjr, CSPGp s caught 0.9%, 4.5% and 3.4%
more rainfall, 7.7%, 15.6% and 14.2% more mixed precipitation (snow with rain, rain with snow), 11.1%, 16.0%
and 20.6% more snowfall, and 2.0%, 6.0% and 5.3% more precipitation (all types) than the CSPGyy from
September 2012 to April 2015, respectively. The CSPGpr and CSPGprr caught more 3.6% and 2.5% rainfall, 7.3%
and 6.0% more mixed precipitation, 4.4% and 8.5% more snowfall, and 3.9% and 3.2% more total precipitation
than the CSPGsp, respectively. Whereas the CSPGprir caught 1.0% less rainfall, 1.2% less mixed precipitation,

3.9% more snowfall and 0.6% less total precipitation than the CSPGpr, respectively.

Comments from Referees:
Also, the word “shelter” should be replaced at each occurrence with the alternate and term “shield”, which is
widely used in the literature.

Author's response: Thank you very much for your good advices.
Author's changes in manuscript: All the 'shelter' has been replaced by 'shield'. A total of 27 parts in the manuscript

have been changed.

Comments from Referees:
SPECIFIC COMMENTS:
P2203/L9: Correct 30.5 mto 30.5 cm

Author's response: ok.

Author's changes in manuscript: It has been corrected.

Comments from Referees:
P2203/L25: Please correct: the WMO SPICE reference is DFIR shield.

Author's response: ok. It has been corrected.
Author's changes in manuscript: It has been corrected as " The WMO-SPICE project still selected DFIR shield as

part of the reference configurations.”

Comments from Referees:
P2204/LL4: Add more recent reference

Author's response: ok.



Author's changes in manuscript: It has been changed as "The DFIR has been operated as part of reference

configurations at 25 stations in 13 countries around the world (Golubev, 1985; Sevruk et al., 2009)", ......

Comments from Referees:
P2204/L5: Please reword: the CSPG and Hellmann gauges placed into a DFIR shield was compared (if I
understand correctly). DFIR is not a gauge, it is a shield.

Author's response: ok.

Author's changes in manuscript: This sentence has been changed as " In China, the Chinese standard precipitation
gauge (CSPG) and the Hellmann gauge were firstly compared by using DFIR shield as reference configurations in
the valley site of Tianshan (43°7" N, 86°49" E, 3720 m), during the third WMO precipitation measurement

intercomparison experiment from 1987 to 1992 (Yang, 1988; Yang et al., 1991)."

Comments from Referees:
P2204/L11: Please add distance between the two sites

Author's response: ok.

Author's changes in manuscript: This sentence has been changed as " The wetting, evaporation losses and trace
precipitation of CSPG were well quantified based on the huge observation data. Because there are not wind data at
the intercomparison site (Yang et al., 1991; Goodison et al., 1998), for the wind-induced undercatch, the derived
CSPG catch ratio equations were based on the 10 m height wind speed at the open Daxigou Meteorological
Station (43.06°, 86.5°E, 3540 m; Yang, 1988; Yang et al., 1991). The distance is about 1.7 km between the
Daxigou site and the Tianshan valley site thus their wind speeds are different, inducing uncertainty in the catch

ratio equations established by Yang et al. (1991) for the CSPG."

Comments from Referees:
P2204/L23: Instead of Alter shield (ALTER) please use the generally used term (reference: SPICE) of Single
Alter (SA) shield here and in the future

Author's response: ok.
Author's changes in manuscript: The four installments are used the terminology as 'CSPGyn, CSPGsa, CSPGpt

and CSPGpeR".

Comments from Referees:
P2204/L27: First appearance of mixed precipitation — please define it.

Author's response: ok.

Author's changes in manuscript: It has been defined as "snow with rain; rain with snow" in the abstract and fist
appearance in the text.



Comments from Referees:
P2205/L10: The value of 447 mm is quite precise — | suggest rewording the sentence like: Annual average
precipitation is 447 mm for the test period of: : :

Author's response: ok.
Author's changes in manuscript: It has been changed as ™ Annual precipitation is about 447.2 mm during

2010-2012 and precipitation mostly occurs during the warm season from May to September at this site."”

Comments from Referees:
P2205/L17: Delete etc.

Author's response: ok.

Author's changes in manuscript: It has been deleted.

Comments from Referees:
P2205/L.18: | suggest replacing “shown” with “summarized”.

Author's response: ok.

Author's changes in manuscript: The specific meteorological conditions at the site are summarized in Table 1.

Comments from Referees:

P2205/L.22: Not clear, what type of gauge is in the middle of the DFIR shield: CSPG or Tretyakov gauge? Please
specify. | assume it is also a CSPG gauge with a wind shield described in the Goodison et al. (1998) WMO
reference guide.

Author's response: Yes, it is not clear.
Author's changes in manuscript: It has been revised as:" and (4) a DFIR shield with a Tretyakov-shielded CSPG

(CSPGDFIR) "

Comments from Referees:
P2207/L11: The terminology is mixed up here. CSPG is the gauge, placed into different environment. | suggest to
use the terminology | explained earlier for these two cases: CSPGPIT , CSPGSA

Author's response: OK.
Author's changes in manuscript: The four installments are used the terminology as 'CSPGyn, CSPGsa, CSPGpt

and CSPGpgr' in the whole manuscript.

Comments from Referees:
P2207/L17 and 20: These are not the actual observations taken. | assume the “observations” meant “precipitation
events” here.

Author's response: Yes, they are precipitation events.



Author's changes in manuscript: this part has been revised as: "From September 2010 to April 2015, a total of 608
precipitation events were recorded at the intercomparison site for CSPGyn, CSPGsa and CSPGpr, respectively
(Table 3). Snow occurred 84 times, mixed precipitation occurred 44 times, and rain occurred 480 times during this
period. From September 2012 to April 2015, a subset of 283 precipitation events were recorded for the CSPGyy,
CSPGsp, CSPGpit, and CSPGprir gauges, respectively (Table 3). During this period, snow occurred 43 times,

mixed precipitation occurred 29 times, and rainfall occurred 211times."”

Comments from Referees:
P2207/L21: Again, the “Alter, Pit and DFIR” are not gauges but shield. Suggest to use CSPGUN (no shield
around the gauge = Unshielded), CSPGSA , CSPGPIT CSPGDFIR in the text and also in the tables.

Author's response: ok.
Author's changes in manuscript: The four installments are used the terminology as 'CSPGyn, CSPGsa, CSPGpt

and CSPGpgr' in the whole manuscript.

Comments from Referees:
P2207/L24: There are no “three different gauges” but one gauge with different shields / different
installments.

Author's response: ok.
Author's changes in manuscript: It has been changed as " Good linear correlations are found among the four
CSPG installments (Fig.2).". Fig.2 are redrawn as your above advices. The intercomparson among the four

installments are shown in the new Fig.2.
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Figure 2. Intercomparison plots among CSPGyy, CSPGsa, CSPGpir and CSPGppr for the rainfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.

Comments from Referees:

Chapters 3.1, 3.2 and 3.3 and Figures 2-6: Same comment then before: the Alter, Pit and DFIR are not
gauges but shields. I suggest to use CSPGUN (no shield around the CSPG gauge = Unshielded), CSPGSA
(Single Alter SA shield around the CSPG gauge), CSPGPIT (CSPG gauge in a PIT) and CSPGDFIR (DFIR
shield around the CSPG gauge) in the text and also in the tables.

Author's response: ok.
Author's changes in manuscript: The four installments are used the terminology as 'CSPGyn, CSPGsa, CSPGpt

and CSPGpgir' in the whole manuscript.



Comments from Referees:
Table 3 should also include all the percent values (ratios) mentioned in the text. It would be easier to follow
then.

Author's response: ok.
Author's changes in manuscript: Table 3 has been revises as:

Table 3. Summary of precipitation observations at the Hulu watershed intercomparison site, 2010-2015.

Total precipitation and catch ratio (CR, %) o
Mo. oft

Dates | Phased coented CSPGuy| crd 100/ €52%a 11 100 C5B%ir _ 1) 100f C5PCumm 1) CSPGa| crd 100/ P8 ;|7 106/ CBCuzm _; CSPG (] CRO 100/ PG PG (o] C2A

p— \CSPG, \CFGo | L O | e \CsPG,, )| | CsPG, | CsPG,, )
Al | 608+ | 1986.8<[93.9 26¢ 650 B 20381+ 96.4{ 380 @ 211519 | 100« @ @ e
Sep2010- raine| 480¢] 1700.7[955 13¢ 17 @ 1723 4+ 96.74 340 B 17814¢ | 100¢ a B ER R
Apr2015{ mixed{ 44+ | 1389+ [892 6.1¢ 12.1¢ e 148.5¢ [ 9474 5.6¢ B 156.8¢ | 100¢ e @ EN e
sowd| 249 | 1462+ | 826 1372 2100 a 166 24 | 94.04 640 ° 1765¢ | 1004 e ° E
Al | 2830 1066.7<| 049 200 6.0¢ 530 1088 4+ 96.94 300 320 11309+ | 100.64 069 112370 | 1004,
Sep2012- raine| 211¢] 920.7¢ [96.7 08¢ 450 340 92864 | 97.5 360 250 9618+ | 101.04 -1.0¢ 9522¢ | 1004
Apr2015{ mixeds] 20+ | 71.1¢ (876 13e 156+ 142¢ 7664 | 9434 730 6.0¢ g22¢ | 10124 120 812¢ 10042
mowe| 43¢ | 745|828 11.1e 16.0+ 206+ 832+ |02.1] 440 850 869¢ | 9620 390 903 | 1004,

Comments from Referees:
Chapter 3.1 (rain): Please include the comparison of unshielded and single alter shield gauge performance
CSPGUN and CSPGSA

Author's response: ok.
Author's changes in manuscript: This paragraph has been changed :

Good linear correlations are found among the four CSPG installments (Fig.2). From September 2010 to April
2015, the CSPGpir caught 4.7% and 3.4% more rainfall than the CSPGyy and CSPGsa respectively
((CSPGpi1-CSPGyN)/CSPGun*100; similarly hereinafter). The CSPGsa caught 1.3% more rainfall than the
CSPGyn (Table 3).

During the period from September 2012 to April 2015, the CSPGsa, CSPGp r and CSPGprr caught 0.9%, 4.5%
and 3.4% more rainfall than CSPGyy, respectively. The CSPGpir and CSPGprr caught more 3.6% and 2.5%
rainfall than CSPGsa, respectively. Whereas the CSPGpgir caught 1.0% less rainfall than the CSPGpr (Table 3,
Fig.2). Comparative studies indicate that CSPGp 1 catches more rainfall and total P than CSPGprr or the other

gauges (Table 3, Fig.2).

Comments from Referees:
Chapter 3.2 (mixed): Again, there is only one type of gauge in different setup. Also, the longer 2010-2014
period ratios (Pit vs other) are missing from this chapter.

Author's response: ok.
Author's changes in manuscript: These paragraphs have been changed :

From September 2010 to April 2015, a total of 44 mixed precipitation events were observed. The CSPGpt



caught 12.1% and 5.6% more mixed P than the CSPGyy and the CSPGgp, respectively. The CSPGsp caught 6.1%
more mixed P than the CSPGyy (Table 3). From September 2012 to April 2015, the CSPGsa, CSPGpr and
CSPGp)rr caught 7.7%, 15.6% and 14.2% more mixed P than the CSPGyy, respectively. The CSPGpt and the
CSPGpgir caught more 7.3% and 6.0% mixed P than the CSPGsa, respectively. Whereas the CSPGpgr caught 1.2%
less mixed P than the CSPGpt (Table 3).

Good linear correlations are observed among the gauges (Fig.3). The CSPGpr caught 1.1mm more mixed
precipitation than the CSPGprr in the near three successive years. The linear relationship is statistically
significant with an R? value as about 0.98 (Fig.3f). Thus the CSPGp,t instead of the CSPGprir could be selected as

the reference gauge for the CSPGyy and the CSPGsa at the experimental site.
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Figure 3. Intercomparison plots among CSPGyn, CSPGsa, CSPGpir and CSPGprr for the mixed precipitation

events from September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.

Comments from Referees:
P2208/L.12: replace “liner” with “linear”

Author's response: ok.

Author's changes in manuscript: It has been replaced.

Comments from Referees:
Chapter 3.3 (snow): Missing CSPGPIT and CSPGDFIR comparison. Here the analysis for all events is added.
To be consistent, please add all event results to the rain and snow chapters as well.

Author's response: ok.
Author's changes in manuscript: These paragraphs have been changed :

From September 2010 to April 2015, a total of 84 snowfall events are observed. The CSPGpt caught 21.0%
and 6.4% more snowfall than the CSPGyy and the CSPGsa respectively. The CSPGsa caught 13.7% more
snowfall than the CSPGyy (Table 3). From September 2012 to April 2015, the CSPGsa, CSPGpr and CSPGpr
caught 11.1%, 16.0% and 20.6% more snowfall than the CSPGyy, respectively. The CSPGpr and the CSPGprir
caught more 4.4% and 8.5% snowfall than the CSPGsa, respectively (Table 3).

Good linear correlations are also observed between the CSPGpgr and each of the other three gauges (Fig.4).
From the Fig.4f, there is a linear correlation existed between the CSPGpr and the CSPGpgr

(CSPGprr=1.029CSPGpT, R2=0.994). Although the CSPGprr caught 3.9% more snowfall than the CSPGp 1



(Table 3), the difference of total snowfall (43 events) between the CSPGprr and the CSPGpjr was only about 3.4

mm (Table 3). This suggests that the CSPGpr could be used as the reference gauge for snow precipitation events

at the experiment site.
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Figure 4. Intercomparison plots among CSPGyy, CSPGsa, CSPGpir and CSPGprr for the snowfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.




Comments from Referees:

Chapter 3.4: Why do we need the 10 m wind speed? From Goodison et al, 1998: “To adjust gauge
measurements for any wind induced bias, wind speed at gauge height during the time of precipitation is
required.”

Author's response: Because the wind speed is measured at 10m heights at all the CMA stations in China, here the
10m wind speed data are used. As described above, the wind speed data at gauge height has also been used in the
equations liking the WMO recommendation equations (Eqs.2-4) for daily precipitation.

Author's changes in manuscript:

In the Chapter "2.2 ADJUSTMENT METHOD" in the revised paper, it is revised as:

In this paper, two types of equations are established. One is for easy application by using 10m-height wind
speed during the period of precipitation in China. They are similar to and revisions of the Eqgs.(5)-(7). Another
type is similar to Eqgs.(2)-(4), which use daily mean wind speed at gauge height. For CSPG, the gauge height is 70
cm (Table 2).

In the Chapter 3.4, it is revised as:

Previous studies showed that wind speed during the precipitation period is the most significant variable
affecting gauge catch efficiency (Metcalfe and Goodison, 1993; Yang et al., 1995; Goodison et al., 1998). As
described above, the wind-induced error of CSPG measurement has not been well tested. Because the CMA
stations observe wind speeds at 10 m height, so the CSPGyy and CSPGsa adjustment equations for single
precipitation event are established with 10 m height wind speeds during the period of precipitation. On daily scale,
the adjustment equations similar to Eqgs.(2)-(4) are also established, based on the daily mean wind speed data at

gauge height (for CSPG, it is 0.7m.) and air temperature data.

Comments from Referees:
Chapter 3.41: The assumption used here is that the gauge ratios for rain vs wind relation is linear. In the
Goodison et al (1998) WMO reference the suggested form is 3rd order relationship with wind.

Author's response: This equation has been revised by using new data updated to April 30 2015.
Author's changes in manuscript: The new equations are shown in Table 4, Fig.5 and in Egs. (10) and (11).

CRuy/oriR rain = 0-18IW5, — 2.028W5 +5.983W ) +92.24  0<Wg;0<7.4 (10)

CRyuorir e = 0-188WS ) —2.027W 2 +5.554W,, +94.27  O<Wao<74 (11)

Where CRun/bFIR Rain @D CRsa/prir rain 1S the rainfall catch ratio (%) of CSPGyy and CSPGsa, respectively, Weig is

the wind speed at 10m height during the period of rainfall (m s™).
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Figure 5. Catch ratios (CRs) vs. wind speed for the rainfall event (a and b) and the daily rainfall (c and d) greater

than 3.0mm.

Comments from Referees:
Chapter 3.41 Also, different notations would be also required: | suggest using the indexes from previous
chapters as CRUN/PIT in eq 10 and CRSA/PIT in eq 11.

Author's response: OKk.

Author's changes in manuscript: These have been changed as shown above.

Comments from Referees:

Chapter 3.42: The assumption used here is that the gauge ratios for mixed precipitation vs wind relation is
linear. In the Goodison et al (1998) WMO reference (page 28) the relationship can be much more complex
for different types of snow events (dry, wet).

Author's response: This equation has been revised by using new data updated to April 30 2015. But in our field,
the dry or wet event are not observed.

Author's changes in manuscript: The new equations are shown in Table 4, Fig.6 and in Egs. (12) ~ (17). This part
has been revises as following:

For the mixed precipitation events, the CRunprirmixed @10 CRsaprirmixed VS. Wsio relations are exponential



(Table 4, Fig.6). The CRs vary from about 60% to 120%. For the CSPGy, the exponential relationship Eq. (12)

passes the F-test when a<0.10, whereas for the CSPGsa, the Eq.(13) doesn't pass but has a o value of about 0.16

(Table 4).
CRUN/DFIR,Mixed =102.9e ™Mo 0<W430<5.9 (12)
CRsppriR Mixed = 102.4¢ 7% 0<W;10<5.9 (13)

On daily scale, the best relationships between mixed precipitation CRs and wind speed at gauge height (W 7)
are power law expressions (Table 4, Fig.6). Similarly, for the CSPGyy, the Eq. (14) passes the F-test when a<0.10,
whereas the Eq.(15) doesn't with a o value of about 0.12 (Table 4).

CRUN/DFIR,Mixed = 88.49W56(_)7'20 0<Ws07<2.9 (14)

CRSA/DFIR,Mixed = 93-64Ws5(.)%12 0<Wq 7<2.9 (15)

From Eg. (3), air temperature may also affect the mixed precipitation CRs on daily scale. Egs. (16)-(17) are

established as follows. However, these two new equations don't pass the F-test when a=0.20.

CRuu o i = 13.83W 55" +1.25T  —0.88T,, +62.21 a=0.20  (16)

CRyyorir wies = 10. 7AW, 4™ +0.85T  —0.18T,, +76.20  0=0.29 (17)

Where Tax and Tpin is the daily maximum and minimum air temperature (°C), respectively.
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Figure 6. Catch ratios (CRs) vs. wind speed for the mixed precipitation event (a and b) and the daily mixed

precipitation (c and d) greater than 1.0mm.



Comments from Referees:
Chapter 3.42: The suggested notations are CRUN/DFIR in eq 12 and CRSA/DFIR in eq 13.

Author's response: OKk.

Author's changes in manuscript: Please see the revision shown above.

Comments from Referees:
Chapter 3.43: The assumption used here is that the gauge ratios for snowfall vs wind relation is linear. In the
Goodison et al (1998) WMO reference the relationship can be.

Author's response: These equations have been revised by using new data updated to April 30 2015.
Author's changes in manuscript: The new equations are shown in Table 4, Fig.7 and in Egs. (18) ~ (23). This part
has been revises as following:

For the snowfall events, the CRun/prir snow @1d CRsapFir snow VS Weio relations are evident (Table 4, Fig.7). For
the CSPGyy, the exponential relationship Eq.(18) passes the F-test when a.<0.001. The Eq.(18) is similar with the

Eq.(5) suggested by Yang et al. (1991). For the CSPGsp, the power law expression Eq.(19) passes the F-test when

a<0.05 (Table 4).
CRy IDFIR Snow = 103.5¢ 0= 0<W,10<4.8 (18)
CRsuomR snow = 97-35W 0™ 0<W,;0<4.8 (19)

On daily scale, for the CSPGyy and the CSPGsa, the Eq. (20) and Eq. (21) pass the F-test when 0.<0.001 and
a<0.10, respectively (Table 4). Eqgs. (18) - (21) could be directly used to calibrate the wind-induced snowfall
measurement errors for CSPG and CSPGga.

CRuN/DFIR Snow = 96'28\/\/56?7'32 0<Wip,<3.1 (20)
CRsuorir,snow = —8-01IN(W,, ;) +97.61 0<Wqg7<3.1 (21)

Air temperature may also affect the snowfall CRs on daily scale as shown in Eq.(2). Egs. (22)-(23) are the new

equations associating with daily maximum air temperature. However, these two new equations are not better than

Egs. (20)-(21) according to their o value of F-test.

CRUN/DEIR snow = 42.29W 5 —1.06T, +55.91 a=4.2E-5 (22)

CRsupEiR snow = —9-46In(W,,,) - 0.31T,  +98.76 a=0.17 (23)
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Figure 7. Catch ratios (CRs) vs. wind speed for the snowfall event (a and b) and the daily (c and d) snowfall

greater than 1.0mm.

Comments from Referees:
Chapter 3.43: The suggested notations are CRUN/DFIR in eq 12 and CRSA/DFIR in eq 13.

Author's response: OK.

Author's changes in manuscript: Please see the revision shown above.

Comments from Referees:
Chapter 4.2 In the given experiment CSPGPIT > CSPGDFIR was true for rain and mixed precipitation, the
catch ratio is only a consequence of this fact. The CSPGPIT can be used as reference, but it is not better than
CSPGDFIR observations.

Author's response: It's true. In the revised paper, the CSPGpgr is the only reference to calculate the CRs.

Author's changes in manuscript: In the Table 4, Fig.5~Fig.7 and Egs.(10)~(23) and the whole text, these kind of
description had been revised.

Comments from Referees:
P2213/L8: Sentence “Scarcity: : :” it is not true generally, please remove sentence.



Author's response: OKk.

Author's changes in manuscript: This sentence has been deleted.

Comments from Referees:
P2213/L9: What is the final suggestion for reference? CSPGPIT or CSPGDFIR ? Under which
circumstances Please clarify.

Author's response: CSPGpgir is undoubtedly the reference. But it is expensive and should be installed far from
the Chinese national meteorological stations, or it will affect the meteorological observation. In the most
regions in China were the snowfall and blowing snow is little relatively, the CSPGpir may be a good choice.
Whereas in other regions, it should use CSGPDFIR.

Author's changes in manuscript: This part has been revised as:

In the regions with little snowfall such as the south and central part of China, and the regions with similar
climate and environment to the Hulu watershed site, the CSPGpr could be used as the reference gauge
considering its highest catch ratio, simplicity and low cost. In north-east China, northern Xinjiang province and
southeastern Tibetan Plateau where snowfall often occurs, the best choice for reference gauge would be the

CSPGp, 7 for rainfall and CSPGpg g for snowfall observations.

Comments from Referees:

P2213/L15: The authors compare the configurations from most to least rain and mixed precipitation (not the
catch ratio), so the relation should be: CSPGPIT > CSPGDFIR > CSPGSA > CSPGUN . (What would
CRDFIR mean otherwise?)

Author's response: ok.
Author's changes in manuscript: This part has been revised as:

From most to the least rainfall and mixed precipitation, it can be ordered as follows: CSPGp;r > CSPGpgr >
CSPGgp > CSPGyn. While in the snowy season, it follows the rule that better wind-shield catch with more snow,
and they can be ordered: CSPGprir > CSPGpjr > CSPGga > CSPGyy.

In the ABSTRACT, it also been revised.

Comments from Referees:
P2213/L17: Similarly, from most to least snowfall the relation should be: CSPGDFIR >
CSPGPIT > CSPGSA > CSPGUN .

Author's response: ok.

Author's changes in manuscript: It also revised as shown above.



Interactive comment on “Precipitation measurement intercomparison in
the Qilian Mountains, Northeastern Tibetan Plateau” by R. Chen et al.

Anonymous Referee #2 First

Received and published: 11 May 2015
Comments from Referees:

At beginning, | do not agree to first sentence of abstract "Systematic errors in gauge measured
precipitation are well-known but no reports have come from the Tibet Plateau™! Yes, it is important issue,
but there have a lot of reports on bias correction in Tibet. It is clear that we may not able perform
experimental observation at everywhere on the world, but we could correct bias employee the procedure
recommended By WMO, in which the correlation of various loss to the climatic parameters have been
dressed. What we should pay attention is that classification of precipitation type, say rain, snow or mix, that
formulas is deal to be local due to it relating to the geophysical condition.

Had reviewing the present manuscript, the recommended procedure was clarified. It is fine we could
improve the result. However, the formulas for classification of precipitation type, the result published on
1999 still using, that should be improved using local observation result.

Thereby, 1 would like to recommend the manuscript to published after major revision.

Anonymous Referee #2 Second

Received and published: 12 May 2015

Comments from Referees:

The author seem not understood my words. | know the WMO procedure could be improved, but it was just
relating to the wind speed in theoretically. Generally, the equ. must be suitable for anywhere you using
similar data. As well, |1 knew the the equ. was gained in Tianshan region by huge field observations and
improved many times.

Surely, you can improve it too. But it theoretically not local! What you should improve is that
classification for precipitation-type, that is local due to the parameter in the emu. is variable. There is new
publication by K Yang (may not 1st author ), a new method has been developed. The author no need explain
your classification again. Frankly the reviewer knew that very well. | note one of the co-author of manuscript
is E Kang, 1 would like to suggest you discuss my words with E Kang.

Again, my comment: what you should pay attention is classification, for the other, you can do your work
but it is not so necessary theoretically.

NOTE: These response are not the original responses to the Reviewer 2. This is the formal
and last response to the two comments of the Reviewer 2.

Author's response: Thank you very much for your good advices. We have discussed your advices with all the
authors including E Kang. This paper is badly written at present.

1) The sentence "Systematic errors in gauge measured precipitation are well-known but no reports have come
from the Tibet Plateau” is really not accurate. There is no contrastive field experiment using CSPGprir as referee
in the present literature, but there has built up some CSPGpgr in recent years at some sites (for rainfall, the PIT

has also been used and reported in Tibet in the past years), and there are several reports on bias correction by



using the WMO equations. We will correct the related description.

2) This paper is submitted to the special issue "The World Meteorological Organization Solid Precipitation
InterComparison Experiment (WMO-SPICE) and its applications (AMTD/ESSDD/HESSD/TCD Inter-Journal
SI)". From this point of view, we would pay more attention to the Intercomparison experiment results and their
applications.

3) The WMO equations do not include CSPG adjustments equations for wind-induced errors. Yang et al. (1991)
gave the Egs. (5-7) by using wind data at Daxigou station, which is about 1.7 km far away from the experimental
site: Although the Precipitation InterComparison Experiment for Chinese standard precipitation gauge (CSPG)
had been conducted from 1987 to 1992 in Tianshan, and many valuable data have been acquired, the wind data
are lack owing to the contemporary economy condition (Yang et al., 1991; Goodison et al., 1998). From Goodison
et al.(1998), there is no calibration equations like Egs. (2-4) for CSPG. Yang et al. (1991) gave the Eqgs. (5-7) by
using wind data at Daxigou station, which is about 1.7 km far away from the experimental site. Ren and Li (2007)
have observed 29,000 precipitation events data from 30 stations all over China, whereas the DFIR has not been
used. After that, from the literatures, several reports have provided the precipitation bias-error correcting method
in China such as Ye et al. (2004, 2007), Ma et al. (2014), they also used the Egs. (5-7) for CSPG.

Therefore, the wind-induced error of CSPG has not been well tested. Here we firstly compare the precipitation
measured by CSPG with different shields, then we would use our observation data till to April 2015 to establish
two Kinds of calibration equations for CSPG. One is for easy application by using 10m-height wind speed in
China, another is similar to the Egs. (2-4) on daily scale. From the WMO procedure and your advices, this kind of
equations may be widely used. It may be the improvement of Egs. (5-7).

4) Precipitation type classification is very important especially in the distributed hydrological models. In the
several precipitation bias-error adjusting methods, the precipitation type is firstly classified then the calibration
equations for different precipitation type is used. As you have recommended, K Yang's (2014) method is widely
accepted. They have used observed data all over China. Our observation data are just from one site which is
located near the Qilian and Yeniugou station that have been used by K Yang et al (2014). 1 am not sure whether
the parameter from one site is so important.

We would describe relevant contents in the Chapter 2.1 INTERCOMPARISON EXPERIMENTS AND

RELEVANT DATA and other parts.

Author's changes in manuscript: From your advices and the Reviewer 1's comments, the paper has revised majorly

as follows:



1) The first sentence in the ABSTRACT has been revised as: Systematic errors in gauge-measured precipitation
are well-known, but the wind-induced error of Chinese standard precipitation gauge (CSPG) has not been well
tested.

2) The third and fourth paragraphs of the INTRODUCTION part has been revised largely as:

The DFIR has been operated as part of reference configurations at 25 stations in 13 countries around the world
(Golubev, 1985; Sevruk et al., 2009), but deviations from the DFIR measurements vary by gauge type and
precipitation type (Goodison et al., 1998). In China, the Chinese standard precipitation gauge (CSPG) and the
Hellmann gauge were firstly compared by using DFIR shield as reference configurations in the valley site of
Tianshan (43°7' N, 86°49" E, 3720 m), during the third WMO precipitation measurement intercomparison
experiment from 1987 to 1992 (Yang, 1988; Yang et al., 1991). The wetting, evaporation losses and trace
precipitation of CSPG were well quantified based on the huge observation data. Because there are not wind data at
the intercomparison site (Yang et al., 1991; Goodison et al., 1998), for the wind-induced undercatch, the derived
CSPG catch ratio equations were based on the 10 m height wind speed at the open Daxigou Meteorological
Station (43.06°, 86.5°E, 3540 m; Yang, 1988; Yang et al., 1991). The distance is about 1.7 km between the
Daxigou site and the Tianshan valley site thus their wind speeds are different, inducing uncertainty in the catch
ratio equations established by Yang et al. (1991) for the CSPG. During the period from 1992 to 1998, Ren and Li
(2007) had conducted an intercomparison experiment at 30 sites (altitude varies from about 4.8 m to 3837 m) over
China, and they used the pit as reference shield. A total of 29,000 precipitation events had been observed.
However, the DFIR was not used as reference configurations, and there were only 3 stations located in the West
Cold Regions of China (Chen et al., 2006) where the solid precipitation often occurred. Blowing snow and thick
snow cover have traditionally limited the pit’s use as a reference shield for snowfall and mixed precipitation
(snow with rain, rain with snow). Ye et al. (2004, 2007) developed a bias-error adjusting method based on the
observed data from 1987 to 1992 at the Tianshan valley site, and they found a new precipitation trend according to
the adjusted precipitation data over the past 50 years in China (Ding et al., 2007). The new adjusted precipitation
would change the knowledge on water balance in many basins in China (Tian et al., 2007; Ye et al., 2012).
Although adjustment procedures and reference measurements were developed in several WMO international
precipitation measurement intercomparisons (Goodison et al., 1998; Sevruk et al., 2009; Yang, 2014), and several
bias-error adjusting methods had been put forward for the CSPG (Ye et al., 2004, 2007), the wind-induced error of
CSPG had not been well tested especially in the cold and high regions such as the Tibetan Plateau, China. In these
cold regions, solid precipitation often occurs and additional attention must be paid to wind-induced errors of

gauge measured precipitation. Because of the limited intercomparison observation data in China, Ma et al. (2014)



used the adjusted equations from surrounding countries except for the results from Tianshan China (Yang et al.,
1991) to correct the wind-induced errors on Tibetan Plateau. However, their precipitation gauges are Tretyakov,
MK2, Nepal2003, Indian and U.S. 8" in the surrounding countries. As the third pole in the world, the Tibetan
Plateau is an ecologically fragile region and the source of several large rivers in China and neighboring countries,
accurate precipitation data are urgently needed. Therefore, we present a nearly five-year intercomparison
experiment in the Qilian mountains at the northeastern Tibet Plateau, China, to establish adjustment equations for
the widely used unshielded CSPGs.

The CSPG is the standard manual precipitation gauge used by the China Meteorological Administration (CMA)
at more than 700 stations since the 1950s. These precipitation data sets have been used widely and need to be
adjusted by using better methods. The Single Alter shield (SA) (Struzer, 1971) is used by the CMA to enhance
catch ratios of automatic gauges (Yang, 2014), so the SA shield was selected as another intercomparison
configuration for the present study. The CSPGprr Was selected as the reference for all precipitation types. The
intercomparison experiments tested and assessed existing bias adjustment procedures for the CSPGyy and the SA

shield around a CSPG (CSPGga).

3) The precipitation phase discrimination methods are revised in 2.1 INTERCOMPARISON EXPERIMENTS
AND RELEVANT DATA:

The precipitation phase (snow, rain and mixed) is discriminated by observer according to the CMA's criterion
(CMA, 2007b). This method has been used since the 1950s at the more than 700 stations in China. Based on the
CSPG measurements, several methods of phase discrimination have been reported, such as the air temperature
index method (e.g. Zhang et al., 2004; Ye et al., 2004; Chen et al., 2014b ), dew point index method (e.g. Chen et
al., 2014b), and the new wet bulb temperature index method (Ding et al., 2014). However, the parameters of these
methods vary largely in spatial, and their reference precipitation phase data are still from the CMA's stations.

In the Chapter 4.3 UNCERTAINTIES OF THE EXPERIMENT, it also discussed:

In this field experiment, the precipitation phase is also discriminated by the observers. This method is

somewhat rough though it has been the standard way since the 1950s at the CMA stations.



Interactive comment on “Precipitation measurement intercomparison in the
Qilian Mountains, Northeastern Tibetan Plateau” by R. Chen et al.

Anonymous Referee #3

Received and published: 4 June 2015

Comments from Referees:
1. General comments

The discussion paper ‘Precipitation measurement intercomparison in the Qilian Mountains, Northeastern
Tibetan Plateau,” by R. Chen et al., presents analysis of manual precipitation measurements using a Chinese
standard precipitation gauge (CSPG) in various configurations. The analysis covers four years of measurements
using the CSPG in unshielded, single-Alter shield, and pit configurations. Measurements during the last two years
were also obtained using a CSPG in a Double-Fence Intercomparison Reference (DFIR) shield, which is the
World Meteorological Organization (WMO) recommended reference configuration for snowfall measurements.

Scatter plots comparing measurements from different configurations indicated that the pit and DFIR
configurations performed comparably for mixed and solid precipitation, suggesting that the pit configuration
could be a viable option for a reference configuration for these precipitation types in similar environments. The pit
configuration is a lower-cost option than the DFIR, so this is an important result for operational networks in
regions with limited annual snow cover and blowing snow.

Additional plots investigated the influence of wind speed on the catch ratios of precipitation measured by a
given configuration to that measured by a reference configuration for events in different precipitation regimes
(liquid, mixed, solid). Linear fits to these plots were used to develop equations that could be used to ‘adjust’
measurements in non-reference configurations for the influence of wind. While these plots certainly provide
insight into the catch ratio-wind speed relationships for different configurations and precipitation types, the small
number of events and apparent poor fit quality do not impart a high degree of confidence in the use of the
resulting equations for adjusting precipitation observations.

Overall, the authors make good use of tables and figures to convey results and analysis that can be a bit
cumbersome to follow in the text. The background information and discussion are presented well, but the paper
would benefit from some additional description of methods (as discussed further in the Specific Comments,
below). The applicability of the findings to operational networks, albeit to a limited number of stations with
specific conditions, is the main strength of this paper, and warrants publication for broader distribution and
implementation. The broader applicability of the adjustment equations, however, is questionable, and careful
consideration should be given to how these are presented in the manuscript.

Author's response: Thank you very much for your detailed advices.

We have updated the data to April 30 2015, and now there are total 608 precipitation events from September
2010 to April 2015 and 283 events during September 2012 to April 2015. According to the advices of the former
two Reviewers, the paper has been majorly revised:

1) Data are updated to April 30 2015;

2) Abstract, Introduction, Data and method, Results and Discussion, Tables, Figures and Equations etc. are



majorly revised.
After revision, the adjustment equations have been carefully considered.
Author's changes in manuscript: For example, the equations are partly summarized in the Table 4.

Table 4. Catch ratio (CR) vs. wind speed relations at the Hulu watershed intercomparison site, 2012-2015.
&
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4 *: W,,-Wind speed during period of precipitation at 10 m height; #; --Daily mean wind speed at gauge height (0.7 m for CSPG).+

Comments from Referees:
2. Specific comments
a. Abstract and Introduction

As identified by Reviewer 1, this study focusses on the analysis of the same precipitation gauge in different
configurations, rather than different ‘precipitation gauges,” as indicated in the text. The wording and gauge
configuration nomenclature proposed by Reviewer 1 should be implemented to help address this issue throughout
the paper. When stating catch ratios in the abstract, it is important to note which configuration is being used as the
reference (i.e. the denominator when computing catch ratios).

Author's response: We have revised it according to the Reviewer 1's advices. The terms of CSPGyyn, CSPGsa,
CSPGpit and CSPGprr have been used. The nomenclature 'catch ratio' is wrongly used before in the abstract and
in the text.

Author's changes in manuscript: In the ABSTRACT, the sentence has been added: The CSPGprr is used as



reference to calculate the catch ratios (CRs) of the CSPGyn, CSPGsa and CSPGpt.

Comments from Referees:
b. Data and methods

When taking the manual observations, are any additional measures taken if there is frost on the collector, or if
there is solid precipitation accumulated on the rim of the collector?

Author's response: The measurements are based on the criterion published by China Meteorological
Administration (CMA). In the cold season, the rain collector and glass bottle are removed from the CSPG. Instead,
it use the solid precipitation (P) collector. There are two choices according to the CMA's criterion. We use the
second one. That is, when there is solid P, another snow collector is used to replace the present using one, and the
using one is weighted by an electronic balance with high accuracy (0.1g or 0.003mm).

If there is frost on the outer wall of the collector, it will be removed by using a dry hand towel. If there is solid
P on the rim of the collector, half of them (semi circular) will be removed and then the collector is weighted.
However, this phenomenon little happens because the rime of the CSPG is well designed.
Author's changes in manuscript: This sentence has been added: "If there is frost on the outside surface of the
collector, it will be wiped up by using a dry hand towel. In the rare cases of snowfall accumulating on the rim of

the collector, half of them (semi circular) will be removed before they are weighted. ".

Comments from Referees:
Is the precipitation measured by the DFIR configuration used to calculate the adjusted accumulation in
Equation (1) when the Pit gauge is used as the reference?

Author's response: In the revised version, the only reference is the DFIR shield around a CSPG (CSPGpgr) when
the catch ratio is calculated (except in part of Table 1).

Author's changes in manuscript: This part has been revised as:
2.2 Adjustment methods

This field experiment focuses on two key aspects. One is comparisons among the CSPGyn, CSPGsa, CSPGpt
and CSPGprr. Another purpose is to establish adjustment equations for the CSPGyy and the CSPGgp by using the
CSPGpgr as reference. To adjust the gauge-measured precipitation, Sevruk and Hamon (1984) have given the
general formula as:

F =KP +AP +AF,+AF, =P,

prx T AP, + AF, + AF, (1)
Where P is the adjusted precipitation, K is the wind-induced coefficient and Py is the gauge-measured
precipitation. P,, is the wetting loss, P is the evaporation loss, Py is trace precipitation and Ppgr is DFIR-shielding

precipitation. For the CSPG, P, is 0.23 mm for rainfall measurements, 0.30 mm for snow and 0.29 mm for mixed



precipitation (Yang, 1988; Yang et al., 1991), according to the measurements in the Tianshan valley site. Ren and
Li (2007) reported a mean value as about 0.19 mm for total precipitation over eastern China. The CSPG design
reduces P, to a value smaller than other losses in the warm, rainy season (Ye et al., 2004; Ren and Li, 2007). In
winter, Pe is already small (0.10-0.20 mm/day) according to results in Finland (Aaltonen et al., 1993) and
Mongolia (Zhang et al., 2004). To prevent evaporation loss in Chinese operational observations on some
particular days, e.g., hot and dry days or days of snow, precipitation is measured as soon as the precipitation event
stops (CMA, 2007a; Ren and Li, 2007). A precipitation event of less than 0.10 mm is beyond the resolution of the
CSPG and is recorded as a trace amount of precipitation (Py). Ye et al. (2004) recommended assigning a value of
0.1 mm, regardless of the number of trace observations per day.

In this field experiment, the CSPGyn, CSPGsa, CSPGpir and CSPGpgr has same Py, P.and Py, and they have
been well quantified as described above. Thus the focus of the present study is the wind-induced error. Wind may
be the most important factor influencing precipitation measurement in high mountain conditions.

The WMO has given Egs.(2)-(4) for the shielded Tretyakov gauge catch ratio versus daily wind speed (Ws, m
s at gauge height, and daily maximum and minimum temperatures (Tmax, Tmin, °C) O a daily time step for
various precipitation types (Yang et al., 1995; Goodison et al., 1998). These equations can be used over a great
range of environmental conditions (Goodison et al., 1998). Therefore, in this paper, the catch ratio (CR, %)

follows their definition by using CSPGpgr as reference.

CR,,, =103.1—-8.6W  +0.3T (2)
CR,. =96.99—4.46N_ +0.88T _ +0.22T ©)
CR,_, =100.0— 4.7 °* (4)

Where CRgow (%), CRmix (%), and CR,in (%) are catch ratios for snow, mixed precipitation, and rain, respectively;
W, is wind speed at gauge height (m s™); Trmax and T, are daily maximum and minimum air temperatures (°C).
The CMA stations usually observe wind speeds at 10 m height, so Yang et al. (1991) have given Egs.(5)-(7) for
CSPG catch ratios versus daily mean wind speed W, (m s™) at 10 m height. These equations are based on the huge
precipitation gauge intercomparison experiment data at the Tianshan valley site and wind speed data at the

Daxigou station:

CR,,, = 100exp(—0.056W,,,) (0<W, <6.2) )
CR4i, =100exp(—0.04W,,,) (0<W, <7.3) (6)
CRmix = CRsnow - (CRsnow - CRrain)(Tmean + 2) 14 (7)

where Tpean is the daily mean air temperature (°C).

In this paper, two types of equations are established. One is for easy application by using 10m-height wind



speed during the period of precipitation in China. They are similar to and revisions of the Eqgs.(5)-(7). Another
type is similar to Eqgs.(2)-(4), which use daily mean wind speed at gauge height. For CSPG, the gauge height is 70
cm (Table 2).

Wind speeds at gauge height (Wg7) and 10 m height (Ws;0) were calculated by using half-hourly wind speed
data at 1.5 m (Wg 5) and 2.5 m heights (Ws,5), according to the Monin-Obukhov theory and the gradient method

(Bagnold,1941; Dyer and Bradley, 1982):

~InZ-InZ,

= 8
¥ Inl5-Inz, *° ©®

~W,,sIn1.5-W,,.In2.5
Wsz.s -W, 1.5

S|

Inz, 9)

Where Z is 0.7 m or 10 m.

Comments from Referees:

What is the frequency of each type of observation (precipitation, wind speed, temperature)?  This is important in
terms of how representative the conditions are for each measurement.

Author's response: Each type of observation in the meteorological tower is observed every 30 seconds, and they
are saved every half an hour (mean or sum).

Author's changes in manuscript: The following sentences have been added: 'They are observed every 30 seconds

and are saved as half-hourly values (sum or mean).'

Comments from Referees:

c. Results

As indicated by Reviewer 2, the details of phase discrimination are critical, and must be included in the
manuscript.

With the method of phase discrimination used, how representative is the phase for each measurement? How can
you be sure, for example, that a certain event was only snow, and not some combination of snow with mixed
precipitation, ice pellets, etc.?

Author's response: As we know, the best method to classify the P type is measured directly by using instrument
such as raindrop spectrograph, double-polarization radar Doppler, etc. But we have not such instruments at our
site. The traditional method is distinguished manually. This method is described in detail in the CMA's criterion.
Though this method is some rough, it is used at the CMA's stations all over China in the past 50-60 years.
Therefore, it is also used at out site. Surely this kind of observation is not satisfactory.

The present methods of phase discrimination have been reported in the literatures, and we will cite and describe



them in the paper. But this kind of method is not better than the manual observation method for CSPG in China:

1) Its accuracy is not higher than manual observation;

2) Their reference data are still P phase data measured manually at the CMA's stations (distinguished by
observer's eyes);

3) The used air temperature, dew point or wet bulb temperature of the present phase classification method is the
average just before precipitation, during precipitation, or daily? The parameter of this kind of method also varied
spatially.

Author's changes in manuscript: The following paragraph is added in the text:

' The precipitation phase (snow, rain and mixed) is discriminated by observer according to the CMA's criterion
(CMA, 2007b). This method has been used since the 1950s at the more than 700 stations in China. Based on the
CSPG measurements, several methods of phase discrimination have been reported, such as the air temperature
index method (e.g. Zhang et al., 2004; Ye et al., 2004; Chen et al., 2014b ), dew point index method (e.g. Chen et
al., 2014b), and the new wet bulb temperature index method (Ding et al., 2014). However, the parameters of these
method vary largely in spatial, and their reference precipitation phase data are still from the CMA's stations. '

In the new Chapter 4.3 UNCERTAINTIES OF THE EXPERIMENT, the following words are added:

Although the measurements procedure is based on the CMA's criterion, the manual observation has low
frequency, and as a result, some precipitation events are summarized as one event especially in the evening. The
automatic meteorological tower can observe half-hourly precipitation and wind speeds during the precipitation
period, but the CSPGyn, CSPGsa, CSPGpir and CSPGprr are observed two times per day. In this field
experiment, the precipitation phase is also discriminated by the observers. This method is somewhat rough though

it has been the standard way since the 1950s at the CMA stations.

Comments from Referees:
In Section 3.1, why is the reference changed for the 2012-2014 rainfall observations? Would it not make more
sense to use the same reference (pit) for all rainfall events?

Author's response: According to the Reviewer 1's advices, the only reference for all P phase is CSPGpgir. In the
revised version, we just compare the CSPG with different shields. Now who is reference is not so important,
because they are all intercompared.
Author's changes in manuscript: This part has been revised as: "
3.1 Precipitation gauge intercomparison for rainfall

Good linear correlations are found among the four CSPG installments (Fig.2). From September 2010 to April

2015, the CSPGp;r caught 4.7% and 3.4% more rainfall than the CSPGyy and the CSPGsa respectively



((CSPGp1-CSPGN)/CSPGyN*100; similarly hereinafter). The CSPGsa caught 1.3% more rainfall than the
CSPGyy (Table 3).

During the period from September 2012 to April 2015, the CSPGsa, CSPGpr and CSPGprr caught 0.9%, 4.5%
and 3.4% more rainfall than the CSPGyy, respectively. The CSPGpr and the CSPGpgr caught more 3.6% and 2.5%
rainfall than the CSPGsa, respectively. Whereas the CSPGpgr caught 1.0% less rainfall than the CSPGpt (Table
3, Fig.2). Comparative studies indicate that the CSPGp1 catches more rainfall and total P than the CSPGpgr Or

the other gauges (Table 3, Fig.2). "

Comments from Referees:

On P. 2208, lines 5-6, you note that ‘comparative studies indicate that the Pit gauge CR is superior to that of the
DFIR or the other gauges (Fig. 2)’. How is this clear from

Fig. 2? | see a near 1:1 relationship between the Pit and DFIR configurations, and no comparison plots are shown
for the CSPG and Alter relative to the DFIR.

Author's response: This note is based on the rainfall amounts, because the CSPGp;r measures more P than the
CSPGprr. It may be not reasonable. Thus in the revised version, we have deleted all these kinds of conclusions.
The Fig.2 is also redrawn.

Author's changes in manuscript: The section 3.1 has been revised as described above. The Fig.2 and Table 3 are
also revised:

Table 3. Summary of precipitation observations at the Hulu watershed intercomparison site, 2010-2015.

Total precipitation and catch ratio (CR., %) o
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Figure 2. Intercomparison plots among CSPGyy, CSPGsa, CSPGpir and CSPGppr for the rainfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.

Comments from Referees:

Given the potential for spatial variability in falling precipitation, are the differences among the different
configurations significant in rain? Is the Pit configuration really ‘superior’ if the maximum difference is less than
5%? What is the estimated uncertainty for the manual observations?

Author's response: All these kinds of statements are deleted in the revised version.

Author's changes in manuscript: The section 3.1 has been revised as shown above.



Comments from Referees:

In Section 3.2, the Pit configuration catches about 2.5% more mixed precipitation than DFIR — is this significant?
Author's response: All these kinds of statements are deleted in the revised version.
Author's changes in manuscript: The section 3.2 has been revised as :
3.2 Precipitation gauge intercomparison for mixed precipitation

From September 2010 to April 2015, a total of 44 mixed precipitation events were observed. The CSPGpt
caught 12.1% and 5.6% more mixed P than the CSPGyy and the CSPGgp, respectively. The CSPGsy caught 6.1%
more mixed P than the CSPGyy (Table 3). From September 2012 to April 2015, the CSPGsa, CSPGpir and
CSPGp)rr caught 7.7%, 15.6% and 14.2% more mixed P than the CSPGyy, respectively. The CSPGpt and the
CSPGpgir caught more 7.3% and 6.0% mixed P than the CSPGsa, respectively. Whereas the CSPGpgir caught 1.2%
less mixed P than the CSPGpt (Table 3).

Good linear correlations are observed among the gauges (Fig.3). The CSPGpr caught more mixed precipitation
than the CSPGpgir in the near three successive years. The linear relationship is statistically significant with an R
value as about 0.98 (Fig.3f). Thus the CSPGpt instead of the CSPGprir could be selected as the reference gauge

for the CSPGyy and the CSPGs at the experimental site.

Comments from Referees:

d. Catch ratio vs. wind speed (Section 3.4)
When fitting the data, were any other curve types tried (besides linear)? The R2 values throughout suggest poor fit
quality. These poor fits could result, at least in part, from the lower threshold accumulation for precipitation
events (1 mm) relative to previous studies (3 mm).
Author's response: The best fitting curve types have been used after the new data are added in the revised version
(Table 4 and some equations). Most of them are not linear. Their reliability is tested by using F-test method.

For rainfall, precipitation events or daily P greater than 3.0mm are chosen, but for snowfall and mixed, the
critical value of 1.0mm is used because there is few event greater than 3.0mm.

Author's changes in manuscript: A new Table 4 are added:



Table 4. Catch ratio (CR) vs. wind speed relations at the Hulu watershed intercomparison site, 2012-2015.

N
Temporal Phase+s| Gauges+ Best catch ratio (CR) vs. wind speed relation*+ P No. of F-teste
scales (mm)~| eventsd|
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4 *: W, 14-Wind speed during period of precipitation at 10 m height; W, ~-Daily mean wind speed at gauge height (0.7 m for CSPG).+

Comments from Referees:
I recommend referring to the application of the equations as ‘adjustments’ rather than “calibrations.’

Author's response: OK.

Author's changes in manuscript: A total of 12 ‘calibrations ' or ‘calibrate’ are replaced.

Comments from Referees:

Given the limited number of points and poor fit quality, would you recommend using these equations for adjusting
precipitation measurements from a CSPG in unshielded or single-Alter configurations? | think that these results
can be presented with the objective of illustrating general trends, but I question the applicability of the resulting
adjustment equations, and whether they should be presented with this purpose in mind.

Author's response: The new equations are tested by using F-test method. The data are updated to April 30 2015,



the results would be improved now.
Author's changes in manuscript: A new Table 4 are added as shown above. The text and equations are revised.

Now a total of 14 effective equations are listed (Egs. (10)-(23)).

Comments from Referees:

There is so much scatter in Fig. 8a that | don’t think you can say that the ‘Pit/DFIR CR is approximately 1” (P.
2210, lines 16-18). This statement is based on a linear fit with a very low R2 value.

Author's response: All these kinds of statements are deleted in the revised version. The figures are redrawn after
data updated.

Author's changes in manuscript: The Fig.8 has been replaced by Fig.6:
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Figure 6. Catch ratios (CRs) vs. wind speed for the mixed precipitation event (a and b) and the daily mixed
precipitation (c and d) greater than 1.0mm.
The section "*3.4.2 Mixed precipitation catch ratio vs. wind speed'* has been revised as:
For the mixed precipitation events, the CRunprirmixed @10 CRsaprirmixed VS. Wsio relations are exponential
(Table 4, Fig.6). The CRs vary largely from about 60% to 120%. For the CSPGyy, the exponential relationship Eq.

(12) passes the F-test when a<0.10, whereas for the CSPGsa, the Eq.(13) doesn't pass but has a o value of about



0.16 (Table 4).
Fig.6 about here

CRUN/DFIR,Mixed =102.9¢ 7w 0<W,14<5.9 (12)

CRsuorir Mived = 102.4¢ 7% 0<W;s10<5.9 (13)

On daily scale, the best relationships between mixed precipitation CRs and wind speed at gauge height (W 7)
are power law expressions (Table 4, Fig.6). Similarly, for the CSPGyy, the Eq. (14) passes the F-test when a<0.10,
whereas the Eq.(15) doesn't with a o value of about 0.12 (Table 4).

CRUN/DFIR,Mixed = 88.49W56(_)7'20 0<Ws07<2.9 (14)

CRSA/DFIR,Mixed = 93-64Ws5(.)%12 0<Wq 7<2.9 (15)

From Eg. (3), air temperature may also affect the mixed precipitation CRs on daily scale. Egs. (16)-(17) are

established as follows. However, these two new equations don't pass the F-test when a=0.20.

CRuu o i = 13.83W 55" +1.25T  —0.88T,, +62.21 a=0.20  (16)

CRyyorir wies = 10. 7AW, 4™ +0.85T  —0.18T,, +76.20  0=0.29 (17)

Where Tax and Tpin is the daily maximum and minimum air temperature (°C), respectively.

Comments from Referees:

Also for Fig. 8a — given the scatter observed, one cannot really state with confidence that ‘wind speed has little
effect’ (P. 2210, line 17).

Author's response: The confidence is added by using F-test in Table 4 in the new revised version (data are updated
to April 30 2015.).

Author's changes in manuscript: It has been revises as shown above.

Comments from Referees:

For Fig. 8c, the magnitude of the slope is larger than for Alter/DFIR CR in Fig. 8b, yet it is stated that ‘wind speed
has no significant effect on Pit/DFIR CR’ (P. 2211, line 10).
Author's response: They are revised.

Author's changes in manuscript: It has been revises as shown above.



Comments from Referees:

The scatter in values from about 0.8 to 1.2 should also be noted.
Author's response: ok.

Author's changes in manuscript:

Comments from Referees:

3. Proposed technical corrections

P. 2203, line 3: add comma after ‘sytematic errors’

Author's response:: ok.

Author's changes in manuscript: It has been widely recognized that gauge-measured precipitation has systematic
errors, mainly caused by wetting, evaporation losses and wind-induced undercatch, and snowfall observation

errors are very large under high wind (Sugiura et al., 2003).

Comments from Referees:

P. 2203, line 5: change ‘It would affect’ to *These errors affect’
Author's response:: ok.
Author's changes in manuscript: These errors affect the available water evaluation in a large humber of economic

and environmental applications (Tian et al., 2007; Ye et al., 2012).

Comments from Referees:

P. 2203, line 8: change ‘an UK’ to a ‘UK’
Author's response:: ok.

Author's changes in manuscript: Rodda (1967) compared the catch of a UK 5” manual gauge ...
Comments from Referees:

P.2203, line 15: change ‘Reference (DFIR) with a shielded Tretyakov gauge’ to ‘Reference (DFIR) shield with a
manual Tretyakov gauge’

Author's response:: ok.

Author's changes in manuscript: the Double Fence International Reference (DFIR) shield with a Tretyakov shield

was designated the reference standard snow gauges configuration (Goodison et al., 1998)



Comments from Referees:

P.2203, line 16: change ‘standard snow gauges’ to ‘standard snow gauge configuration’
Author's response:: ok.
Author's changes in manuscript: the Double Fence International Reference (DFIR) shield with a Tretyakov shield

was designated the reference standard snow gauges configuration (Goodison et al., 1998)

Comments from Referees:

P.2203, lines 19-20: ‘Considering the automation of precipitation measurements’ — this statement is unclear;
please elaborate.

Author's response:: ok.

Author's changes in manuscript: It is revised as: ' Because automation of precipitation measurements are

widespread '.

Comments from Referees:

P.2203, lines 24-25: The WMO-SPICE project employs several different reference configurations, not just
automatic gauges in the DFIR shield (see, for example, the report from the second session of the SPICE-IOC:
http://www.wmao.int/pages/prog/www/IMOP/reports/2012/10C-SPICE-2.pdf).

Author's response:: ok.

Author's changes in manuscript: It is revised as: 'the WMO-SPICE project still selected DFIR shield as part of the

reference configurations.'

Comments from Referees:

P. 2204, line 5: change *precipitation is concentrated in warm season’ to ‘precipitation occurs most frequently
during the warm season’

Author's response:: ok.

Author's changes in manuscript: It is revised as: ' Annual precipitation is about 447.2 mm during 2010-2012 and

precipitation occurs most frequently during the warm season from May to September at this site.'

Comments from Referees:

P. 2204, line 3: change to ‘The DFIR shield has been operated as part of reference configurations at 25 stations: : :’

and please apply this type of terminology throughout



Author's response:: ok.
Author's changes in manuscript: It is revised as: ' The DFIR shield has been operated as part of reference
configurations at 25 stations in 13 countries around the world (Golubev, 1985; Sevruk et al., 2009), but deviations

from the DFIR measurements vary by gauge type and precipitation type (Goodison et al., 1998). "

Comments from Referees:

P. 2204, line 6: change to ‘in the valley site’

Author's response:: ok.

Author's changes in manuscript: In China, the Chinese standard precipitation gauge (CSPG) and the Hellmann
gauge were firstly compared by using DFIR shield as reference configurations in the valley site of Tianshan (43°7’

N, 86°49' E, 3720 m),

Comments from Referees:

P. 2204, line 9: change to ‘at the open Daxigou Meteorological Station’
Author's response:: ok.
Author's changes in manuscript: CSPG catch ratio equations were based on the 10 m height wind speed at the

open Daxigou Meteorological

Comments from Referees:

P. 2204, line 12: change to ‘for the CSPG’

Author's response:: ok.

Comments from Referees:

P. 2204, lines 13-14: change ‘neighborhood’ to ‘neighboring’
Author's response:: ok.

Author's changes in manuscript: rivers in China and neighboring countries, accurate precipitation data

Comments from Referees:

P. 2204, line 14: change to ‘accurate precipitation data are urgently needed’
Author's response:: ok.

Author's changes in manuscript: accurate precipitation data are urgently needed.



Comments from Referees:

P. 2204, line 15: change to ‘conducted in or reported from’

Author's response: This sentence has been deleted in the new version, and now it don't need revise.

Comments from Referees:

P. 2204, line 16: change “around regions’ to ‘surrounding regions’

Author's response: This sentence has been deleted in the new version, and now it don't need revise.

Comments from Referees:

P. 2204, line 16: change *here it presents four-years gauge intercomparison experiment’to ‘we present a four-year
Intercomparison experiment’.

Author's response:: ok.

Author's changes in manuscript: Therefore, we present a nearly five-year intercomparison experiment in the
Qilian mountains at the northeastern Tibet Plateau, China, to establish adjustment equations for the widely used

unshielded and single Alter shield (Struzer, 1971) around CSPGs (CSPGy and CSPGsp).

Comments from Referees:

P. 2204, line 23: change to ‘Alter shield (Alter) was selected as another Intercomparison configuration for the
present study’

Author's response:: ok.

Author's changes in manuscript: The Single Alter shield (SA) is used by the CMA to enhance catch ratios of
automatic gauges (Yang, 2014), so the SA shield was selected as another intercomparison configuration for the

present study.

Comments from Referees:

P. 2204, line 28: change to ‘rarely exceed 10 cm in most parts of China’

Author's response: This sentence has been deleted in the new version, and now it don't need revise.

Comments from Referees:

P. 2205, line 1: Pit and DFIR catch ratios relative to which reference?
Author's response: This part has been revised according to the Reviewer 1's advices.

Author's changes in manuscript: The CSPGpgr is the only reference.



Comments from Referees:

P. 2205, line 3: add comma after ‘wind speeds’

Author's response: This part has been revised according to the Reviewer 1's advices.

Comments from Referees:

P. 2205, lines 7-8: change to ‘mountains, on the northeastern edge of the Tibet plateau’
Author's response: ok.
Author's changes in manuscript: watershed in the Qilian mountains, on the northeastern edge of Tibet Plateau,

China

Comments from Referees:

P. 2205, line 10: change to ‘and is concentrated during the warm season’
Author's response: ok.
Author's changes in manuscript: Annual precipitation is about 447.2 mm during 2010-2012 and is concentrated

during the warm season from May to September at this site.

Comments from Referees:

P. 2205, line 20: change “Alter shelter’ to “Alter shield;” apply this change throughout the manuscript
Author's response: ok.
Author's changes in manuscript: It has been revised throughout the manuscript according to the Reviewer 1's

advices.

Comments from Referees:

P. 2205, line 22: change to ‘a Double Fence Intercomparison Reference shield with a Tretyakov-shielded CSPG’
Author's response: ok.

Author's changes in manuscript: The intercomparison experiments included (1) an unshielded CSPG (CSPGyy;
orifice diameter=20 cm, height=70 cm), (2) single Alter shield around a CSPG (CSPGsa), (3) a CSPG in a pit

(CSPGp)7), and (4) a DFIR shield with a Tretyakov-shielded CSPG (CSPGpgr) (Fig.1, Table 2).

Comments from Referees:

P. 2205, line 24: add comma after ‘precipitation events’, and add ‘the” between “in’ and ‘warm season’



Author's response: ok.
Comments from Referees:

P. 2206, line 2: add comma after ‘warm season’

Author's response: ok.

Comments from Referees:

P. 2206, line 7: change to ‘is the wetting loss’ and ‘is the evaporation loss’
Author's response: ok.

Author's changes in manuscript: Py, is the wetting loss, P, is the evaporation loss,

Comments from Referees:

P. 2206, line 10: remove ‘and’ preceding ‘0.30 mm’
Author's response: ok.
Author's changes in manuscript: Py, is 0.23 mm for rainfall measurements, 0.30 mm for snow and 0.29 mm for

mixed

Comments from Referees:

P. 2206, line 12: change to ‘value smaller than the other losses’
Author's response: ok.
Author's changes in manuscript: The CSPG design reduces P, to a value smaller than other losses in the warm,

rainy season

Comments from Referees:

P. 2206, line 17: change to ‘number of trace observations per day’
Author's response: ok.

Author's changes in manuscript:  regardless of the number of trace observations per day.

Comments from Referees:

P. 2206, line 18: change to “The most important factor’
Author's response: ok.
Author's changes in manuscript: Wind may be the most important factor influencing precipitation measurement in

high mountain conditions.



Comments from Referees:

P. 2207, line 10: change to “This field experiment focuses on two key aspects.’
Author's response: ok.

Author's changes in manuscript: This field experiment focuses on two key aspects. One

Comments from Referees:

P. 2207, lines 10-11: change ‘observations comparisons’ to ‘observation comparisons’
Author's response: ok.

Author's changes in manuscript: observation comparisons

Comments from Referees:

P. 2207, line 17: change to “a total of 578 precipitation observations were recorded’
Author's response: ok. Precipitation events are added to 608.
Author's changes in manuscript: From September 2010 to April 2015, a total of 608 precipitation events were

recorded at the intercomparison site for CSPGyn, CSPGsa and CSPGp 1, respectively (Table 3).

Comments from Referees:

P. 2207, lines 18-19: change ‘happened’ to ‘occurred’ each time
Author's response: ok.

Author's changes in manuscript: A total of 8 'happened' are replaced.

Comments from Referees:

P. 2207, line 25: change to ‘was selected as the reference configuration for rainfall events, and 479 events’
Author's response: OK.

Author's changes in manuscript: This sentence is deleted in the new version.

Comments from Referees:

Fig. 2: text indicates these data are from Sept. 2012 to Sept. 2014, while caption indicates Sept. 2010 to Sept.
2014. Which data are plotted here?

Author's response: In the original Fig.2a and Fig.2b, the data are from Sept. 2010 to Sept. 2014, whereas in the

Fig.2c, it is from Sept. 2010 to Sept. 2014. In the text, it compares the CSPGp;r and CSPGpgr. Thus, data only



can be compared from Sept. 2010 to Sept. 2014.
Author's changes in manuscript: In the new revised version, this question has been revised in the whole

manuscript. Fig.2 is revised as shown above.

Comments from Referees:
P. 2208, line 12: change ‘liner’ to ‘linear’
Author's response: ok. Reviewer 1 also give this advice.

Author's changes in manuscript: A total of 3 "liner" has been corrected.

Comments from Referees:

P. 2208, line 14: change ‘means’ to ‘suggests that’; the latter is more appropriate, given the limited dataset
Author's response: ok.

Author's changes in manuscript: This sentence has been deleted according to your above and Reviewer 1's

advices.

Comments from Referees:

P. 2208, line 15: change to ‘Figures 4a and 4b compare 32 mixed’

Author's response: ok.

Author's changes in manuscript: Section 3.2 has been rewritten. All the arbitrary words are deleted. This sentence

has also been deleted.

Comments from Referees:

P. 2208, lines 16-17: consider changing to ‘from which it is evident that the mixed: : :’

Author's response: ok.

Author's changes in manuscript: This part has been revised according to your above and Reviewer 1's advices.

This sentence has also been deleted.

Comments from Referees:
P. 2208, line 18: change to “: : :to 2 mm, with minimal scatter and no apparent outliers.’
Author's response: ok.

Author's changes in manuscript: This part has been revised according to your above and Reviewer 1's advices.



This sentence has also been deleted.

Comments from Referees:

P. 2208, line 22: change to ‘gauge for mixed precipitation’

Author's response: ok.

Author's changes in manuscript: This part has been revised according to your above and Reviewer 1's advices.

This sentence has also been deleted.

Comments from Referees:

P. 2208, line 24: change to ‘a total of 26 field observations’

Author's response: ok.

Author's changes in manuscript: From September 2010 to April 2015, a total of 44 mixed precipitation events

were observed.

Comments from Referees:
P. 2209, line 4: change to ‘close linear relationships are observed between’
Author's response: ok.

Author's changes in manuscript: Good linear correlations are observed among the gauges (Fig.3).

Comments from Referees:

P. 2209, line 5: change to ‘From Fig. 5c, there is a linear correlation between’

Author's response: ok. Fig.5 has been changed as Fig.4.

Author's changes in manuscript: From Fig.4f, there is a linear correlation existed between the CSPGpir and the

CSPGDHR (CSPG DFIR=1-029CSPGPIT| R2=0994)
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Figure 4. Intercomparison plots among CSPGyn, CSPGsa, CSPGpir and CSPGprir for the snowfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.

Comments from Referees:

P. 2209, line 16: change “This means that’ to ‘This suggests that’

Author's response: ok.

Author's changes in manuscript: This suggests that the CSPGpt could be used as the reference gauge for snow

precipitation events at the experiment site.



Comments from Referees:

P. 2212, lines 2-3: change to : : :and the ratios of Pit/CSPG for snowfall and mixed precipitation were 1.199 and
1.078, respectively’

Author's response: ok.

Author's changes in manuscript: In the Hulu watershed, the ratios of CSPGpgr/CSPGyy for snowfall and mixed
precipitation were 1.165 (Fig.4c) and 1.072 (Fig.3c), and the ratios of CSPGp1/CSPGyy for snowfall and mixed

precipitation were 1.162 (Fig.4b) and 1.082 (Fig.3b), respectively.



Interactive comment on “Precipitation measurement intercomparison in the

Qilian Mountains, Northeastern Tibetan Plateau” by R. Chen et al.

M. Wolff (Referee)
mareilew@met.no
Received and published: 4 June 2015

Comments from Referees:

Precipitation measurements intercomparison in the Qilian Mountains, Northeastern Tibetan Plateau” by R. Chen
et al. presents a 4-year data series from four different precipitation sensor configurations. The standard Chinese
manual precipitation gauge CSPG in its original configuration was compared with the same gauge in a pit gauge
configuration, inside a DFIR-shield (similar constructed as the WMO-recommended Double Fence
Intercomparison Reference) and with a single Alter shield. Accumulation scatter plots, catch ratios for the whole
time series as well as catch ratios per event are shown. Special attention is drawn to the comparability of the pit
gauge configuration with the double fence configuration and the authors argue that the pit gauge could act as a
reference of equal or better quality than the usual double fence reference.

The presented data set is indeed valuable as precipitation measurements with the possibility to compare to
reference set ups are generally sparse. The wide use of the Chinese standard gauge CSPG in China justifies further
tests of its performance and the evaluating of possible adjustment functions and their ability to improve standard
precipitation measurements performed by this gauges is of interest. Furthermore, the evaluation of the pit gauge as
a reference for sites with low annual snow cover and very limited blowing snow is valuable.

Within the WMO Solid Precipitation Intercomparison Experiment (SPICE) a number of precipitation gauges
are currently tested, but additional studies on evaluations of those or other gauge configurations are very welcome
as they will add to our knowledge about precipitation measurements. Thus, significant results of the presented
study fit into the special issue “The World Meteorological Organization Solid Precipitation InterComparison
Experiment (WMO-SPICE) and its applications” (AMTD/ESSDD/HESSD/TCD Inter-Journal SI)".

However, the described analysis methods, the presented results and discussions in this manuscript are in a
rather premature state and the drawn conclusions are partly speculative. | encourage the authors to perform further
analyses on their data and to revise their manuscript substantially.

Author's response: Thank you very much for your good advices.

Author's changes in manuscript: After three Reviewer's advices, now the manuscript has been majorly revised and



been improved. Major revisions include:

1) The data are updated till April 30 2015, so the precipitation events especially the snowfall and mixed events
are added which improves the certainties of the correlations between catch ratio and wind speed;

2) The CSPG with a DFIR shield is used as the only reference;

3) Best relationship are found between catch ratio and wind speed, and their probabilities are tested by F-test;

4) Two kinds of adjusting equations are established. One is for easy application by using 10m-height wind
speed during the period of precipitation in China. Another type is similar to Eqs.(2)-(4), which use daily mean
wind speed at gauge height (0.7m);

5) The Abstract, Introduction, Data and Methods, Results and Discussion, and Conclusions are all rewritten.
Tables and Figures are redrawn. Some references are added. Two figures are deleted, whereas a new important
Table 4 is added.

6) A new section ‘4.3 Uncertainties of the experiment' is added.

Comments from Referees:
General comments:

Abstract: The abstract contains a lot of details and very little general information about the background and
goals of the study. It is not written very clear and needs substantial improvement The word calibration is not used
correctly. As no absolute truth is known you are hardly able to calibrate your precipitation measurements, but
rather correct or adjust them. | suggest replacing “calibration equation” with “adjustment equation” and
“calibration” with “adjustment”.

Author's response: Thank you very much for your good advices.

Author's changes in manuscript: 1) The first sentence is rewritten as: 'Systematic errors in gauge-measured
precipitation are well-known, but the wind-induced error of Chinese standard precipitation gauge (CSPG) has not
been well tested.' ; 2) All the ‘calibration ' and ‘corrected' are replaced as ‘adjustment ' or ‘adjusted’ according to

your and Reviewer 3's advices.

Comments from Referees:

You refer to two sets of adjustment equations for the CSPG by Goodison et al. (1998) and Yang et al. (1991, 1995)
and state an uncertainty connected to these equations without applying the equations to your data or comparing
them to your adjustment functions. Your results and the results from Yang et al (1991) are very similar (as

presented in subsection 4.1), which can be also supported by the similar climatology of these sites and their



relative proximity. It remains unclear why you see the need for developing new equations Comparison with other
studies.

It is neither documented why your equations should be superior to the cited equations. Instead of developing a
new set of equations, it would be very valuable to thoroughly test and evaluate the existing equations with your
dataset. And only in cases of obvious discrepancies you should start the effort of trying to improve the earlier
suggested adjustments.

Author's response: This question has been described clearly in the revised versions. Yang et al. have conducted
systematic precipitation intercomparison experiments and observed huge and valuable data at the Tianshan site.
Because of the contemporary economy conditions during 1987-1992, there are no observed wind speed data at the
Tianshan site. The used wind speed data are observed at Daxigou station (Yang et al., 1991). The distance is about
1.7km between the Tianshan site and Daxigou site, which would induce some uncertainties.

Author's changes in manuscript: The third paragraph of the Introduction is revised as :

The DFIR shield has been operated as part of reference configurations at 25 stations in 13 countries around the
world (Golubev, 1985; Sevruk et al., 2009), but deviations from the DFIR measurements vary by gauge type and
precipitation type (Goodison et al., 1998). In China, the Chinese standard precipitation gauge (CSPG) and the
Hellmann gauge were firstly compared by using DFIR shield as reference configurations in the valley site of
Tianshan (43°7' N, 86°49" E, 3720 m), during the third WMO precipitation measurement intercomparison
experiment from 1987 to 1992 (Yang, 1988; Yang et al., 1991). The wetting, evaporation losses and trace
precipitation of CSPG were well quantified based on the huge observation data. Because there are not wind data at
the intercomparison site (Yang et al., 1991; Goodison et al., 1998), for the wind-induced undercatch, the derived
CSPG catch ratio equations were based on the 10 m height wind speed at the open Daxigou Meteorological
Station (43.06°, 86.5°E, 3540 m; Yang, 1988; Yang et al., 1991). The distance is about 1.7 km between the
Daxigou site and the Tianshan valley site thus their wind speeds are different, inducing uncertainty in the catch
ratio equations established by Yang et al. (1991) for the CSPG. During the period from 1992 to 1998, Ren and Li
(2007) had conducted an intercomparison experiment at 30 sites (altitude varies from about 4.8 m to 3837 m) over
China, and they used the pit as reference shield. A total of 29,000 precipitation events had been observed.
However, the DFIR was not used as reference configurations, and there were only 3 stations located in the West
Cold Regions of China (Chen et al., 2006) where the solid precipitation often occurred. Blowing snow and thick
snow cover have traditionally limited the pit’s use as a reference shield for snowfall and mixed precipitation
(snow with rain, rain with snow). Ye et al. (2004, 2007) developed a bias-error adjusting method based on the

observed data from 1987 to 1992 at the Tianshan valley site, and they found a new precipitation trend according to



the adjusted precipitation data over the past 50 years in China (Ding et al., 2007). The new adjusted precipitation
would change the knowledge on water balance in many basins in China (Tian et al., 2007; Ye et al., 2012).
Although adjustment procedures and reference measurements were developed in several WMO international
precipitation measurement intercomparisons (Goodison et al., 1998; Sevruk et al., 2009; Yang, 2014), and several
bias-error adjusting methods had been put forward for the CSPG (Ye et al., 2004, 2007), the wind-induced error of
CSPG had not been well tested especially in the cold and high regions such as the Tibetan Plateau, China. In these
cold regions, solid precipitation often occurs and additional attention must be paid to wind-induced errors of
gauge measured precipitation. Because of the limited intercomparison observation data in China, Ma et al. (2014)
used the adjusted equations from surrounding countries except for the results from Tianshan China (Yang et al.,
1991) to correct the wind-induced errors on Tibetan Plateau. However, their precipitation gauges are Tretyakov,
MK2, Nepal2003, Indian and U.S. 8" in the surrounding countries. As the third pole in the world, the Tibetan
Plateau is an ecologically fragile region and the source of several large rivers in China and neighboring countries,
accurate precipitation data are urgently needed. Therefore, we present a nearly five-year intercomparison
experiment in the Qilian mountains at the northeastern Tibet Plateau, China, to establish adjustment equations for

the widely used unshielded CSPGs.

Comments from Referees:
Your chapter “Data and methods” is combining information about the geography and climatology of the site,
instrumentation and layout, measurement techniques, data corrections and the existing adjustment functions from

other authors. | suggest dividing into several subsections with appropriate names.

Author's response: Thank you very much. In the revised version, we rewire this chapter: 2.1 Intercomparison

experiments and relevant data; 2.2 Adjustment methods. Some descriptions are changed. The text are adjusted and

improve.

Author's changes in manuscript:
2 Data and Methods
2.1 Intercomparison experiments and relevant data
Precipitation intercomparison experiments (Fig.1, Table 1) were conducted at a grassland site in the Hulu
watershed in the Qilian mountains, on the northeastern edge of Tibet Plateau, China (99°52.9', 38°16.1’, 2980 m).

A meteorological cryosphere-hydrology observation system (Chen et al., 2014a) has been established since 2008



in the Hulu watershed. Annual precipitation is about 447.2 mm during 2010-2012 and precipitation occurs most
frequently during the warm season from May to September at this site. The annual temperature is approximately
0.4 °C, with a July mean (Tynean) 0f 4.2 °C and a January mean of -4.1°C (Table 1). The annual evaporation ability
(Eo) is about 1102 mm (Table 1).

The intercomparison experiments included (1) an unshielded CSPG (CSPGyy; orifice diameter=20 cm,
height=70 cm), (2) single Alter shield around a CSPG (CSPGsa), (3) a CSPG in a pit (CSPGp7), and (4) a DFIR
shield with a Tretyakov-shielded CSPG (CSPGprr) (Fig.1, Table 2). The CSPGyyn, CSPGsa and CSPGpjr were
installed before September 2010, whereas the CSPGpgr Was installed in September 2012 (Table 2). In the cold
season (October to April), snowfall dominated the precipitation events, and in the warm season (May to
September), rainfall dominated. The precipitation amount (P) is measured manually twice a day at 08:00 and
20:00 LT (Beijing time) according to the CMA's criterion (CMA, 2007a). In the warm season, P is measured by
volume. In the cold season, the funnel and glass bottle are removed from the CSPG and precipitation is weighed
under a windproof box to avoid wind effects. If there is frost on the collector, it will be wiped up by using a dry
hand towel. In rare cases of snowfall accumulating on the rim of the collector, half of them (semi circular) will be
removed before they are weighted.

The precipitation phase (snow, rain and mixed) is discriminated by observer according to the CMA's criterion
(CMA, 2007b). This method has been used since the 1950s at the more than 700 stations in China. Based on the
CSPG measurements, several methods of phase discrimination have been reported, such as the air temperature
index method (e.g. Zhang et al., 2004; Ye et al., 2004; Chen et al., 2014b ), dew point index method (e.g. Chen et
al., 2014b), and the new wet bulb temperature index method (Ding et al., 2014). However, the parameters of these
methods vary largely in spatial, and their reference precipitation phase data are still from the CMA's stations.

Relevant variables such as air temperature (maximum and minimum; Tpax and Tpin) have been observed
manually at the site since June, 2009. A tower is used to measure wind speed (Lisa/Rita, SG GmbH; W) and air
temperature (HMP45D, Vaisala) at 1.5m and 2.5m heights in association with relative humidity (HMP45D,
Vaisala) and precipitation (Chen et al., 2014). They are observed every 30 seconds and are saved as half-hourly
values (sum or mean). The specific meteorological conditions at the site are summarized in Table 1.

Fig.1 about here
Table 1 and Table 2 about here
2.2 Adjustment methods
This field experiment focuses on two key aspects. One is comparisons among the CSPGyn, CSPGsa, CSPGpt

and CSPGprr. Another purpose is to establish adjustment equations for the CSPGyy and the CSPGgp by using the



CSPGprr as reference. To adjust the gauge-measured precipitation, Sevruk and Hamon (1984) have given the
general formula as:

P, =KP,+ AP + AP +AF, =P, + AP, + AP, + AF, )

Where P is the adjusted precipitation, K is the wind-induced coefficient and Py is the gauge-measured
precipitation. P,, is the wetting loss, P is the evaporation loss, Py is trace precipitation and Ppgr is DFIR-shielding
precipitation. For the CSPG, P, is 0.23 mm for rainfall measurements, 0.30 mm for snow and 0.29 mm for mixed
precipitation (Yang, 1988; Yang et al., 1991), according to the measurements in the Tianshan valley site. Ren and
Li (2007) reported the mean P,, was about 0.19 mm for the total precipitation over eastern China. The CSPG
design reduces P, to a near-zero value smaller than other losses in the warm, rainy season (Ye et al., 2004; Ren
and Li, 2007). In winter, P is already small (0.10-0.20 mm/day) according to the results in Finland (Aaltonen et
al., 1993) and Mongolia (Zhang et al., 2004). To prevent evaporation loss in Chinese operational observations on
some particular days, e.g., hot and dry days or days of snow, precipitation is measured as soon as the precipitation
event stops (CMA, 2007a; Ren and Li, 2007). A precipitation event of less than 0.10 mm is beyond the resolution
of the CSPG and is recorded as a trace amount of precipitation (Py). Ye et al. (2004) recommended assigning a
value of 0.1 mm, regardless of the number of trace observations per day.

In this field experiment, the CSPGyn, CSPGsa, CSPGpir and CSPGpgr has same Py, P.and Py, and they have
been well quantified as described above. Thus the focus of the present study is the wind-induced error. Wind may
be the most important factor influencing precipitation measurement in high mountain conditions.

The WMO has given Egs.(2)-(4) for the shielded Tretyakov gauge catch ratio versus daily wind speed (Ws, m
s™) at gauge height, and daily maximum and minimum temperatures (Tmax, Tmin, °C) On a daily time step for
various precipitation types (Yang et al., 1995; Goodison et al., 1998). These equations can be used over a great
range of environmental conditions (Goodison et al., 1998). Therefore, in this paper, the catch ratio (CR, %)

follows their definition by using CSPGpgr as reference.

CR,,, =103.1—-8.6W  +0.3T (2)
CR,. =96.99—4.46N_ +0.88T _ +0.22T ©)
CR,_, =100.0—4.7a °* (4)

Where CRgow (%), CRmix (%), and CR,in (%) are catch ratios for snow, mixed precipitation, and rain, respectively;

W is wind speed at gauge height (m s™); Tmax and Tmin are daily maximum and minimum air temperatures (°C).
The CMA stations usually observe wind speeds at 10 m height, so Yang et al. (1991) have given Egs.(5)-(7) for

CSPG catch ratios versus daily mean wind speed W; (m s™) at 10 m height. These equations are based on the huge

precipitation gauge intercomparison experiment data at the Tianshan valley site and wind speed data at the



Daxigou station:

CR.., = 100exp(—0.056W,,,) (0<W, <6.2) (5)
CR,,, =100exp(—0.04W,,) (0<W, <7.3) (6)
CI:\)mix = CRsnOW - (CRsnow - CRrain)(Tmean + 2) 14 (7)

where Tpean is the daily mean air temperature (°C).

In this paper, two types of equations are established. One is for easy application by using 10m-height wind
speed during the period of precipitation in China. They are similar to and revisions of the Egs.(5)-(7). Another
type is similar to Eqgs.(2)-(4), which use daily mean wind speed at gauge height. For CSPG, the gauge height is 70
cm (Table 2).

Wind speeds at gauge height (W 7) and 10 m height (Ws10) were calculated by using half-hourly wind speed
data at 1.5 m (Wg.5) and 2.5 m heights (W, 5), according to the Monin-Obukhov theory and the gradient method

(Bagnold,1941; Dyer and Bradley, 1982):

InZ-InZz,
- = "0 8
* Inl5-Inz, *° ©
Inz, - W,,In1.5-W, . In2.5 ©)

Wsz.s -W, 15

S!

Where Z is 0.7 m or 10 m.

Comments from Referees: The writing needs improvement. A complete language review of the manuscript needs
to be performed by the author.

Author's response: We have improved the language in the revised manuscript. Some reviewers have also helped to
improve the English.

Author's changes in manuscript: A language company has helped to improve the English.

Comments from Referees: Be consequent with denominator and nominator when using catch ratios. It is common
to apply the reference as denominator.
Author's response: Thank you. We have found this error now. The Reviewer 1 has also pointed it out. They have
been corrected in the revised version.
Author's changes in manuscript:  In section 2.1 INTERCOMPARISON EXPERIMENTS AND RELEVANT

DATA: Therefore, in this paper, the catch ratio (CR, %) follows their definition by using CSPGpgr as reference.



In all the equations, the CR is marked clearly, for example:

CRUN/DFIR,Mixed =102.9¢™*"Meu

Comments from Referees:
Specific comments:
Page 2203, line 9: Please check the height of the gauge, 30.5 m does not sound realistic
It is 30.5 cm. The Reviewer 1 has also pointed it out. Thank you.
Rodda (1967) compared the catch of a UK 5” manual gauge exposed normally at the standard height of 30.5 cm

above ground,

Comments from Referees:

Page 2203, line 11, line 13, line 14: Use the right and original references and cite appropriately for the three
WMO-reports.

Author's response: Ok. We have changed them. In addition, the first WMO experiment is added.

Author's changes in manuscript: Back in 1955, the World Meteorological Organization (WMO) conducted the
first precipitation measurement intercomparison (Rodda, 1973). Its reference is a Mk2 gauge elevated 1 m above
the ground and equipped with the Alter wind shield. But this reference does not show the correct amount of
precipitation. This could be why the first international intercomparison failed (Struzer, 1971). Rodda (1967)
compared the catch of a UK 5” manual gauge exposed normally at the standard height of 30.5 cm above ground,
with a Koschmieder-type gauge exposed in a pit. This gauge in a pit caught 6% more precipitation than the
normally exposed gauge. In the second WMO precipitation measurement intercomparison (Rain, 1972-1976), the
pit with anti-splash grid was designated the reference standard shield for rain gauges (Sevruk and Hamon,1984).
In the third WMO precipitation measurement intercomparison (Snow, 1986-1993), the Double Fence
International Reference (DFIR) shield with a Tretyakov shield was designated the reference standard snow gauges
configuration (Goodison et al., 1998). In the fourth WMO precipitation measurement intercomparison (Rain
Intensity, 2004-2008), different principles were tested to measure rainfall intensity and define a standardized

adjustment procedure (Lanza et al., 2005).



Comments from Referees:

Page 2203, line 16: No need to use three references for the fact that the DFIR was used as reference during the
WMO solid precipitation intercomparison by Goodison et al., 1998. The citation of the report is enough

Author's response: Ok. They are deleted both in the text and in the reference lists.

Author's changes in manuscript: See above paragraph.

Comments from Referees:

Page 2203, line 22 and line 28: Please add a reference for WMO-SPICE itself. Yang (2014) is related to the
SPICE effort, but it cannot be used as “the” SPICE reference as Goodison et al. 1998 for the WMO solid
precipitation intercomparison .

A SPICE website (http://www.wmo.int/pages/prog/www/IMOP/intercomparisons/SPICE/SPICE.html) exists,
which can be used as a citation for SPICE. On the site you also find published meeting reports with relevant
information and other publications related to SPICE. CIMO has also announced WMO-SPICE as an official
program in their report.

Page 2203, line 25: Please find a more suitable publication for the reference in SPICE on the website, for example
a TECO presentation related to SPICE references.

Author's response: Thank you very much. The "Yang, 2014" is replaced by the reference "Wolff, A. M., Nitu, R.,
Earle, M., Joe, P., Kochendorfer, J., Rasmussen, R., Reverdin, A., Sminth, C., Yang, D., and the SPICE-TEAM:
WMO Solid Precipitation Intercomparison Experiment (SPICE): Report on the SPICE Field Working Reference
System for precipitation amount, WMO, I0M No. 116, TECO-2014, World Meteorological Organization, Geneva,

Switzerland, 2014."

Author's changes in manuscript: Because automation of precipitation measurements are widespread, the WMO
Commission for Instruments and Methods of Observation (CIMO) organized the WMO Solid Precipitation
Intercomparison Experiment (WMO-SPICE; Wolff et al., 2014) to define and validate automatic field instruments
as references for gauge intercomparison, and to assess automatic systems and the operational networks for
precipitation observations. The WMO-SPICE project still selected DFIR shield as part of the reference

configurations.

Comments from Referees:

Page 2204, line 2: You are writing that additional attention must be paid to systematic errors of gauge measuring



precipitation. | could not find any further description of systematic errors in your manuscript which are not
already mentioned in Goodison et al (1998).

Author's response: ok.

Author's changes in manuscript: In these cold regions, solid precipitation often occurs and additional attention

must be paid to wind-induced errors of gauge measured precipitation.

Comments from Referees:

Page 2205, line 3: state already here, that the 10 m wind speeds you are using are adjusted values from wind
measurements at a different height.

Author's response: Yes, it's true. This is the bug of the experiment. Although the wind speeds are at 1.5 m and 2.5

m heights, they are observed at the same site as the precipitation intercomparison experiments.

Author's changes in manuscript: A new section 4.3 UNCERTAINTIES OF THE EXPERIMENT is added, and

its second paragraph is :

The used wind speeds at gauge height and at the 10 m height are not observed directly, but they are calculated
from the observed data at 1.5 m and 2.5m heights according to the Monin-Obukhov theory and the gradient
method (Egs.(8)-(9)). Although this method is widely used, it is effective only under neutral atmospheric
conditions. During the precipitation period from September 2012 to April 2015, Z, is about 0.06 m of the average
but it varies from near zero to 0.67 m. As shown in Fig.10, about 68.9% and 95.1% of Z; is lower than 0.05 m and
0.25 m, respectively. In the occasional cases that Z, is very large, the Z; is arbitrarily assigned a value (1/2 of grass

height at the site).
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Figure 10. The surface roughness during the precipitation period from September 2012 to April 2015.



Comments from Referees:

Page 2206, lines 2-18: That section remains very unclear. Which of the corrections described are you applying?
You cite concrete numbers for Pw (0.23 mm) and Pe (0.1-0.2mm, larger in summer). You describe Pe as very
small although in the same order of magnitude as Pw, why? Are you adding Pt = 0.1 mm per day to compensate
for trace events?

Page 2206, line9: do you mean that instead of calculating Pc, you can follow from equation 1, that PDFIR=K*Pg ?
Please clarify.

Author's response: We will rewrite this part again. We want to say, the Pw, Pe and Pt etc. have been acquired by
Yang et al. (1991), Ye et al. (2004) and Ren and Li (2007). Pe of CSGP is about zero for the rainfall. For the
snowfall, to prevent evaporation loss in Chinese operational observations on some particular days, e.g., hot and
dry days or days of snow, precipitation is measured as soon as the precipitation event stops (CMA, 2007a; Ren
and Li, 2007). In this paper, we will not discuss them. Because only CSPG is used, the difference among the
different installments (CSPGyy, CSPGsa, CSPGp r and CSPGpgr) are only caused by wind.

Author's changes in manuscript: This part has been rewritten as:

This field experiment focuses on two key aspects. One is comparisons among the CSPGyn, CSPGsa, CSPGpt
and CSPGpgr. Another purpose is to establish adjustment equations for CSPGyy and CSPGsa by using CSPGpgr
as reference. To adjust the gauge-measured precipitation, Sevruk and Hamon (1984) have given the general
formula as:

P, =KP,+ AP +AP +AF, =P, + AP, + AP, + AF, 1)

Where P is the adjusted precipitation, K is the wind-induced coefficient and Py is the gauge-measured
precipitation. P,, is the wetting loss, P is the evaporation loss, Py is trace precipitation and Ppgr is DFIR-shielding
precipitation. For the CSPG, P, is 0.23 mm for rainfall measurements, 0.30 mm for snow and 0.29 mm for mixed
precipitation (Yang, 1988; Yang et al., 1991), according to the measurements in the Tianshan valley site. Ren and
Li (2007) reported a mean value as about 0.19 mm for total precipitation over eastern China. The CSPG design
reduces P, to a value smaller than other losses in the warm, rainy season (Ye et al., 2004; Ren and Li, 2007). In
winter, Pe is already small (0.10-0.20 mm/day) according to results in Finland (Aaltonen et al., 1993) and
Mongolia (Zhang et al., 2004). To prevent evaporation loss in Chinese operational observations on some
particular days, e.g., hot and dry days or days of snow, precipitation is measured as soon as the precipitation event
stops (CMA, 2007a; Ren and Li, 2007). A precipitation event of less than 0.10 mm is beyond the resolution of the

CSPG and is recorded as a trace amount of precipitation (Py). Ye et al. (2004) recommended assigning a value of



0.1 mm, regardless of the number of trace observations per day.
In this field experiment, the CSPGyn, CSPGsa, CSPGpir and CSPGpgr has same Py, P.and Py, and they have
been well quantified as described above. Thus the focus of the present study is the wind-induced error. Wind may

be the most important factor influencing precipitation measurement in high mountain conditions.

Comments from Referees:

Page 2206, equations 2,3,4: Are these equations developed for CSPG? If so, apply to your data and discuss the
results

Author's response: They are not for CSPG. They are for shielded Tretyakov gauge. Here we want to use the forms

of these equations for CSPG. In the revised version, the equations are given for the CSPG.
Author's changes in manuscript: The equations include:

From Eg. (3), air temperature may also affect the mixed precipitation CRs on daily scale. Egs. (16)-(17) are

established as follows. However, these two new equations don't pass the F-test when a=0.20.

CRuu o mies = 13.83W 55 +1.25T  —0.88T,, +62.21 a=0.20  (16)

CRuyorim wies = 10. 7AW, 4™ +0.85T  —0.18T,, +76.20  0=0.29 (17)

Where Tax and Tpin is the daily maximum and minimum air temperature (°C), respectively.

Air temperature may also affect the snowfall CRs on daily scale as shown in Eq.(2). Egs. (22)-(23) are the new
equations associating with daily maximum air temperature. However, these two new equations are not better than

Egs. (20)-(21) according to their o value of F-test.

CRun/oFiR snow = 42.29W 5% —1.06T, , +55.91 a=4.2E-5 (22)

CRep iR snow = —9-46In(W,, ) - 0.31T,, +98.76 a=0.17 (23)

Comments from Referees:

Page 2207, line 4: | assume that the equations 5,6,7 are from Yang et al., (1991). It remains unclear why are you
citing Ye et al (2007). It seems, the latter was applying these equations, rather than developing them. You should
note that.

Author's response: ok. Ye et al. (2007) has been deleted.

Author's changes in manuscript: The CMA stations usually observe wind speeds at 10 m height, so Yang et al.



(1991) have given Egs.(5)-(7) for CSPG catch ratios versus daily mean wind speed W, (m s™) at 10 m height.
These equations are based on the huge precipitation gauge intercomparison experiment data at the Tianshan valley

site and wind speed data at the Daxigou station:

Comments from Referees: Page 2207, lines 17-21: How do you define a precipitation observation? From later in
the manuscript | understood that you were applying 3 mm in case of rain and 1 mm in case of snow and mixed
precipitation as some threshold. Are these criteria applied for the 578 and 253 observations?

Author's response: They are precipitation events. In the section 3.1, 3.2 and 3.3, total precipitation events are
intercompared. In the section 3.4, to decrease the CRs uncertainties caused by little precipitation, the threshold is
used. The threshold is only used for 283 events from September 2012 to April 2015, because the reference
CSPGperr is only observed during this period.

Author's changes in manuscript: In Table 3 and Table 4, it is clear in the revised version. Fig.2~Fig.4 now are also
Clear.

Table 3. Summary of precipitation observations at the Hulu watershed intercomparison site, 2010-2015.

Total precipitation and catch ratio (CR, %) lo
No. oft

Dater | Phase emtsd O e 100/ S5%0 1 10050 ) soaf €58Gumm ;1| SO ) 100/ S5 ) o0/ 52 ) 526y (mem| e | 100 S528m 1| |o5p0om gemm] CRA”

o~ \CSPG,, ) \CSPG,, )| | CSPGy, P~ \T5PG,, ) | CSPG,, ) |\ CSPG,, )
AlY | 608 1986.87(939 269 657 a 203819 96.4{ 380 o 211519 | 1002 a o s
Sep 2010 raine | 2800 170070955 134 470 a 1723 49 96.74 340 o 17814¢ | 1004 @ I ERW
Apr2015{ mixedd 44+ | 13000 [802 6.1¢ 1210 @ 1485 [ 0474 569 ) 1568¢ | 1002 @ @ s
mows| 84+ | 1462+ (8256 13.7¢ 210¢ @ 1662+ | 94.04 64+ @ 1769¢ | 100 e @ EN
Al o 2830( 1066.70( 040 2.0¢ 6.0 530 1088 4+ 96.94 390 320 113080 | 100.64 0.69 112370 [ 1004,
Sep 2012 raine | 2110 92070967 0900 130 340 92864 | 97.5 369 230 96180 | 101.04] 100 95224 | 1004,
Apr2013{ mixeds] 290 | T1.1¢ 876 730 1360 1420 T6.6¢ | 9434 730 600 8220 101.2+ -12¢ 812 1004,
snowe| 430 [ 7490 (820 111 16.0¢ 2060 8320 [92.14 140 850 86.9¢ 96.2¢ 390 9037 | 1004,

o

Table 4. Catch ratio (CR) vs. wind speed relations at the Hulu watershed intercomparison site, 2012-2015.
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Comments from Referees: Page 2208, line 6. | don’t agree with your conclusion from Figure 2, that the Pit gauge
is superior to the DFIR. Both, the visual check and the regression data suggest that they are about equal, as you
have to consider instrument uncertainties and scatter due to the nature of the precipitation events. I also think it is
exaggerated to talk about comparative studies (plural), when you are showing only one scatter plot as an indicator.
Further, a more thorough analysis should also consider wind and other dependencies. Are they still comparable
within their uncertainty for different wind/temperature/other conditions?

Author's response: This part has been revised. Reviewer 1 and Reviewer 3 has also pointed it out.

Author's changes in manuscript: This part has been revised as:

3.1 Precipitation gauge intercomparison for rainfall

Good linear correlations are found among the four CSPG installments (Fig.2). From September 2010 to April
2015, the CSPGp;r caught 4.7% and 3.4% more rainfall than the CSPGyy and the CSPGsa respectively
((CSPGp1-CSPGN)/CSPGyn*100; similarly hereinafter). The CSPGsa caught 1.3% more rainfall than the
CSPGyy (Table 3).

During the period from September 2012 to April 2015, the CSPGsa, CSPGp r and CSPGprr caught 0.9%, 4.5%
and 3.4% more rainfall than the CSPGyy, respectively. The CSPGp,r and the CSPGpgr caught more 3.6% and 2.5%
rainfall than the CSPGsa, respectively. Whereas the CSPGpgr caught 1.0% less rainfall than the CSPGpt (Table
3, Fig.2). Comparative studies indicate that the CSPGp1 catches more rainfall and total P than the CSPGpgr Or

the other gauges at the experiment site (Table 3, Fig.2).

Comments from Referees:
Page 2208 line 12: | don’t understand the sentence starting with “close line relationships: : :”
Author's response: Language problem.

Author's changes in manuscript: Good linear correlations are observed among the gauges (Fig.3).

Comments from Referees:

Page 2208, line 14: “: : : , which means: : :” is a rather strong statement. Try the words "suggest™" or "indicate" or
show more sound evidence

Author's response: It has been revised. Reviewer 3 has also pointed it out.

Author's changes in manuscript: This whole section has been rewritten. Relevant sentence: Thus the CSPGpt



instead of the CSPGprr could be selected as the reference gauge for the CSPGyy and the CSPGsp at the

experimental site.

Comments from Referees:

Page 2208, line 18: The numbers are difficult to extract from Figures 4a and b. Please choose a different method
to show these differences in a better way.

Author's response: OK. It has been revised in the new Table 3. Reviewer 1 has also pointed it out.

Author's changes in manuscript:

Table 3. Summary of precipitation observations at the Hulu watershed intercomparison site, 2010-2015.

Total precipitation and catch ratio (CR, %) lo
No. oft

Dater | Phase emtsd O e 100/ S5%0 1 10050 ) soaf €58Gumm ;1| SO ) 100/ S5 ) o0/ 52 ) 526y (mem| e | 100 S528m 1| |o5p0om gemm] CRA”

- |\ CSPG., ) \C8FGy, )| | CSPGy P~ \TSPG,, ) |G, ) |\ CSPG,, )
AlY | 608 1986.87(939 269 657 a 203819 96.4{ 380 o 211519 | 1002 a o s
Sep 2010 raine | 2800 170070955 134 470 a 1723 49 96.74 340 o 17814¢ | 1004 @ I ERW
Apr2015{ mixedd 44+ | 13000 [802 6.1¢ 1210 @ 1485 [ 0474 569 ) 1568¢ | 1002 @ @ s
mows| 84+ | 1462+ (8256 13.7¢ 210¢ @ 1662+ | 94.04 64+ @ 1769¢ | 100 e @ ENS
Al o 2830( 1066.70( 040 2.0¢ 6.0 530 1088 4+ 96.94 390 320 113080 | 100.64 0.69 112370 [ 1004,
Sep 2012 raine | 2110 92070967 0900 130 340 92864 | 97.5 369 230 96180 | 101.04] 100 95224 | 1004,
Apr2013{ mixeds] 290 | T1.1¢ 876 170 1360 1420 T6.6¢ | 9434 730 600 8220 10124 120 8120 1004,
snowe| 430 [ 7490 (820 111 16.0¢ 2060 8320 [92.14 140 850 86.9¢ 96.2¢ 390 9037 | 1004,

Comments from Referees:

Page 2208, line 18: There is definitely scatter in figure 4a and b.

Author's response: this figure has been redrawn after data updated to April 30 2015, and the results have been
revised.

Author's changes in manuscript: The new Fig.4:
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Figure 4. Intercomparison plots among CSPGyn, CSPGsa, CSPGpir and CSPGprir for the snowfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.




Comments from Referees:

Page 2208, line 21/22: 1t is not possible to follow your arguments. Please check your explanations on Page 2209,
lines 7-10. That is a much better way to express why you use the pit gauge as a reference instead of the DFIR.
Author's response: Ok. All the RESULTS part has been rewritten.

Author's changes in manuscript: The relevant section is revised as following:
3.2 Precipitation gauge intercomparison for mixed precipitation

From September 2010 to April 2015, a total of 44 mixed precipitation events were observed. The CSPGpt
caught 12.1% and 5.6% more mixed P than the CSPGyy and the CSPGgp, respectively. The CSPGsp caught 6.1%
more mixed P than the CSPGyy (Table 3). From September 2012 to April 2015, the CSPGsa, CSPGpir and
CSPGpr caught 7.7%, 15.6% and 14.2% more mixed P than the CSPGyy, respectively. The CSPGpir and
CSPGpgir caught more 7.3% and 6.0% mixed P than the CSPGsa, respectively. Whereas the CSPGpgir caught 1.2%
less mixed P than the CSPGpt (Table 3).

Good linear correlations are observed among the gauges (Fig.3). The CSPGpr caught more mixed precipitation
than the CSPGpgir in the near three successive years. The linear relationship is statistically significant with an R
value as about 0.98 (Fig.3f). Thus the CSPGpt instead of the CSPGprir could be selected as the reference gauge

for the CSPGyy and the CSPGs, at the experimental site.
Fig.3 about here
3.3 Precipitation gauge intercomparison for snowfall

From September 2010 to April 2015, a total of 84 snowfall events are observed. The CSPGpt caught 21.0%
and 6.4% more snowfall than the CSPGyy and the CSPGsa respectively. The CSPGsa caught 13.7% more
snowfall than the CSPGyy (Table 3). From September 2012 to April 2015, the CSPGsa, CSPGpr and CSPGpr
caught 11.1%, 16.0% and 20.6% more snowfall than the CSPGyy, respectively. The CSPGpr and the CSPGpgir
caught more 4.4% and 8.5% snowfall than the CSPGsa, respectively (Table 3).

Good linear correlations are also observed between the CSPGpgr and each of the other three gauges (Fig.4).
From Fig.4f, there is a linear correlation existed between the CSPGpr and the CSPGprr
(CSPGprr=1.029CSPGpt, R2:0.994). Although the CSPGprr caught 3.9% more snowfall than the CSPGpr
(Table 3), the total difference of 43-time snowfall between the CSPGpgr and the CSPGp it was only about 3.4 mm

(Table 3). This suggests that the CSPGpt could be used as the reference gauge for snow precipitation events at the



experiment site.

Fig.4 about here

Comments from Referees:

Page 22009, lines 23-24: Did you use these thresholds for the analysis in the previous section as well? If yes, that
information needs to be stated earlier, see comment above.

Author's response: No. The thresholds are only used for correlations between CR and wind speed.

Author's changes in manuscript: This part is revised as:

3.4 Catch ratio vs. wind speed

Previous studies showed that wind speed during the precipitation period is the most significant variable
affecting gauge catch efficiency (Metcalfe and Goodison, 1993; Yang et al., 1995; Goodison et al., 1998). As
described above, the wind-induced error of CSPG measurement has not been well tested. Because the CMA
stations observe wind speeds at 10 m height, so the CSPGyy and the CSPGsa adjustment equations for single
precipitation event are established with 10 m height wind speeds during the period of precipitation. On daily scale,
the adjustment equations similar to Eqgs.(2)-(4) are also established, based on the daily mean wind speed data at
gauge height (for the CSPG, it is 0.7m.) and air temperature data.

To minimize ratio scatter of among different gauges, precipitation events greater than 3.0 mm are normally
selected in the ratio vs. wind analysis (Yang et al. 1995; Yang et al., 2014). In the Hulu watershed, most snowfall
and mixed precipitation events are less than 3.0 mm. For this reason, single or daily snowfall and mixed
precipitation greater than 1.0 mm was chosen to use in this chapter. Whereas for the rainfall, precipitation greater
than 3.0 mm was selected. The numbers of the chosen precipitation events are shown in Table 4. The catch ratio vs.
wind speed relations of different precipitation types are summarized in Table 4 too. As shown in Table 4, all the
CRpitorIR VS. We7 Or Wgyg relations do not pass the F-test when a=0.10. Therefore, only CRynprir OF CRsaprIr

vs. wind speed relations are discussed in the following text.

Comments from Referees:

Page 2210, equation 8: What results did you get for z0 — do they seem reasonable? Was there a lot of scatter?
How much did the wind speeds change with this correction? | also suggest to apply or develop any adjustment
function with the gauge height wind speed. You can compare the results and evaluate if the wind speed

adjustment is introducing additional uncertainty.



Author's response: In the revised version, two kinds of equations are established as described above. The
uncertainties and Z, value are analyzed in the section 4.3 and in Fig.10.

Author's changes in manuscript: See relevant revision above.

Comments from Referees:

Page 2210, equations 10 and 11: Did you check for temperature dependency? That is a variable in the existing
adjustment functions. You need to comment, why you don’t use it. And as commented under general comments: it
is good practice to compare the new and old adjustment functions in a quantitative way. Use calculated RMSE or
other statistics to quantify the differences when applying the different set of equations.

Author's response: As answered above, two kinds of equations are given in the new versions. The F-test are used
to test its statistics.

Author's changes in manuscript: See relevant revision above.

Comments from Referees: Page 2210, line 16 and lines 19/20: In all three figures, only ONE value is shown with
a wind speed higher than 4 m/s. In panels b and c, this value is determining the slope of the regression line. That is
too little evidence to conclude any existing or non-existing wind dependency.

Author's response: New figures and equations have been given in the revised versions.

Author's changes in manuscript: For the mixed precipitation, some equations are shown in Table 4 and are listed

as Egs. (12)-(17). The Fig.6 is shown as:

140 4 a 120 - . b
120 1 . 100 - o';”
g safed’ o 80 - '\'.:o\‘.\.
g0 ) i %60 | ® e
260 - t 4 g
o $ 40 |
O 40 y = 102.9e007% E:) y = 102.4e005x
20 | R2=0.198 20 | R2=0.102
N=24 N=24
0 T T T | 0 T T T )
0 2 4 6 8 0 2 4 6 8
Ws,oduring the period of P(m s1) Ws,oduring the period of P(m s1)
140 - c 120 - o d
120 - ° 100 4 ° LI
< 100 . Soolee
s o O o < 80 4 P
= 1 ) %9 £ °
x 80 A = o A
60 ¢ o 5
o ° b 40 - y = 93.64x012
© 401 y = 88.49x020 5 R?=0.122
20 - R2=0.169 20 - N=21
0 o N= ‘ 0 : : ‘ ‘
0o 1 2 3 4 0 1 2 3 4
Daily W7 at gauge height (m s) Daily Wy, ;at gauge height (m s1)

Figure 6. Catch ratios (CRs) vs. wind speed for the mixed precipitation event (a and b) and the daily mixed
precipitation (c and d) greater than 1.0mm.



Comments from Referees: Page 2211, line 11. The catch ratio plots for Alter wind shield and Pit gauge and the
calculated regression lines are rather similar, most likely due to the rather low wind speed interval shown. It
remains unclear why the pit gauge can act as a reference, but the single Alter cannot.
Author's response: This part has been revised after data updated.
Author's changes in manuscript: The new version:
3.4.3 Snowfall catch ratio vs. wind speed

For the snowfall events, the CRun/prir snow @d CRsapFir snow VS Weao relations are evident (Table 4, Fig.7). For
the CSPGyy, the exponential relationship Eq.(18) passes the F-test when a<0.001. The Eq.(18) is similar with the
Eq.(5) suggested by Yang et al. (1991). For the CSPGsp, the power law expression Eq.(19) passes the F-test when

<0.05 (Table 4).

Fig.7 about here

CRUN/DFIR,SnOW =103.5e "%
CR = 97.35W518'05

0<W410<4.8 (18)

SA/DFIR,Snow 0<W,,<4.8 (19)
On daily scale, for the CSPGyy and the CSPGsa, the Eq. (20) and Eq. (21) pass the F-test when a<0.001 and

a<0.10, respectively (Table 4). Egs. (18) - (21) could be directly used to calibrate the wind-induced snowfall

measurement errors for CSPGyy and CSPGga.
CRUN/DFIR Snow = 96-28\/\/5?)?7'32 0<Wsp<3.1 (20)

CRSA/DFIR,Snow = —8.01In(VV50_7) +97.61 0<W,7<3.1 (21)

Air temperature may also affect the snowfall CRs on daily scale as shown in Eq.(2). Egs. (22)-(23) are the new

equations associating with daily maximum air temperature. However, these two new equations are not better than

Eqgs. (20)-(21) according to their o value of F-test.

CRun/oFIR snow = 42.29W 5 —1.06T, ,, +55.91 a=4.2E-5 (22)

CRsp iR snow = —9-46In(W,, ) - 0.31T,, +98.76 a=0.17 (23)



Comments from Referees: Page 2212, lines 10-16: The cited results from Ren and Li (2007) are covering a large
range, while your results are single numbers, which happen to be somewhere in the presented intervals from the
other study. It would be more reasonable to pick sites which have a similar climate to what you experienced
during your measurements and compare only those results to your findings.

Author's response: OK. It has been revised according to the new reference.

Author's changes in manuscript: The new version:

As Ren et al. (2003) reported, among 30 comparison stations in China, the CSPGp 1 caught 3.2% (1.1~7.9%)
more rainfall and 11.0% (2.2~24.8%) more snowfall than the CSPGyy. Large wind-induced differences are often
observed at the western mountainous stations and in the Northeastern China. At the Gangcha station (100°08’,
37°20', 3015 m) which also lies in the Qilian Mountains with similar elevations with and about 200 km far from
the Hulu watershed site, the CSPGp caught 7.9% more rainfall and 16.8% more snowfall than the CSPGy from
1992 to 1998. In our study, the CSPGp got 4.7% more rainfall, 21.0% more snowfall, and 12.1% more mixed
precipitation than the CSPGyy from September 2010 to April 2015 (Table 3). The outcome presented in this study
is somewhat different from the Ren et al. (2003) presented because of the different wind regime due to the

different wind regime.

Comments from Referees:

Page 2212, line 20: There is no evidence in your paper, that the pit gauge was superior to the DFIR in your study.
There may be indications that it performed similar, but even that would need a more thorough analysis.

Author's response: Ok. It has been revised.

Author's changes in manuscript: In this study, the CSPGp;r measures more rainfall and mixed precipitation than
the CSPGpgr. For snowfall, the catch ratio for the CSPGp is 0.96, close to the CSPGpgr catch ratio. The
difference of total snowfall (43 events) between the CSPGpir and the CSPGprr is only about 3.4 mm from
September 2012 to April 2015 at the Hulu watershed site. Thus the CSPGpt could serve as a reference for liquid

and solid precipitation in the environment similar to the Hulu watershed site.



Comments from Referees: Table 1: Insufficient caption; explanations of elements are needed.

Author's response: It has been revised.

Author's changes in manuscript: See below.

Table 1. Monthly climate values at the experimental site (2010-2012).

Element Jan  Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Yearly
Monthly precipitation P (mm) 35 25 110 8.8 67.7 69.6 871 1116 577 240 27 1.0 4472
Monthly mean air temperature Tpean (°C) 41 -26 -15 0.7 2.3 3.7 4.2 4.0 2.7 0.5 -19 -38 0.4
Monthly mean daily maximum air temperature
o 1.3 02 1.2 34 4.8 6.1 6.5 6.6 51 34 1.2 -06 3.0
Tmax(C)
Monthly mean daily minimum air temperature
. 63 -49 -39 -17 0.2 1.6 23 1.9 0.6 18 42 61 -1.9
Tmin(c)
Monthly mean wind speed at the 1.5m height
4 060 0.65 077 0.85 0.81 0.66 0.61 0.60 064 060 0.69 0.65 0.68
Wips (ms™)
Monthly mean wind speed at the 2.5m height
4 060 0.67 081 092 0.88 0.72 0.68 0.67 072 066 0.73 0.67 0.73
Wez5 (Ms™)
Monthly evaporation ability Eq (mm) 316 470 794 1244 1409 155.0 1417 1270 1016 752 473 310 11022

Comments from Referees: Figure 1. The layout in the upper right panel can hardly be realistic. The pictures

indicate a rather short distance between the unshielded and single alter shield, far lower than the diameter of the

DFIR. Please add distances in the layout and use a scaled illustration.

Author's response: OK.

Author's changes in manuscript: See the new figure.
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Comments from Referees:

Figures 2-9: Insufficient captions. At least, it needs to be stated that you are showing accumulation and catch
ratios (don’t use abbreviation here), respectively.

Author's response:  Ok.

Author's changes in manuscript: The captions of Figures 2-7 are revised as (two figures are deleted):

Figure 2. Intercomparison plots among CSPGyy, CSPGsa, CSPGpir and CSPGpgr for the rainfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.

Figure 3. Intercomparison plots among CSPGyn, CSPGsa, CSPGpir and CSPGprr for the mixed precipitation

events from September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.

Figure 4. Intercomparison plots among CSPGyy, CSPGsa, CSPGpir and CSPGppr for the snowfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.

Figure 5. Catch ratios (CRs) vs. wind speed for the rainfall event (a and b) and the daily rainfall (c and d) greater
than 3.0mm.

Figure 6. Catch ratios (CRs) vs. wind speed for the mixed precipitation event (a and b) and the daily mixed
precipitation (c and d) greater than 1.0mm.

Figure 7. Catch ratios (CRs) vs. wind speed for the snowfall event (a and b) and the daily (c and d) snowfall

greater than 1.0mm.
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Precipitation measurement intercomparison in the Qilian Mountains,
Northeastern Tibetan Plateau

R. Chen’, J. Liu, E. Kang, Y. Yarg, C. Han, Z. Liu, Y. Song, W. Qing, P. Zhu

Qilian Alpine Ecology and Hydrology Research Station, Key Laboratory of Inland River Ecohydrology, Cold and Arid Regions

Environmental and Engineering Research Institute, Chinese Academy of Sciences, Lanzhou 730000, China

Abstract: Systematic errors in gauge-measured precipitation are well-known, but the wind-induced error of

Chinese standard precipitation gauge (CSPG) has not been well tested. ne—reperts-have-come-from-theFibet
Plateat—An intercomparison experiment was carried out from September 2010 to September-April 2034-2015 in

the Hulu watershed, northeastern Tibet Plateau. Precipitation gauges included a—(1) an unshielded Chinese

standare—presipitation—gangeCSPG (CSPGpy), (2) a-CSPG-withsingle Alter sheltershield around a CSPG { ##=M:

T

(AMterCSPGsn), (3) aCSPG in aPit type-gadge withthe CSPG-(PiCSPGpi1) and (4) a Double-Fence International /{ BRI

T

iz Eig

T

j i i - i .
Reference —with—Fretyakov—shelter—andshield with a Tretyakov-shielded CSPG (CSPGper). The [%%ﬁm

: AR

intercomparison experiments show that the CSPGss, CSPGpir, CSPGp s _caught 0.9%, 4.5% and 3.4% more /[ R

TR

T

ThR

rainfall, 7.7%, 15.6% and 14.2% more mixed precipitation (snow with rain, rain with snow), 11.1%, 16.0% and

R

Thx

20.6% more snowfall, and 2.0%, 6.0% and 5.3% more precipitation (all types) than the CSPG;n_from September /[ iz N

TR

2012 to April 2015, respectively. tThe Pit-CSPGpit and the CSPGprr caught more 3.6% and 2.5% rainfall, 7.3% /[ R

ThR

R

ThR

) W L ) W ) U

and 6.0% more mixed precipitation, 4.4% and 8.5% more snowfall, and 3.9% and 3.2% more total precipitation

than the CSPGsa, respectively. gaugeWhereas the CSPGprr —caught 1.0% mere-less rainfall, 1.2% mere-less /[‘%%ﬁﬂgz

T

R

T

mixed precipitation, 43.9% less-more snowfall and 0.86% |essmere total precipitation—{ai—+typesy— than the

CEPCp-BFR-fram-September 2012 to-Sestember 20— respectively FhePieanghtAt—mere—ramal—2104 /{mg—ﬁag:

T

precipitation, the catehraties{CRs)-for-the-gadgesmeasurements are ranked as follows: CRp-CSPGpir > CRprr | ##ERAT:

N

CSPGprir > CRAka—CSPGsa > CRcspcCSPG . For_the snowfall, the-CRs-areranked-asit follows as: CRpgr /{%ipﬁfxﬂg;

T

iz eiH

TR

CSPGprir > CRpi-CSPGpir > CRAkeaCSPGsa > CRcspcCSPG .. The CSPGprr s Used as reference to calculate

R

T

the catch ratios (CRs) of the CSPGyn, CSPGsa_and CSPGpyr. Cateh+atioCR vs. 10m wind speed indicates that R

Tz

R

TR

iz eiH

T
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with increasing wind speed from 0 to 4.58.0nVs, the rainfall GRcsps-CRunprR OF SRaie CRswprir decreased (R Fhv )
R TR )

slightly. For the mixed precipitation,

at-wind speed

has no significant effect on eateh-CRynprir OF CRsaprir Fatte-below 3.5m/s. For the snowfall, the ratio—of /{’%ﬁﬁiﬁﬂg: TR

)
CSPGCRynprir O—_AtterCRsaprir VS. Wind speed shows that eateh-ratioCR decreases with increasing wind { :Ei: ::E %
speed. The ealibratienadjustment equations for three different precipitation types for the CSPG and CSPGsaand ﬁ ::i: 2’? %
Alte— were established with—10m—wind—speeds—based on the CR vs. wind speed analysis and World wﬁg»fxag; F; ]
Meteorological Organization (WMO) recommonded procedure. They would help to improve the current bias
error-adjusted method and precipitation accuracy in China. Results indicate that combined use of the @Gm/{ B T

and the CSPGPi,p1 as reference gauges for snowfall and rainfall, respectively, could enhance precipitation /{%%iﬁﬂﬂz TR

observation precision. Applicable regions for the Pit-gasgeCSPGpr or the CSPGprir as representative gauges for /{ WRAE: e
WK Thr

) WJ U

all precipitation types are present in China.

Keywords: Precipitation, Pit-gauge—Gauge catch ratio, Wind-induced undercatch, Field observation, Tibetan

Plateau

1 Introduction

Accurate precipitation data are necessary for better understanding of the water cycle. It has been widely
recognized that gauge-measured precipitation has systematic errors, mainly caused by wetting, evaporation losses
and wind-induced undercatch, and snowfall observation errors are very large under high wind (Sugiura et al.,
2003). These errorsi—weuld affect the available water evaluation in a large number of economic and

environmental applications (Tian et al., 2007; Yeet a., 2012).

The first World Meteorological Organization (WMQ) precipitation measurement intercomparison started im—[ WA gk gt 1 F

1955 (Rodda, 1973). Its reference is a Mk2 gauge elevated 1 m above the ground and equipped with the Alter

wind shield. But this reference does not show the correct amount of precipitation. This could be why the first

international intercomparison failed (Struzer, 1971). Rodda (1967) compared the catch of an UK 5” manual

gauge exposed normally at the standard height of 30.5 cm above ground, with a Koschmieder-type gauge exposed
in a pit. Fhe This pitgauge in a —pit gauge-caught 6% more precipitation than the normally exposed gauge. In the
second WMO precipitation measurement intercomparison (Rain, 1972—-1976), the pit gasge-with anti-splash grid

was designated the reference standard shield for rain gauges  (Sevruk and Hamon,1984)-{Geedisen-et-al-—1998;

Strangeways—1998). In the third WMO precipitation measurement intercomparison (Snow, 1986-1993), the

Double Fence International Reference (DFIR) shield with a —shielded a Tretyakov shield-TFretyakev-gadge was
2
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designated the reference standard snow gauges configuration (Geedisen—et—al—1989:—Goodison et al., 1998:
Sugitra-et-al;-2003). In the fourth WMO precipitation measurement intercomparison (Rain Intensity, 2004-2008),
different principles were tested to measure rainfall intensity and define a standardized ealtbrationad]ustment

procedure (Lanza et al., 2005—Sewruk—et—al—2009). Because automation of precipitation measurements are

, the WMO Commission for Instruments

widespread

and Methods of Observation (CIMO) organized the WMO Solid Precipitation Intercomparison Experiment
(WMO-SPICE; Y-angWolff et al., 2014) to define and validate automatic field instruments as references for gauge
intercomparison, and to assess automatic systems and the operational networks for precipitation observations. The

WMO-SPICE project still selected DFIR shield as part of the reference configurations. Fhe WMO-SPICE project

been operated as a-part of reference configurations at 25 stations in 13 countries around the world (Golubev, 1985;

Sevruk et al., 2009), but deviations from the DFIR measurements vary by gauge type and precipitation type

(Goodison et al., 1998). In China, the BFHR-was-compared-with-the-Chinese standard precipitation gauge (CSPG)

and the Hellmann gauge were firstly compared by using DFIR shield as reference configurations in the valley site

of Tianshan (43°74' N, 8786°49 E, 3472-3720 m), during the third WMO precipitation measurement

intercomparison experiment from 1987 to 1992-(Yang, 1988; Yang et al., 1991). The wetting, evaporation losses

and trace precipitation of CSPG were well quantified based on the huge observation data. Because there are

notwitheut wind data at the intercomparison site (Yang et al., 1991; Goodison et al., 1998)—-Censequently, ;for the

wind-induced undercatch, the derived CSPG catch ratio equations were based on the 10 m height wind speed at

the open Daxigou Meteorological Station (43.06°, 86.5°E, 3540 m; Yarg, 1988; Yang et al., 1991). Wind

speedsT he distance is about 1.7 km atbetween the Daxigou epen-site and the Tianshan valley site thus their wind

speeds are different, inducing uncertainty in the catch ratio equations established by Yang et al. (1991) for the

CSPG. During the period from 1992 to 1998, Ren and Li (2007) had conducted an intercomparison experiment at

30 sites (altitude varies from about 4.8 m to 3837 m) over China, and they used the pit as reference shield. A total

of 29,000 precipitation events had been observed. However, the DFIR was not used as reference configurations,

and there were only 3 stations located in the West Cold Regions of China (Chen et al., 2006) where the solid

3
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precipitation often occurred. Blowing snow and thick snow cover have traditionally limited the pit's use as a

reference shield for snowfall and mixed precipitation (snow with rain, rain with snow). Ye et al. (2004, 2007)

developed abias-error adjusting method based on the observed data from 1987 to 1992 at the Tianshan valley site,

and they found a new precipitation trend according to the adjusted precipitation data over the past 50 years in

China (Ding et al., 2007). The new adjusted precipitation would change the knowledge on water balance in many

basinsin China (Tian et al., 2007; Yeet al., 2012). A

Although adjustment procedures and reference measurements were developed in several WMO international
precipitation measurement intercomparisons (Goodison et al., 1998; Sevruk et al., 2009; Y ang, 2014), and several

bias-error adjusting methods had been put forward for the CSPG (Y e et al., 2004, 2007), the wind-induced error of

CSPG these-havead not been well tested-#— especially in the cold and high regions such as the Tibetan Plateau,

China.

these cold regions, solid precipitation often occurs ;—and additional attention must be paid to
systematiewind-induced errors of gauge measured precipitation. Because of the limited intercomparison
observation data in China, Ma et al. (2014) used the adjusted eguations from surrounding countries except for the
results from Tianshan China (Yang et al., 1991) to correct the wind-induced errors on Tibetan Plateau. However

their precipitation gauges are Tretyakov, MK2, Nepal2003, Indian and U.S. 8” in the surrounding countries. As

the third pole in the world, the Tibetan Plateau is an ecologically fragile region and the source of several large

rivers in China and neighboring countries, accurate precipitation data are urgently needed. Considering-that-ne

{Chen—et—al;—2006),—hTherefore, we presentere—it—presents a nearly feurfive-years gauge—iintercomparison

experiment in the Qilian mountains at-at the northeastern Tibet Plateau, China, to establish ealibrationadjustment

equations for the widely used unshielded and single Alter shield (Struzer, 1971) around CSPGs (CSPGy_and /[’%%;‘&Bg: T

CSPGsn )-and-Altergauges.

A #ERm: T

The CSPG is the standard manual precipitation ebservation—gauge used by the China Meteorological
Administration (CMA) at more than 700 stations since the 1950s. These precipitation data sets have been used

widely witheut-ealibrationand need to be adjusted by using better methods. The Single Alter shield (SA) is used

by the CMA to enhance catch ratios of automatic gauges (Y ang, 2014), so the CSPG with_—an-Alter-shiedSA

shield (AterCSPGsa) was selected as another intercomparison gauge. The Pit—and-the-CSPGprir were-was /{’%ﬁﬁm: TR

selected as the reference—gauges—for—rainfall—and—snowfall—respectively for al precipitation types. The

4
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intercomparison experiments tested and assessed existing bias eerrection-adjustment procedures for the CSPGM RN T

and the CSPGsAlter.

R T

2 Data and M ethods

2.1 Intercomparison experiments and relevant data

Precipitation intercomparison experiments (Fig.1, Table 1) were conducted at a grassland site in the Hulu
watershed in the Qilian mountains, on the northeastern edge of Tibet Plateau, China (99°52.9', 38°16.1', 2980my;-).
where-aA meteorological cryosphere-hydrology observation system (Chen et al., 2014) has been established since

2008 in the Hulu watershed. Annual precipitation is about 447.2 mm during 2010-2012 and precipitation occurs

most frequently during the warm season from May to September at this site. Arnual-precipitation-is-abeut-447

- The annual temperature is approximately

0.4 °C, with a July mean (T ean) Of 4.2 °C and a January mean of -4.1°C (Table 1). The annual evaporation ability

(Ep) is about 1102 mm (Table 1). R T R

)

R Ths

)

The intercomparison experiments included (1) an unshielded CSPG (CSPGyy; orifice diameter=20cm,

AR ik Eirgk: 0
) ) ) . ) 15, 38R JE AN RE A dt, A
height=70cm), (2) single Alter shield around a CSPG (CSPGsa), (3) a CSPG in a pit (CSPGpi7), and (4) a DFIR PP P [l A, A
EHE SR A Y 2

shield with a Tretyakov-shielded CSPG (CSPGprr) (Fig.1, Table 2). The CSPGyn, CSPGsa_and CSPGpr_ were

installed before September 2010, whereas the CSPGper Was installed in September 2012 (Table 2). In the cold

season (October to April), snowfall dominated the precipitation events, and in the warm season (May to

September), rainfall dominated. The precipitation amount (P) is measured manually twice a day at 08:00 and

20:00 LT (Beijing time) according to the CMA's criterion (CMA, 20074). In the cold season, the funnel and glass

bottle are removed from the CSPG and precipitation is weighed under a windproof box to avoid wind effects. In

the warm season, P is measured by volume. If there is frost on the collector, it will be wiped up by using adry ——{ 3g#=RM: 7k Wit

)

hand towel. In rare cases of snowfall accumulating on the rim of the collector, half of them (semi circular) will be

removed before they are weighted.

The precipitation phase (snow, rain and mixed) is discriminated by observer according to the CMA's criterion

(CMA, 2007b). This method has been used since the 1950s at the more than 700 stations in China. For the CSPG

5
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measurements, there are several methods of phase discrimination, such as the air temperature index method (e.q.

Zhang et al., 2004; Ye et al., 2004; Chen et al., 2014b ), dew point index method (e.g. Chen et al., 2014b), and the

new wet bulb temperature index method (Ding et al., 2014). However, the parameters of these methods vary

largely in spatial, and their reference precipitation phase data are still from the CMA's stations.

Relevant variables such as air temperature (maximum;_and —minimum-ane-mean; Trae— and Thin-ane-Fo) have
been observed manually at the site since June, 2009. A tower is used to measure wind speed (Lisa/Rita, SG GmbH;
W,) and air temperature (HMP45D, Vaisala) at 1.5m and 2.5m heights in association with relative humidity

(HMP45D, Vaisala) and precipitation-ete: (Chen et al., 2014). They are observed every 30 seconds and are saved

as half-hourly values (sum or mean). The specific meteorological conditions at the site are shewn-summarized in

Table 1.

Fig.1 about here

Table 1 and Table 2 about here

BRI The )

R T bR )

2.2 Adjustment methods

This field experiment focuses on two key aspects. One is comparisons among the CSPGn, CSPGea, CSPGepir AR gk EATAEE: 0 7
75, S8 SCWUEE 5 28 B A,
and CSPGpir. Another purpose is to establish adjustment equations for CSPGyy and CSPGsy by using CSPGper g%?gg%%yﬁlﬂﬁi i

as reference. To eorrect-adjust the gauge-measured precipitation, Sevruk and Hamon (1984) have given the
general formulaas:

P =KP,+AP,+AP,+AP, =P, . + AP, + AP, + AP, @
Where P is the eerrected-adjusted precipitation, K is the wind-induced coefficient and Py is the gauge-measured
precipitation. P, is the wetting loss, P is the evaporation loss, P; is trace precipitation and Pprr is

6
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DFIR-measured-shielding precipitation.

ane-P-thusPpr r-can-be-used-instead-of KPy-i-Ea:(L)—For the CSPG, P, is 0.23mm for rainfall measurements,
ane-0.30mm for snow and 0.29 mm for mixed precipitation (Yang, 1988;_Yang et al., 1991)-, according to the

measurements in the Tianshan valley site. Ren and Li (2007) reported a mean value as about 0.19 mm for total

precipitation over eastern China. The CSPG design reduces P, to a value less-smaller than other losses in the

warm, rainy season (Ye et a., 2004; Ren and Li, 2007). In winter, Pe is aready small (0.10-0.20 mm/day)

according to results in Finland (Aaltonen et al., 1993) and Mongolia (Zhang et a., 2004). To prevent evaporation

loss in Chinese operational observations on some particular days, e.g., hot and dry days or days of snow,

precipitation is measured as soon as the precipitation event stops (CMA, 2007a; Ren and Li, 2007). A

precipitation event of less than 0.10mm is beyond the resolution of the ChinarecorderCSPG and is recorded as a
trace amount of precipitation (Py). Ye et al. (2004) recommended assigning a value of 0.1 mm, regardless of the
number of thetrace observations per day.

In this field experiment, the CSPGyn, CSPGsa, CSPGpit_and CSPGpg g have same Py, Peand P; that have been

well guantified as described above. Thus the focus of the present study is the wind-induced error. Wind may be

the most important factor influencing precipitation measurement in high mountain conditions.

TR gt WATgEE: 0
5, 8 XA JE E 2 AR L 4,
foeus—ofthepresent—study—The WMO has given Eqgs.(2)-~(4) for the shielded Tretyakov gauge catch ratio %@fﬁ;@ﬁg%%%ﬁﬁmmﬁp i
B Lo 1 ! ) . . HRERM: FE: BRUA) Times
{CR=HK=Pylprr%) versus daily wind speed (Ws, M/ §7) at gadge-heightgauge height, and daily maximum and New Roman, fi2
minimum temperatures (Tyax, Tmin, °C) 0N a daily time step for various precipitation types (Yang et al., 1995; Ho H’f
R biw

Goodison et al., 1998). These equations can be used over a great range of environmental conditions (Goodison et

al., 1998)._Therefore, in this paper, the catch ratio (CR, %) follows their definition by using CSPGprir as

reference.
CR,,, =103.1-8.6AV +0.3T ()]
CR,;, =96.99—4.48VN_ +0.88T,, +0.22T .. €]
CR,, =100.0—4.74V °% 4

Where CRgow (%), CRuix (%), and CRun (%) are catch ratios for snow, mixed precipitation, and rain—{%j,

respectively; Ws is wind speed at gauge-heightgauge height (mlsgf); Tmax @nd Ty are daily maximum and /{"%%ﬁﬂg: Ebx

minimum air temperatures (°C).

The CMA stations usually observe wind speeds at 10m height, so Yang et a. (1991)-and-Ye-eta{2007) have

given Egs.(5)-~Eqgs:(7) for CSPG catch ratios versus daily mean wind speed W; (m.s") at 10 m height. These /[ WA br

equations are based on the huge precipitation gauge intercomparison experiment data at the Tianshan valley site
7
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and wind speed data at the Daxigou station:

CR,,w = 100exp(—0.056W,,) (0<W, <6.2)
CR, = 100exp(—0.04W,,,) (0<W,<7.3

CRuix = CRuow = (CRuaw = CRun ) (T +2) 1 4

where To-Tnean i the daily mean air temperature (°C).

(R kiR )

BRI s )

speeds—Anetherpurpese-is-In this paper, two types of equations are established. One is for easy application by

using 10m-height wind speed during the period of precipitation in China. They are similar to and revisions of the

Egs.(5)-(7). Another type is similar to Egs.(2)-(4), which use daily mean wind speed at gauge height. For CSPG,

the gauge height is 70cm (Table 2).

’ _pit ’ . ibrationadi ustment . ¢ . A .

Wind speeds at gauge height (W 7) and 10 m height (W) were calculated by using half-hourly wind speed

dataat 1.5 m (Wg s ) and 2.5 m heights (We s ), according to the Monin-Obukhov theory and the gradient method

(Bagnold,1941; Dyer and Bradley, 1982):

L - InZ-InZz, . - @ /{iﬁﬁﬂaiﬂz )
sl.

In1l.5-InZ, /
5- : =)

InzozwszslnlS Wsl.sln257 © /ww B )

\st.s 'Wsl.s

WhereZis0.7 mor 10 m.

3 Results

¥ AI: MTDisplayEquation, B
a0 T

From September 2010 to SeptemberApril 20242015, a total of 578-608 ebservations-precipitation events were

recorded at the intercomparison site for CSPGyn, CSPGeaAtter and CSPGprPit, respectively (Table 3). Snow /[ff,%j@ﬁag; T ]
happenoccurred 67-84 times, mixed precipitation enty-happenoccurred 32-44 times, and rain happenoccurred 479 :ﬁi: ig %
480 times during this period. From September 2012 to September—2034April 2015, a subset of 253-283

observations-precipitation events were recorded for the CSPGyn, CSPGsa-Alter, CSPGprPit, and CSPGprr | BHRI: Fhs )
gauges respectively (Table 3). During this period, snow occurred 43 times, mixed precipitation occurred 29 times, :ﬁi: :i %
and rainfall occurred 211times. R Fhx )
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Table 3 about here

3.1 Precipitation gauge intercomparison for rainfall

Good linear correlations are found among the four CSPG installments (Fig.2). From September 2010 to April

he-the Pit-CSPGpr —{ #RiN: Fhr
caught 4.7% _and 3.4% more rainfal than the CSPGuy; and_the 3:4%-mere-than-the AtterCSPGsa_respectively /{ RN TR

R Fhs
((CSPGpi1-CSPGn)/CSPGun* 100;_similarly hereinafter). The CSPGsa caught 1.3% more rainfall than the — (WRRM: b

CSPGyn (Table 3).
For—rainfall—eventsfDuring the period from September 2012 to Septermber—2034April 2015, the CSPGsa,

(D D N A

CSPGpit, CSPGpirr caught 0.9%, 4.5% and 3.4% more rainfall than the CSPG,y, respectively. The CSPGpr_and /{Wmm: TR ]

the CSPGprir caught more 3.6% and 2.5% rainfall than the CSPGga, respectively. Whereas the CSPGprp caught ———( ##=R#: T iz ]

1.0% less rainfall than the CSPGpir (Table 3, Fig.2). : Fhw )

studies indicate that the-Pit-gatige CRCSPGpit ts-superior-te-that-of-thecatches more rainfall and total P than the /{ WA i

) . ) WARS: A JEEIAR
CSPGprir Or the other gauges at the experiment site (Table 3, Fig.2). R ik b

HRRA: T

U

Fig.2 about here

3.2 Precipitation gauge intercomparison for mixed precipitation

AW ik HiT4EE: 0.98
FAE, 5 PR JE AN RS A G
TR 5z g7, A~
VBRSO RI 2 IR IR
WRR: T Wik )
(R T iR )

From September 2010 to April 2015, a total of 44 mixed precipitation events were observed. The CSPGE—‘

caught 12.1% and 5.6% more mixed P than the CSPGn and the CSPGga, respectively. The CSPGsa caught 6.1%

more mixed P than the CSPGy (Table 3). From September 2012 to April 2015, the CSPGea, CSPGpr and

CSPGper caught 7.7%, 15.6% and 14.2% more mixed P than the CSPGyy, respectively. The CSPGpr and the

CSPGprir caught more 7.3% and 6.0% mixed P than the CSPGga, respectively. Whereas the CSPGpg r caught 1.2%/{ WA s

less mixed P than the CSPGp7 (Table 3). {mHRM: T

Good linear correlations are observed among the gauges (Fig.3). The CSPGp it caught more mixed precipitation /{ A s
WRRAK: Tir

rr N the near three successive years. The linear relationship is statistically si nificant with an R

) W) L) U

WA Thr
value as about 0.98 (Fig. 3f)with-98% confidence. Thus the CSPGprPit-gauge instead of the CSPGyrr could be WA R R AF
9
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selected as the reference gauge-ef-mixed-presipitation-to-caledtate-CRs for the CSPG,\ and the CSPGga at the :{1

experimental site Adter.

Fig.3 about here

Fig.4-abeut here

3.3 Precipitation gauge intercomparison for snowfall

From September 2010 to April 2015, a total of 84 snowfall events are observed. The CSPGpr_caught 21.0%

and 6.4% more snowfall than the CSPGyy_and the CSPGea respectively. The CSPGsa caught 13.7% more

snowfall than the CSPGyy (Table 3). From September 2012 to April 2015, the CSPGga, CSPGpit, CSPGpier

caught 11.1%, 16.0% and 20.6% more snowfall than the CSPGyy, respectively. The CSPGpr_and the CSPGpeir

caught more 4.4% and 8.5% snowfall than the CSPGsa, respectively (Table 3).

Good linear correlations are also observed between the CSPGper and each of the other three gauges (Fig.4).

From Fig. 4f, there is a linear correlation existed between the CSPGpr and the CSPGper

(CSPGprr=1.029CSPGprr, R?=0.994). Although the CSPGyrr caught 3.9% more snowfall than the CSPGpr

WM e

WAL e

HRRA: T

£

WRK: Fir

10

(ke L
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(Table 3), the total difference of 43-time snowfall between the CSPGprr and the CSPGpir was only about 3.4 mm

(Table 3). This suggests thatmeans the CSPGprPit—gaudge could be used as the reference gauge for snow
precipitation events at the experiment site.

A #HRN: T

Fig.54 about here

Fig.6-about here

3.4 Catch ratio vs. wind speed
Previous studies showed that wind speed during the precipitation period is the most significant variable
affecting gauge catch efficiency (Metcalfe and Goodison, 1993; Yang et al., 1995; Goodison et a., 1998). As

described above, the wind-induced error of CSPG measurement has not been well tested. Because the CMA

stations observe wind speeds at 10m height, so the CSPG;y_and the CSPGs, adjustment eguations for single

A #mRAm: T

precipitation event are established with 10m height wind speeds during the period of precipitation. On daily scale,

the adjustment equations similar to Egs.(2)-(4) are also established, based on the daily mean wind speed data at

gauge height (for the CSPG, it is0.7m.) and air temperature data.

precipitation—periods-are-analyzed—To minimize ratio scatter of among different gauges, precipitation events

greater than 3.0 mm are normally selected in the ratio vs. wind analysis (Yang et al. 1995; Yang et a., 2014). In
n

R Ths




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

the Hulu watershed, most snowfall_and mixed precipitation events are less than 3.0 mm. For this reason, single or

daily snowfall and mixed precipitation greater than 1.0 mm was chosen to used-_here.in-this study-for-cateh-ratio

vs—wind-studies: Whereas for the rainfall, precipitation greater than 3.0 mm was selected. The numbers of the

chosen precipitation events are shown in Table 4. The catch ratio vs. wind speed relations of different precipitation

types are summarized in Table 4 too. As shown in Table 4, all the CRpirjpeir VS. Wep7 OF Wio relations do not pass _——{ ##R#: Tz )
_ , , _ BIRAM: T iR )
the F-test when a=0.10. Therefore, only CRynprir and CRsaprir VS. Wind speed relations are discussed in the BRRM: ik BEL. i ]
BHRRM: Tis )
’ BRI T iR )
BRI The )
WHRRM: Th )
Table 4 about herg R TR I )
W InLE-W. In2.5 ﬁ@;ﬁg; JEh, il é‘ﬁ?ﬁi&:}
_ Weps!NLo-WgsINa ik
Iz Wo_W ® BRI 75 )
- e e %%ﬁm:mi,ﬁﬁ:éﬁ%ﬁf
L T4
Wos7=KoWorsr—Ko7= 0.7/ 2) (9
T T In(L5/ z,)
3.4.1 Rainfall catch ratio vs. wind speed
Selecting-the-Pit-gage-as-the-referenee-Fig.7-5 _presents scatter plots of the CRunprir OF CRsaprrRERS-6f WRRM: Tk BiR ]
; : : . o :j%%ﬁm:?w:ﬁﬁ )
CSPG/Pitand-Alter/Pit vs. wind speed. The CRs vary from 6:880% to £1110%. With increasing wind speed, the
CRs decreased slightly. The following two equations (10) and (11) could be used to ealibrate-adjust the rainfall
event data for-from the CSPGyyy and CSPGs, respectively. They both pass the F-test when 0<0.1 (Table 4).-gauge | ##sti: iz ]
o {ERRE: b )
or-theAlter gauge:
CR g =—0.01*W_ +4-0.989 (20
CR,, =—0.01*W_ +0.998 11
CR wiorimsain = 01805, — 2.02805, + 5.983N, o +92.24  0<Wo<7.4 (10) (mRERE: T A )
WRRE: R WAL TR )
CRyypriR Rain = 0-188W, — 2.02AV;, + 5.55M, +94.27 _0<Wqo<7.4 (11 ERRE: Fhh )
Where CResie-CRuwprIRRan @10 CRsyprirRain iS the SSPG-rainfall catch ratio (%) of the CSPGyy_and the WA i )
WA S B, Tl
CSPGen, respectively, CRayets-the-Alter—eateh-ratio-Wg is the wind speed at 10m height during the period of RN ]
. 2 WHRRE: T Rl )
rainfall (mg2). (RN L )

Fig.7-5 about here
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On daily scale, the best relationships between rainfall CRs and wind speed at gauge height (Ws7) are also the-—[ AR P ]
3rd order, but they don't pass the F-test even 0.=0.25 (Table 4).
3.4.2 Mixed precipitation catch ratio vs. wind speed
between—the—CSPG/Pit—CR—and—wind—speed—For the mixed precipitation events, the CRunprirmixed and
CRsaprirMixed VS. Wiio relations are exponential (Table 4, Fig.6). The CRs vary largely from about 60% to 120%. /{ WARI: Tk R ]
i —— BRI i AL Pl )
For the CSPG )\, the exponential relationship Eq. (12) passes the F-test when 0.<0.10, whereas for the CSPGsa, BRI b ]
the Eq.(13) doesn't pass and with an o value of about 0.16 (Table 4). Figs. oM Tén J
WAER: s ]
CR.ge = —0.051*W, +1 (12) A/{;ﬁmm; i AT 1T }
_CRAlter =—-0.030*W, +1 (13)
Fig.8-6 about here
CRn/priruires = 102,987 0<Wk0<5.9 (12) < (R w5 )
BRRM: T fiE )
CRSAIDFIR,Mixed = 102.4e %o 0<Wi10<5.9 (13
On daily scale, the best relationships between mixed precipitation CRs and wind speed at gauge height (Ws 7)
are power |law expressions (Table 4, Fig.6). Similarly, for the CSPGyy, the Eq. (14) passes the F-test when 0.<0.10,
whereas the Eq.(15) doesn't with an o value of about 0.12 (Table 4).
norir et = B8 AML5” 0<Wp<2.9 (14) (BRI T s )
o W <29 15 WM Tk E, T
CRsyormmives = 93-64Wg D= WA T ]
From Eq. (3), air temperature may also affect the mixed precipitation CRs on daily scale. Egs. (16)-(17) are
established as follows. However, these two new eguations don't pass the F-test when a=0.20.
_ CRyuvorrmixed = 13.83W55" +1.25T,  —0.88T, +62.21 =020  (16) PRE R )

) -
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_ CRyyprmme = 10.74N;5 +0.85T  —0.18T,, +76.20 ¢=029  (17)

| BREEER

|~

_{wmrAE: T

Where Tina and Tpin iS the daily maximum and minimum air temperature (°C), respectively. ]
. , BRN: Fh )
3.4.3 Snowfall catch ratio vs. wind speed WM b WA ]
For the snowfall events, the CRunpriRshon. Nd the CReypFIR smow VS. Waig relations are evident (Table 4, Fig.7). AN i )
BHRRAM: Lix ]

For the CSPGyy, the exponential relationship (Eq. (18)) passes the F-test when 0.<0.001. The Eq.(18) is similar
with the Eq.(5) suggested by Yang et al. (1991). For the CSPGga, the power law expression Eq.(19) passes the /[ WA e ]

F-test when 0.<0.05 (Table 4).
Fig.7 about here

(RN P )

CR u/051R giow = 103.56 %0 0<Wiy0<4.8 (18)
_ 005
- CRoyorrson =973 " oy 10<4.8 (19

On daily scale, for the CSPGyy_and the CSPGea, the Eq. (20) and Eq. (21) pass the F-test when a<0.001 and

0<0.10, respectively (Table 4). Egs. (18) - (21) could be directly used to calibrate the wind-induced snowfall

measurement errors for CSPGyy and the CSPGsa.

iR sow = 96280 0<Wip7<3.1 (20)
CR =-801In(W..)+97.61 0<Wﬂ<3.l (21)
SA/DFIR,;Show AN SO.77

Air temperature may also affect the snowfall CRs on daily scale as shown in Eq.(2). Egs. (22)-(23) are the new

eguations associating with daily maximum air temperature. However, these two new equations are not better than

Eqgs. (20)-(21) according to their o value of F-test.

_ CRyu/orr gow = 42.29W5° —1.06T, , +55.91 0=4.2E-5 (22)

| BmEER

)~

_ CRyorm oy = ~9-46IN(W, ;) —0.31T, +98.76 =017 23)

/{ BREEEX

14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

CRegg = —0.081¥W, +1 (14)
_ CRy = —0.016*W, 4 0.957 (15)

Fig.9-abeut here

4 Discussion

4.1 Comparison with other studies

Yang et a. (1991) carried out a precipitation intercomparison experiment from 1987 to 1992 in the valley site

of Tianshan. Their results indicated that the ratios of BFHRICSPGCSPCprr/CSPG,)y for snowfall and mixed /{mg—ﬁag; T

precipitation were 1222 and 1160, respectively. In the Hulu watershed, the ratios of
CSPGpgir/CSPGunBFHRIESPS for snowfall and mixed precipitation were 1.234-165 (Fig.4c) and 1.869072
(Fig.3c), and the ratios of CSPGp1/CSPGy\PH/ESPG for snowfall and mixed precipitation is-were 1.199-162
(Fig.4b) and 1.678082 (Fig.3b), respectively. Similar topographic features and shading induced lower wind speeds
at both sites, which led to the similar catch ratios. For the Tianshan reference site, wind speed (Ws) on rainfall or
snowfall days never exceeds 6 m s /s and 88% of the yearly total precipitation took place with wind speeds
below 3 m s'm/s. For the Hulu watershed site, daily mean wind speeds on precipitation days (W.,;) never
exceeded 4.53.5 m s'mis, and over 8098.9% of the precipitation events happenoccurred when daily mean wind

speeds were below 3 m sm/s. During the period of precipitation, the largest wind speed at 10m height is about

8.8m s, and over 54.2% of the precipitation events occurred when wind speeds were below 3 ms™.

R Fhs

As Ren and-Liet al. (20072003) reported, among 30 comparison stations in China, the CSPGp Pt caught 3.2%

(1.1~7.9%) more rainfall and 11.0% (2.2~24.8%) more snowfall than the CSPG,yESPG. Large wind-induced

differences are often appeared-observed at the western mountainous stations and in the Northeastern China. At the

Gangcha station (100°08', 37°20", 3015 m) which also lies in the Qilian Mountains with similar elevations with

and about 200 km far from the Hulu watershed site, the CSPGpir_caught 7.9% more rainfall and 16.8% more

snowfall than the CSPGyy. In our study, the CSPGp rPit-gatige got 4.7% more rainfall, 24-221.0% more snowfall,

and 11:62.1% more mixed precipitation than the CSPG yESPS from September 2010 to Septernber2014April

2015 (Table 3). The outcome presented in this study is somewhat different from thesiHarwith Ren et al. (2003)

Ren-and-Li{2007) presented due to the different wind regime.

15
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4.2 Possibility of the CSPGprPit-gauge as a reference for solid precipitation

The pit shield is the WMO reference configuration for liquid precipitation measurements and the DFIR is the

reference configuration for solid precipitation measurementsFhe-Pit-gadge-is-the-WMO-+eference-standard-for

(Sevruk et a., 2009). In this study, the CSPGp Pit-gauge perfermed-superiermeasures more rainfall and mixed

precipitation than the CSPGDFIR . For snowfall, the

catch ratio for the CSPGprPH-gatge is 0.96, close to the CSPGDFIR catch ratio. The total 43-time snowfall

difference between the CSPGpr and the CSPGpgir IS only about 3.4mm from September 2012 to April 2015 at the

Hulu watershed site. Thus the CSPGprPit-gatige could serve as areference for liquid and solid precipitation in the

environment similar to i the Hulu watershed site. Considering the CSPGpPit-gauge’s greater simplicity and

practicality, it could be more convenient for researchers and observers to use the CSPGp rPit-gadge as the standard
reference for snow and mixed precipitation in other locations. Precipitation collected by the CSPGprPit-gauge

would be most affected when blowing or drifting snow occurred, and induce a faulty precipitation value

(Goodison et al., 1998; Ren and Li, 2007). Previous studies have indicates, however, that for most of China
maximum snow depths in the past 30 years have been less than 20cm (Li, 1999), and average snow depths were
less than 3cm (Li et al., 2008; Che et al., 2008). Fig.£6-8 shows annual snowfall amounts and annual snowfall
proportion distributions for 644 meteorological stations in China from 1960 to 1979, indicating that snowfall
concentrated in the south-eastern Tibetan Plateau, northern Xinjiang province and north-eastern China. Statistical
analysis indicates that for more than 94% of stations, solid precipitation is less than 15% of the annual

precipitation amount.

snow-H-mest-ef-China—Ren and Li (2007) has reported, among the 29276 precipitation events, there are only 784

blowing or drifting snow events accounting to about 2.7% at the 30 stations over China. These blowing or drifting

snow_events mostly occur in the south-eastern Tibetan Plateau, northern Xinjiang province and north-eastern

China (Ren et al., 2003). The applicable regions for the CSPGpPit and the CSPGDFIR as reference gauges are

shown in Fig.21-9 based on CMA snowfall and snow depth data.

Fig.26-8 about here

Fig.41-9 about here

4.3 Uncertainties of the experiment

Although the measurements procedure is based on the CMA's criterion, the manual observation has low
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frequency, and as a result, some precipitation events are summarized as one event especially in the evening. The

automatic meteorological tower can observe half-hourly precipitation and wind speeds during the precipitation

period, but the CSPGyn, CSPGsa, CSPGpir_and CSPGpeir _are observed twice per day. In this field experiment,

the precipitation phase is also discriminated by the observers. This method is somewhat rough though it has been

the standard way since the 1950s at the CMA stations.

The used wind speeds at gauge height and at the 10 m height are not observed directly, but they are calculated

from the observed data at 1.5 m and 2.5m heights according to the Monin-Obukhov theory and the gradient

method (Eq.(8)). Although this method is widely used, it is effective only under neutral atmospheric conditions.

During the precipitation period from September 2012 to April 2015, Z, is about 0.06 m of the average but it

varies from near zero to 0.67 m. As shown in Fig.10, about 68.9% and 95.1% of Z, islower than 0.05 m and 0.25

m, respectively. In the occasional cases that Z, is very large, the Z, is arbitrarily assigned a value (1/2 of grass

height at the site).

Fig. 10 about here

5 Conclusions

The precipitation intercomparsion experiment in the Hulu watershed indicates that the CSPGpPit-gauge

catches more rainfall, mixed precipitation and total precipitation than the CSPGpr. Fhe-cateh-ratios-ferFrom

A T

most to the least rainfall and mixed precipitation, it can be ordered as follows: CSPGpr > CSPGprir > CSPGsa >

CSPGUNERRi>CRppr>CRAe>CRcsps. While in the snowy season, it follows the rule that better wind-shelter

shield catch with more snow, and the-cateh-ratiosfersnew-they can be ordered: CSPGprr > CSPGpir > CSPGep >

CSPGynCRorrR>CRAFCRAke™CResns.

precipitation—The wind-induced bias of CSPGsa_and the CSPGyy_are well tested, and the most adjustment

eguations could be used. They would help to improve the precipitation accuracy in China.

In the regions with little snowfall such as H+ainfal-deminatedthe south and central part of China, and the

regions with similar climate and environment to the Hulu watershed site, the CSPGprPit-gatige could be used as

the reference gauge considering with-its highest catch ratio, simplicity and low cost. In north-east China, northern

Xinjiang province and southeastern Tibetan Plateau where snowfall eeneentratesoften occurs, the best choice for

reference gauge would be the CSPGprPit for rainfall and CSPGper for snowfall observations.-Fer-other-regions

_{(BHRM: T

R T
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Table 1. Monthly climate values at the experimental site (2010~-2012).

Monthly precipitation P (mm)Etement Jn Feb Ma  Apr May Jun Jul Aug Sep Oct  Nov Dec Yealy+. { RN i NS
Monthly mean air_temperature Treas (C)P ‘\<£ ’%%f‘xiﬁ
35 25 110 88 677 696 871 1116 577 240 27 10 4472 - -
- T (mRRN: A5
Monthly mean daily maximum air temperature
41 26 -15 07 23 37 42 40 27 05 -19 -38 04
Tiae CCLToA°G) R i A
Monthly mean daily minimum air temperature
-13 02 12 34 48 6.1 65 6.6 51 34 12 -06 30
T (Ol ract®S) (R AT
Monthly mean wind speed at the 1.5m height
63 -49 -39 -17 02 16 23 19 06 -18 -42 -61 -19
Wa s (M S [ ) —/{ WA FEih: N5
Monthly mean wind speed at the 2.5m height
060 065 077 08 08L 066 061 060 064 060 069 065 068
Weos (m S")Wer s-ms™) /)'{ BRAK: Tk NS
Monthly evaporation ability Ey (mm)We s-{m I Y T
. 060 067 08l 092 08 072 068 067 072 066 073 067 073 { WA Pk N
sy
Monthly precipitation P (mm)Eq-{mer) 316 470 794 1244 1409 1550 1417 1270 1016 752 473 310 11022 ,,,{ e R
Table 2. The precipitation measurement intercomparison experiment in Qilian mountains.
Size(¢ stand for orifice diameter Start
Gauge Abbreviation End date Measure time
and h for observation height) date
An unshielded China standard Jun SepApr, 20:00 and
CSPGL ¢=20cm, h=70cm _(#HR: Fhx
precipitation gauge (CMA, 2007a) 2009 20142015 08:00, LT
GSPG-withSingle Alter shelter-shield Jun SepApr, 20:00 and
AkterCSPGsa ¢=20cm, h=70cm /{ R AR
(Struzer, 1971) around a CSPG 2009 20142015 08:00, LT
A CSPG in aPit-gauge (Sevruk and Sep SepApr, 20:00 and
PHCSPGpir @=20cm, h=0cm _{BHRRW: T
Hamon, 1984) with-aCSPG 2010 20142015 08:00, LT R : Tih. L JiE(E
- . ) 5]
) ) )
Beuble-Fence with-CSPGDFIR shield
Sep SepApr, 20:00 and
(Goodison et al., 1998) around a CSPGprir =20cm, h=3.0m /{ R AR
2012 20142015 08:00, LT

CSPG
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Table 3. Summary of-daiy precipitation observations at the Hulu watershed intercomparison site, 2010-20142015.

Total precipitation and catch ratio (CR, %)

No. of
pre | P2 | s | | cr 100 SF8s 1) | 0] Sy |00 SECom o) e 100 S 1) | s S0y R 10 P R I
All 608 | 1986.8 | 939 2.6 6.5 2038.1 | 964 38 21151 | 100
Sep2010-| rain 480 | 17007 | 955 13 4.7 17234 | 96.7 34 17814 | 100
Apr2015 | mixed | 44 1399 | 892 6.1 121 1485 | 947 56 156.8 100
snow | 84 1462 | 826 137 210 1662 | 940 64 176.9 100
All 283 | 1066.7 | 94.9 20 6.0 53 10884 | 96.9 39 32 11309 | 1006 0.6 11237 | 100
Sep2012-| ran | 211 9207 | 96.7 09 45 34 9286 | 975 36 25 9618 | 1010 -1.0 9522 | 100
Apr2015 | mixed | 29 711 | 876 7 156 142 766 | 943 73 6.0 822 | 1012 -1.2 812 100
snow 43 | 749 82.9 1.1 16.0 20.6 832 | 921 44 85 86.9 96.2 39 90.3 | 100
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Table 4. Catch ratio (CR) vs. wind speed relations at the Hulu watershed intercomparison site, 2012-2015.

Temporal . . . P No. of 3
scale Phase | Gauges Best catch ratio (CR) vs. wind speed relation* mm) | events F-test
CSPGy, CRn/oriRRan = 0 18103, — 2.028W2, +5.983N, + 92.24 4=0.06
. R’=0.070
C in = 0.188W3 — 2.027W2, + 5.554W,  + 94.27
Rain CSPGg, RSA/DFIR,Ram 510 ] 's10 's10 P>3.0 103 4=0.01
R°=0.099
CSPGyr CRo1/priR Rain = 0.150W3, — 1.748\2, + 6.183N,, + 94.20 4=0.50
R’=0.023 -
—0.07W, 2_
Precipitation CSPGun CRJN/DFIR,Mixed =102.9¢e * _R°=0.198 =0.07
event Mixed | CSPGs, CRoyorirmined = 10246700 R=0.102 P>1.0 | 24 0=0.16
CSPGpir CRuimprirmixed = —D-8LINW;,) +106.4 _R?=0.023 4=0.47
CSPGyn CRnorR s0w = 103.5e e _R?=0.420 a=4.7E-5
005 2_
Snow | ESPGsa CRauprir snow = 97-3BW, ~ R=0.122 P>10| 32 0=0.04
CSPGyr CRo1/pr1R 30w = 0.160W3, + 0.956W2, — 9.754\, +109.9 42020
- R°=0.110 o
CSPGuy CRJN/DFIR.Ram = 71-400‘/\/530.79-403/\/5%.7 718-22\/\/50.7 +106.8 0=0.26
- R’=0.045
Cl - =—-0.924W2 . +6.525W2 , —13.47W,, , +105.7
Ri'n %& RSAIDFIR,Ram s0.7 ; s0.7 s0.7 P>30 i) (1,2043
R°=0.031
CSPGeir CRPITIDFIR,Rain = —0-952\/\/5.7 + 6-3713/\/5%.7 -12.62W,,, +108.4 4=0.68
- R’=0.017 o
020 2,
Dl CSPGun CRnorR Mixed = 8847 R=0.169 =0.06
precipitation Mixed | CSPGgs CRovorir vixed = 93'64\/\/55.0%12M P>10| 21 =0.12
005 2
CSPGpir CRor/orrMixed = 10L.OW,o; _R’=0.017 =0.60
032 H2_
CSPGun CRn/orir sow = 96.280 7 R™=0.577 a=5.7E-6
12—
Snow | ESPGsa CRyyprirsmow = —8-01IN(W,, ;) +97.61_R™=0.111 P>10| 27 0=0.09
CSPGor CRPITIDFIR,SWW = 75-760’\/5?).7 + 41-643/\/5%.7 - 93-05'/\/50.7 +160.5 4=0.33

R°=0.134

*: Wyo-Wind speed during period of precipitation at 10 m height; Wy, -Daily mean wind speed at gauge height (0.7 m for CSPG).

24




© 00 N o a0 b~ W N P

NN NRNDNER B R B R B B p R
A W NP O O© ® N o > wN PP O

N
o1

26

27

28

29

30

31

32

33

35

36

62m
Qilian mountains Hulu watershed
L

I

" rﬂi_f

Figure 1. Precipitation gauge intercomparison experiment in the Qilian mountains, Tibetan Plateau.
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Figure 2. Intercomparison plots among CSPGyn, CSPGsa, CSPGpr_and CSPGpgir for the rainfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.
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Figure 3. Intercomparison plots among CSPGyn, CSPGsa, CSPGpr_and CSPGprr for the mixed precipitation

events from September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.
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Figure 54. Intercomparison plots among CSPGyn, CSPGea, CSPGpr_and CSPGprir for the snowfall events from

September 2010 (a, b and d) or September 2012 (c, e and f) to April 2015.
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Figure #5. Catch ratios (CRs) vs. wind speed for the rainfall event (a and b) and the daily rainfall (c and d)

greater than 3.0mm.
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Figure 86. Catch ratios (CRs) vs. wind speed for the mixed precipitation event (a and b) and the daily mixed %ﬁ AR B
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Figure 97. Catch ratios (CRs) vs. wind speed for the snowfall event (a and b) and the daily (c and d) snowfall

greater than 1.0mm.CF
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China.
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Figure 10. The surface roughness during the precipitation period from September 2012 to April 2015.
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