Peer review comments on “Precipitation measurement
intercomparison in the Qilian Mountains, Northeastern Tibetan

Plateau” by R. Chen et al.

Editor

The manuscript has improved after the revision. There are however still issues here and there.
There is a need to show more details in the fitting method, the use of F-test, and the derivation of

the correction equations. A revision is necessary.

Authors' response: Ok. Thank you very much.
Comments from Referees:

GENERAL COMMENTS

The manuscript improved a lot compared to the first version | reviewed. There are still a few
unclear areas; | included my comments into the PDF document enclosed. |1 would like to see more
details related to the fitting method and the use of F-test (chapter 2.2) and the derivation of the
equations (chapter 3.3 and 3.4, Table 4). Also suggest adding a few lines comparing the

maintenance requirements of the PIT and DFIR gauges (in chapter 4.2).

Authors' response: Thank you very much for your detailed and good advices.

Author’s changes in manuscript:

1. "more details related to the fitting method and the use of F-test (chapter 2.2)"

The one independent variable equations were fitted directly by using Microsoft Excel. Whereas
for the equations with more independent variables, the function NLINFIT in Matlab software was
used. They are both based on the least square method in mathematics (Charnes et al., 1976). The
significance of the equations were evaluated by using F-test method (Snedecor and Cochran,
1989). For the simultaneous equations, the F-value and its significant value (o) could be
calculated by using function LINEST and FDIST in the Microsoft Excel, respectively. If the
independent variable X presents in the forms like X%°, exp(0.5X) and 0.5In(X) etc., its form
should be revised to agree with the LINEST function. For example, the equation '

Y=a*X."+c*exp(d*X,)+e ' should be revised as ' Y=a*Xg+c*X,+e ' before using LINEST to



acquire its F-value.
2. "more details related to the derivation of the equations (chapter 3.3 and 3.4, Table 4)."

Some lines are added in Page 9 Line 9: As described in Chapter 2.2, to calculate the F-value of
this kind of equation using LINEST function in Microsoft Excel, the W3, and W2y should be
converted into new variables Xy= W30 and Xo= W, firstly. Other forms such as the power law
and exponential expressions are treated in a similar way.

See detail in the following "Detailed comments".

3. "adding a few lines comparing the maintenance requirements of the PIT and DFIR gauges (in
chapter 4.2)"

Some lines are added in Page 12 Line 10: The pit shield is easy to transit, install, observe
and maintain. It occupies only a small place and could be installed in the CMA'S standard
meteorological fields, but the DFIR shield is larger and should keep away from the other
observations. In the mountains regions, the DFIR shield is difficult to carry and install. In
addition, the pit shield is only about 150 USD, 6000 USD cheaper than the DFIR shield in China.
Therefore, it could be more convenient for researchers and observers to use the CSPGpr as the
standard reference for snow and mixed precipitation in other locations.

Please see the revisions in the following "Detailed comments".



DETAILED COMMENTS (Derived from the referee's PDF document by authors)

1. Page 1 Line 15: . The CSPGrer and the CSPGox caught{imorg/5 6% and 2.5%rainfall
Authors’ response: It's true and need not to revise.
Author's changes in manuscript:

el (f A
2. Page 2 Line 14: Tts reference is a Mk2 gauge elevated 1 m above the ground and equipped with

Authors' response: Ok.
Author's changes in manuscript: Its reference is a British Meteorological Office standard gauge

of Snowdon type (Mk2) elevated 1 m above the ground and equipped with....

ot cleor - ladh ol velngd Sette
precipitation of CSPG were well quantified based on the huge observation data. Because there are not wind data at 2. 19, i

2. Page 3 Line 6-7:

the intercomparison site (Yang et al., £991; Goodison et al., 1998), for the wind-induced undercatch, the derived nelghk
Authors' response: Ok.

Author's changes in manuscript: Due to lack of equipments at that time, the wind data were not
observed at the intercomparion 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), which was about 1.7 km far from the intercomparion site. It would induce
some uncertainties in the catch ratio equations established by Yang et al. (1991) for the CSPG.

. (2007) had conducted an intercomparison experiment at 30 sites (altitude varies from about 4.8 m to 3837 m) over
3. Page 3 Line 13: A
China, ﬁﬁa/they_;s@lhe pit as reference shield, A total of 29,000 precipitation events had been observed.
Authors' response: Ok.

Author's changes in manuscript: China, using the pit ....

1991) to correct the wind-induced errors on Tibetan Plateau, However, their precipitation ganges are Tretyakov,

e Yoane, gosop, !

4. Page 3 Line 29: Wi,@?almﬂl ].ndian)and US 8" in the neighboring countries. As the third pole in the world, the Tibetan

Authors' response: Yes, they are. Table 1 is derived from Ma et al. (2014). They said that the
instrumental details are taken from Sevruk and Klemm (1989). We look for them in this literature,
and find some errors: Nepal2003 should be Nepal 203. To avoid confusion, the gauge names

should be described more detailed in this paper.
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Table 1. Nations and corresponding instrumental information over the TPE region.

ID  Country Gauge Setting orifice Area of Number of selected Wind-induced error correction

type height (cm)  orifice (cm?) weather station procedure

I Bangladesh ~ U.S. 8" 70 324 1 Yang ef al. (1998)

Il China CSPG 70 314 152 Yang (1988) and Yang et al. (1991)

I India Indian 30 200 22 No bias-correction result can be referee,
dealt by procedure of Tretyakov due to
similar size

v Kazakhstan Tretyakov 40 200 9 Goodison ef al. (1998)

v Kyrgyzstan Tretyakov 40 200 7 Goodison er al. (1998)

VI Nepal Nepal2003 100 324 3 No bias-correction result can be referee,
dealt by procedure of U.S. 8" due to
similar size

VII  Pakistan MK2 30 127 21 Essery and Wilcock (1991)

VIHI Tajikistan Tretyakov 40 200 9 Goodison er al. (1998)

IX  Turkmenistan Tretyakov 40 200 2 Goodison er al. (1998)

X Uzbekistan Tretyakov 40 200 15 Goodison et al. (1998)

From Sevruk and Klemm (1989):
No “Code Areaof  Name Country ~ Material | Depth  Helght Ay
orifice of oof of -
Ay origin collector - gauge Ap
lem?] [em] fem]
24 20-22-P 200 Indian India fibre glass 22 50 4.9
- —— - —— = mme g g —— —n o
89 *  32-19-5 324 Nepal 203 Nepal sicel 12 59 35

Author's changes in manuscript: However, their precipitation gauges are Tretyakov, MK2,
Nepal 203, Indian standard and U.S. 8" in the neighboring countries.
This field experiment focuses on two key aspects. One is comparisons among the CSPGyy, CSFGsa, CSPGerr
. Fage 5 Line 16: and CSPGppmyAnother purpose is to establish adjustment equations for the C3PGyy and the CSPUsa by using the
Authors' response: Ok.
Author's changes in manuscript: One is comparisons among the CSPGyn, CSPGsa, CSPGpt

and CSPGpgr gauges.
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precipitation. P, is the wetting loss, P, is the evaporation loss, P, is trace precipitation and Py is DFIR-shielding A
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preeipitation. For the CSPG, P, JS 0 23 mm for rainfall measuremems 0 30 mm for snow and D 29 mm for mixed *-/ n
6. Page 5 Line 22-23:

precipitation (Yang, 1988; Yang et al., 1991) a\:cm'dlng to lhe)neﬂsuuamenis in the Tianshan v'llley site. Ren and o Ao L

Authors' response: They are for each observation.
Author's changes in manuscript: For loss of the CSPG per observation, Py, 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), based on the measurements in the Tianshan valley site.

value of 0.1 mm, regardless of the number of trace observations per day. e ) M=
2 -~ peeh M

B e S R 1

7. Page 6 Line 2_3 In Elus(f:‘id_ :x{f\c:!‘mci]‘:’ ;hejC\SPGUN CSPGga, CSPGpr and CSPGpprr h\é same P, P.and P, ‘\:]ml_have.—hgenr

well quant]fcdqs described above. Thus the focus of the present study is the wind-induced error. Wind may be
Authors' response: ok
Author's changes in manuscript: In this field experiment, the different configuration of the
CSPGyn, CSPGsa, CSPGp it and CSPGprr used the same Py, P.and P; well quantified constant

value as described above.

;7) Sre ame ol 4 oty Rodaf KT
8. Page 6 Line 9: . { oores \) e
3) CSeG Lrn

Authors' response: ok
Author's changes in  manuscript: Therefore, in this paper, the catch ratio
(CR=CSPGx/CSPGpfr, %; X denotes UN, SA or PIT.) follows their definition by using

CSPGpgr as reference.

) The CMA stations usually observe wind speeds at 10 m height, so! ang etal. (]991 have given}Eqs.(5)<(7) for
9. Page 6 Line 14-15: d e

CSPQG catch ratios versus daily mean wind speed ¥, {m s’ 'yat 10T 1e—wi’rhese equations are based on the huge
Authors' response: ok

Author's changes in manuscript: .... so the Egs. (5)-(7) for CSPG catch ratios versus daily
mean wind speed Ws (m s™) at 10 m height are used (Yang et al., 2001).

10.Page 6 Ling 23: & encens (7)™ S0 slotd b qdded vetosca b (ol metid
Authors’ response: ok

Author's changes in manuscript: The one independent variable equations were fitted directly
by using Microsoft Excel. Whereas for the equations with more independent variables, the
function NLINFIT in Matlab software was used. They are both based on the least square method

in mathematics (Charnes et al., 1976). The significance of the equations were evaluated by using



F-test method (Snedecor and Cochran, 1989). For the simultaneous equations, the F-value and its
significant value (o) could be calculated by using function LINEST and FDIST in the Microsoft
Excel, respectively. If the independent variable X presents in the forms like X°°, exp(0.5X) and
0.5In(X) etc., its form should be revised to agree with the LINEST function. For example, the
equation ' Y=a*X;"+c*exp(d*X,)+e ' should be revised as ' Y=a*Xs+c*X,+e ' before using

LINEST to acquire its F-value.
Frezs ™55

Where Z 0.7 mor 18 m.

i : ’ » Lo bd o bt gx_q,.h‘_.r-lfﬁﬁ' Q}"\‘
11. Page 7 Line 2: s Senate, W mrenane Vrr e shad) e Ao ;
Lo =

Authors' response: ok
Author's changes in manuscript: Where Z denotes the anemometer installation height at 0.7 m

or 10 m.
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12.Page8Linel: T g = P o deo b
Authors’ response: ok
Author's changes in manuscript: The Chapter 3.2 was revised as:

From September 2010 to April 2015, a total of 44 mixed precipitation events were observed.
As shown in the Table 3, the CSPGpt also caught the most mixed P among the gauges. Good
linear correlations are observed among the gauges (Fig.3) too. The CSPGp caught 1.1 mm more
mixed precipitation than the CSPGpgr in the near three successive years. The linear relationship
is statistically significant with an R? value as about 0.98 (Fig.3f). Thus the CSPGpr instead of the
CSPGprr could be selected as the reference gauge for the CSPGyy and the CSPGsp at the
experimental site.

The first paragraph of Chapter 3.3 is revised as:

From September 2010 to April 2015, a total of 84 snowfall events are observed. During the
period from September 2012 to April 2015, the CSPGsa, CSPGpir and CSPGprr caught 11.1%,
16.0% and 20.6% more snowfall than the CSPGyy, respectively. The CSPGpt and the CSPGprr

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



Hep ot wie, d@croased s
and mixed precipitation events are less than 3.0 mm. For this rezuony’single or daily snowfal[ and mixed

13. Page 9 Line 8-9: precipitation greater than 1.0 mum was chosen to usein this-chapter, Whereas for the sainfall, precipitation preater

Authors’ response: ok

Author's changes in manuscript: ... and the mixed precipitation events are less than 3.0 mm.
For this reason the limit was decreased, single or daily snowfall and mixed precipitation greater

than 1.0 mm was chosen to use.

Fig.5 presenis scatter plots of the CRyypee 0F CRyymppm V8. wmd spaed The CRs vary from 80% to 110%. With bat v,

14. Page 9 Line 8-9:

increasing wind speed, the CRs decreased slightly. The folluwmg two equatlons 10) and (11) could beusedto v+ dwlnie tn)l ‘

Authors' response: They are from fitting plots Fig.5 by using Mlcrosoft Excel.
Author's changes in manuscript: The text is revised as:

The following two equations (10) and (11) shown in Fig.5 could be used to adjust the rainfall
event data from the CSPGyn and CSPGsa, respectively. They are significant at 0.06 and 0.01
level, respectively (Table 4).

On daily scale, the best re[ﬂtmnshlps hetween rainfall CRs and wind speed at gauge height (Wiq.,) are also the
15. Page 9 Line 29-30:  3rd order, but they don'tpass the F-test even @=0.25 (Table 4).
Authors’ response: )
Author's changes in manuscript: On daily scale, the relationships between rainfall CRs and
wind speed at gauge height (Wy7) are also the cubic functions, but they don't pass the F-test even

a=0.25 (Table 4).
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16. Page 10 Line 1:
I 3,42 Mixed precipitation eatch ratlo vs, wind speed
Authors' response: As described in 10. Page 6 Line 23: For the simultaneous equations, the
F-value and its significant value (o) could be calculated by using function LINEST and FDIST in
the Microsoft Excel, respectively. If the independent variable X presents in the forms like X°°,
exp(0.5X) and 0.5In(X) etc., its form should be revised to agree with the LINEST function. For
example, the equation ' Y=a*X; +c*exp(d*X,)+e ' should be revised as ' Y=a*Xs+c*X,+e '
before using LINEST to acquire its F-value.
Author's changes in manuscript: Some lines are added in Page 9 Line 9: As described in
Chapter 2.2, to calculate the F-value of this kind of equation using LINEST function in Microsoft

Excel, the W31 and W20 should be converted into new variables X;= W10 and Xo= Wy firstly.

Other forms such as the power law and exponential expressions are treated in a similar way.



) A
- . 17 mixed precipitation were 1.162 (Fig.4b) and 1.082 (Fig.3b), respectively. Similar topographic features and
17. Page 11 Line 18:

s St L o
-8 ) shading inducech;{ower wind speeds at both sites, which led to the similar catch ratios. For the Tianshan reference

Authors' response: Ok.

Author's changes in manuscript: ...... shading induced similar lower wind ....
] ;o
* . 10 Hulu watershed site" “Considering the CSPGprr’s preater sul]plmLLand pracucalnv it could be more convenient
W ¢
b ¢ 1L for researchers and observers to nse the CSPGpr as the standard reference for snow and mixed precipitation in
Ve

H . s P l‘, 12 >-6¥E1cr locations. Precipitation collected by the CSPGyyy would be most affected when blowing or drifiing snow
18. Page 12 Line 10-14 o L ad
. c Tl

',1 o3 occurred, and induce a faulty precipitation value (Goodisen et al., 1998; Ren and Li, 2007), Previous studies have

{ il

L . . . .
oh o 14 indicates, however, that for most of China maximum snow depths in the past 30 years have been less than 20 cm
.l p i

VBOAOs (Li, 1999), and average snow depths were less than 3 em (Li et al., 2008; Che et al., 2008). Fig.8 shows annual

Add a sentence comparing the maintenance requirements for DFIR & PIT?

Authors' response: Ok.

Author's changes in manuscript: The pit shield is easy to transit, install, observe and maintain.
It occupies only a small place and could be installed in the CMA'S standard meteorological fields,
but the DFIR shield is larger and should keep away from the other observations. In the mountains
regions, the DFIR shield is difficult to carry and install. In addition, the pit shield is only about
150 USD, 6000 USD cheaper than the DFIR shield in China. Therefore, it could be more
convenient for researchers and observers to use the CSPGpr as the standard reference for snow

and mixed precipitation in other locations.

14 rainfall, mixed {erec:lpnalmn and mnl pl'::clplhll{m than the CSPGppp. From most to the least rainfall and mixed
- 15 precipitation, m;fBﬂ.ﬂ/E-& orderdihas- fol[om CSPGprr > CSPGprm > CSPGga > CSPGine. While in the snowy season,
19. Page 13 Line 15-18 '
16 it follows the mle ;!%t better wind-shicld catch with more snow‘;nnd-thay--cnn- be-erdered; CSPGpp > CSPGyr =
17 C8Plg, = CSPGyy. The wind-induced bias of CSPGg, and the CSPGyy are well tested, and the most adjusiment
PR, SR

18 equations could be used, They would help (o improve the precipitation aceuracy in China.

Authors' response: Ok.

Author's changes in manuscript: From most to the least rainfall and mixed precipitation, the
order is: CSPGpr > CSPGpgr > CSPGsa > CSPGyn. While in the snowy season, it follows the
rule of better wind-shield catch with more snow: CSPGprir > CSPGpjr > CSPGsa > CSPGyn.
The wind-induced bias of CSPGsa and the CSPGyy are well tested, and their adjustment

equations could be used. They would help to improve the precipitation accuracy in China.




climate and enviromment to the Hulu watershed site, the CSPGyyr could be used as the reference gauge

20. Page 13 Line 21:

G {
considering, its highest cateh rvatio, simplicity and low cosl. In norlh-east China, northern Xinjiang provinee and

southeastern Tibetan Plateau where snowlall often occurs, the best choice for reference gauge would be the

Authors' response: Ok.
Author's changes in manuscript: ... the CSPGpir could be used as the reference

considering its highest catch ratio, simplicity, low cost and less maintenance requirements.

& Table 2, The precipilaiion fnte: e il in Qilian
Sirclgstmad for orifie dicior and Maasme
Gage Abbreviation Sundue  Enddalc
 for abservation height} time
[| /I...u...-l.l.xl Chiims siandard 000 and .

- ) S o=20cm, i=T0cm Jun 2008 Apr 2015 /l
/ precipitation gauge (CMA, 2007, 0800, LT

21. Page 17 Table 2: Format Better s =)

C5PGgs o-alen, hr-T0cm Jun 2069 }
\\\\\ ol 8 CSPG 08:00,1T7
ACSPG i it (Sevrok and 2000 a0d.,
! 5Py #20cm, h-em Sep 010 Ape, 2015 }
aman, 1084) = 08:00, LT
DFIR shicldiGoodison et al., 1993), 2000 .
J CHlirn Do, §=3.0m Sep 2012 Apr, 2015 J
wound 8 CSPG - | og:00, 1T
9 i -
A ( Lo Lo ol ds
10 Ple ant Yocwad | wesnt o
L] .
Authors' response: OK. n FORMAT BETTER !!
12 Prange  Liwa, alos :

Author's changes in manuscript: ...

e/
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gauge

L Size(p stand for orifice diameter and Measure
Gauge Abbreviation ) ] Start date | End date .
h for observation height) time
Unshielded China standard 20:00 and
L CSPGyn @=20cm, h=70cm Jun 2009 | Apr, 2015
precipitation gauge (CMA, 2007a) 08:00, LT
Single Alter shield (Struzer, 1971) 20:00 and
CSPGgp @=20cm, h=70cm Jun 2009 | Apr, 2015
around a CSPG 08:00, LT
A CSPG in a Pit (Sevruk and 20:00 and
CSPGpit @=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
22. Page 18 Table 2: Some lines thicker!
Authors' response: OKk.
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. %)< o
Dates | Phased| oo CSPGo] - 5 - - P - ] C8PGL. - - ‘ 5 - 5
eventsd (mm; CRA| IDD‘\E:PP& _1"“ DD‘\E:gg: _1"“ 100‘\5;;%1?: _1‘-: [m;: cRA IDD‘\E:PP(;Z —1}';* 100:\5551}%? -11" CSPGur(mm| CRe m‘\ccssi%m,:_l,; 5P (| CR|”
Alle | 608¢ | 1986.8+|93.9. 26¢ 6.35¢ o 2038.1¢| 96.44 38¢ a 2113.1% 100« o @ la
Sep 2010-| raine | 480+ | 1700.7¢| 955 13¢ 470 a 1723.4¢0( 96.74 340 a 1781.4¢ 100+ £ e
Apr2015{ mixeds 44+ | 1399+ [ 892 6.1e 12.1¢ El 1485+ | 94.74 564 Bl 156.8¢ 100+ Bl Qs
smows| 840 1462+ [ 826 13.7¢ 2109 4 166.2¢ | 94.04 644 a 176.90 100 o s
All ©[ 283¢| 1066.7+| 949 20 6.0 53¢ 1088.40( 96.94 308a 32a 11309¢ [ 100.64 0.6¢ 112370 1004,
Sep 20124 raine | 211¢| 9207¢ | 967 0.9 43¢0 340 928.6+¢ | 9734 3.6¢ 25¢ 961.8¢ 101.04 -1.0¢ 9522¢ 1004,
Apr20154 mixedd 200 711 | 876 77 15.6¢ 142« 76.6+ | 9434 73¢ 6.0 821¢ 10124 124 812« 1004,
mow+| 434 740+ (829 111+ 16.0# 206+ 832+ |92.14 448 g35a 869+ 962+ 394 903+¢ 1004,




23. Page 27 Figure 8:

Authors' response: The figure appears $

errors when transferring word into PDF file.

Author's changes in manuscript: ...

19 FigureS. (a) Annual snowlall (mem) and (1) snowtall i.f‘fanum.ﬂg m%}u China.
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Figure 8. (a) Annual snowfall (mm) and (b) annual snowfall to total precipitation ratio in China.



[N

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Precipitation measurement intercomparison in the Qilian Mountains,

Northeastern Tibetan Plateau

R. Chen’, J. Liu, E. Kang, Y. Yang, 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. An intercomparison experiment was
carried out from September 2010 to April 2015 in the Hulu watershed, northeastern Tibet Plateau. Precipitation
gauges included (1) an unshielded CSPG (CSPGyy), (2) single Alter shield around a CSPG (CSPGsy), (3) aCSPG
in a pit (CSPGp1) and (4) a Double-Fence International Reference shield with a Tretyakov-shielded CSPG
(CSPGpgRr). The intercomparison experiments show that the CSPGga, CSPGpit, CSPGp = caught 0.9%, 4.5% and
3.4% more rainfal, 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 (al types) than the CSPGyy from
September 2012 to April 2015, respectively. The CSPGp and the 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 CSPGsy, respectively. Whereas the CSPGprr caught 1.0% less rainfall, 1.2% less mixed
precipitation, 3.9% more snowfall and 0.6% less total precipitation than the CSPGp 1, respectively. From most to
least rain and mixed precipitation, the measurements are ranked as follows: CSPGpt > CSPGprr > CSPGsa >
CSPGy. For the snowfall, it follows as: CSPGpgr > CSPGpt > CSPGga > CSPGyn. The CSPGpg is used as
reference to calculate the catch ratios (CRs) of the CSPGyy, CSPGgy and CSPGpt. CR vs. 10m wind speed
during the period of precipitation indicates that with increasing wind speed from 0 to 8.0m/s, the rainfall
CRuniprr or CRsaprir decreased dlightly. For the mixed precipitation, wind speed has no significant effect on
CRunipbrRr 0r CRsaprir below 3.5m/s. For the snowfall, the CRynprr OF CRsaprir VS. Wind speed shows that CR
decreases with increasing wind speed. The adjustment equations for three different precipitation types for the
CSPGyn and CSPGgy were established based on the CR vs. wind speed analysis and World Meteorological

Organization (WMO) recommonded procedure. They would help to improve the current bias error-adjusted

"Corresponding author. E-mail address:crs2008@Ilzb.ac.cn (R. Chen)
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method and precipitation accuracy in China. Results indicate that combined use of the CSPGprr and the CSPGpit
as reference gauges for snowfall and rainfall, respectively, could enhance precipitation observation precision.
Applicable regions for the CSPGp1 or the CSPGprr as representative gauges for all precipitation types are
present in China.

Keywords: Precipitation, 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 errors affect the available water evaluation in a large number of economic and environmental
applications (Tian et al., 2007; Yeet d., 2012).

Back in 1955, the World Meteorological Organization (WMO) conducted the first precipitation measurement

intercomparison (Rodda, 1973). Its reference is a British Meteorological Office standard gauge of Snowdon type

(Mk2)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” manua 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 normaly 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 d., 2005). 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 operationa networks for precipitation observations. The WMO-SPICE project still selected DFIR shield

as part of the reference configurations.
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The DHR 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 a., 1991). The wetting, evaporation losses and trace

precipitation of CSPG were well quantified based on the huge observation data. Due to lack of equipments at that

time, the wind data were not observed at the intercomparion siteBecause-there—are—not—winddata—at—the

Hatercomparison-site (Yang et a., 1991; Goodison et a., 1998).-). ferFor 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 a., 1991)-Fhedistanee, which iswas about

1.7 km far from the intercomparion site. betw

speeds—are—different—It would irdueng—induce some unreertainty—uncertainties 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-using 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 a., 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 a., 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 additiona attention must be paid to wind-induced errors of gauge
measured precipitation. Because of the limited intercomparison observation data in China, Ma et a. (2014) used

the adjusted equations from neighboring countries except for the results from Tianshan China (Yang et al., 1991)
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to correct the wind-induced errors on Tibetan Plateau. However, their precipitation gauges are Tretyakov, MK2,
Nepal_2003, Indian standard and U.S. 8" in the neighboring 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 CSPGy and the SA
shield around a CSPG (CSPGsa).

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 a., 2014a) has been established since 2008
in the Hulu watershed. Annual precipitation is about 447.2 mm during 2010-2012 and is concentrated during the
warm season from May to September at this site. The annual temperature is approximately 0.4 °C, with a July
mean (Tyean) 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).

The intercomparison experiments included (1) an unshielded CSPG (CSPGyy; orifice diameter=20 cm,
height=70 cm), (2) single Alter shield around a CSPG (CSPGsy), (3) a CSPG in a pit (CSPGp 1), and (4) aDFIR
shield with a Tretyakov-shielded CSPG (CSPGprir) (Fig.1, Table 2). The CSPGyn, CSPGsa and CSPGpr were
installed before September 2010, whereas the CSPGprr Was installed in September 2012 (Table 2). In the cold
season (October to April), snowfal 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 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

4
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under a windproof box to avoid wind effects. 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.

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 a., 2004; Ye et a., 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 a., 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; T, and Tnn) 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 gauges. Another purpose is to establish adjustment equations for the CSPGyy and the CSPGs, by
using the CSPGprr as reference. To adjust the gauge-measured precipitation, Sevruk and Hamon (1984) have

given the general formula as:

DFIR

P.=KP +AP,+AP,+ AP, =P, + AP, + AP, + AP, (D
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, P, is trace precipitation and Pprr is DFIR-shielding
precipitation. For loss of the CSPG per observation, Py, is 0.23 mm for rainfall measurements, 0.30 mm for snow
and 0.29 mm for mixed precipitation (Yang, 1988; Yang et a., 1991), aceording-tobased on 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 a., 2004; Ren and Li, 2007). In winter, P is aready small (0.10-0.20 mm/day) according to the
results in Finland (Aaltonen et a., 1993) and Mongolia (Zhang et al., 2004). To prevent evaporation loss in
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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 different configuration of the CSPGyy, CSPGsa, CSPGpir and CSPGpr r have-used

the same P,,, Peand P, that-have-been-well quantified constant value 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
s1) at gauge height, and daily maximum and minimum temperatures (T, 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 a., 1998). Therefore, in this paper, the catch ratio

(CR=CSPGx/CSPGprr, %; X denotes UN, SA or PIT.CR%) follows their definition by using CSPGprr as

reference.
CR,,, =103.1-8.6AV_ +0.3T, (2
CR.,, =96.99—-4.46N_+0.88T +0.22T (©)]
CR . =100.0— 4.7 °% (4)
Where CRgow (%), CRyix (%0), and CR 4, (%) are catch ratios for snow, mixed precipitation, and rain, respectively;

W, iswind speed at gauge height (M s™); Trax and Trin are daily maximum and minimum air temperatures (°C).

The CMA stations usually observe wind speeds at 10 m height, so Yang-et-a—{1991)-the have-given-Eqs.(5)-(7)

for CSPG catch ratios versus daily mean wind speed W, (m s?) at 10 m height are used (Yang et al., 1991). 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(—0.056\.,,) (0<W, <6.2) 5)
CR,. = 100exp(—0.04\,,) (0<W, <7.3) 6)
CRnix = CRmow - (CRsnow - CRrain)(Tmean + 2) 14 (7)

where Tean 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

typeis similar to Egs.(2)-(4), which use daily mean wind speed at gauge height. For CSPG, the gauge height is 70
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cm (Table 2)._The one independent variable equations were fitted directly by using Microsoft Excel. Whereas for

the equations with more independent variables, the function NLINFIT in Matlab software was used. They are both

based on the least square method in mathematics (Charnes et al., 1976). The significance of the equations were

evaluated by using F-test method (Snedecor and Cochran, 1989). For the simultaneous eguations, the F-value and

its significant value (o) could be caculated by using function LINEST and FDIST in the Microsoft Excel,

respectively. If the independent variable X presents in the forms like X0‘5, exp(0.5X) and 0.5In(X) etc., its form

should be revised to agree with the LINEST function. For example, the equation ' Y =a* X, +c*exp(d*X,)+e '

should berevised as' Y =a* Xz+c* X, +e ' before using LINEST to acquire its F-value.

Wind speeds at gauge height (W 7) and 10 m height (W) were calculated by using half-hourly wind speed
dataat 1.5 m (W 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-InZ,

= - 70 8
< Inl5-Inz, *° ©

- W, In1.5-W,,In2.5
W, -W,

s2.5 s1l.5

InZ,

9)

Where Z denotes the anemometer installation height at 0.7 m or 10 mis0-7Zm-er10-m.

3 Reaults

From September 2010 to April 2015, a total of 608 precipitation events were recorded at the intercomparison
site for CSPGyn, CSPGsa and CSPGpit, 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, CSPGsa, CSPGp1, and CSPGprr gauges, respectively
(Table 3). During this period, snow occurred 43 times, mixed precipitation occurred 29 times, and rainfall

occurred 211times.

Table 3 about here

3.1 Precipitation gauge inter comparison for rainfall
Good linear correlations are found among the four CSPG installments (Fig.2). From September 2010 to April
2015, the CSPGpr caught 4.7% and 3.4% more rainfall than the CSPGyy and the CSPGgy respectively

((CSPGpt-CSPGuN)/CSPGun*100; similarly hereinafter). The CSPGsa caught 1.3% more rainfall than the
7
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CSPGyn (Table 3).

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

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

Fig.2 about here

3.2 Precipitation gauge intercomparison for mixed precipitation

From September 2010 to April 2015, a total of 44 mixed precipitation events were observed. As shown in the

Table 3, the CSPGpr_aso caught the most mixed P_among the gauges. Good linear correlations are observed

among the gauges (Fig.3) too. The CSPGpt_caught 1.1 mm more mixed precipitation than the CSPGpgr 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 1 instead of the CSPGprr could be selected as the reference gauge for the CSPGyy_and

the CSPGg, at the experimental site.

Fig.3 about here

3.3 Precipitation gauge intercomparison for snowfall
8
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From September 2010 to April 2015, a total of 84 snowfall events are observed. Fhe-CSPGp —eaught-21.0%

oneEA%%more—caowiall-thonthe CEPC, | —ondthe CER0., —resneatveh The CERC, —concht 12704 macre

snowfal-than-the-CSPGn—(TFable-3)—During the period fFrom September 2012 to April 2015, the CSPGsa,

CSPGpt and CSPGp ek caught 11.1%, 16.0% and 20.6% more snowfall than the CSPGyy, respectively. The
CSPGp 1 and the CSPGpr r caught more 4.4% and 8.5% snowfall than the CSPGsa, respectively (Table 3).

Good linear correlations are also observed between the CSPGprr and each of the other three gauges (Fig.4).
From Fig.4f, there is a linear correlation existed between the CSPGpr and the CSPGpgr
(CSPGprr=1.029CSPGpT, R2=0.994). Although the CSPGpgrr caught 3.9% more snowfall than the CSPGpit
(Table 3), the difference of total snowfall (43 events) between the CSPGprr and the CSPGp+ was only about 3.4
mm (Table 3). This suggests that the CSPGp it could be used as the reference gauge for snow precipitation events

at the experiment site.

Fig.4 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 10 m height, so the CSPGyy and the CSPGg, 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 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.

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 a. 1995; Yang et al., 2014). In the Hulu watershed, most snowfall

and mixed precipitation events are less than 3.0 mm. For this reason_the limit was decreased , single or daily

snowfall and mixed precipitation greater than 1.0 mm was chosen to use--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, al the CRp1/prRr VS. We.7 OF Wy relations do not pass the F-test when o=0.10. Therefore, only

9
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CRunprr @nd CRsa/prir VS. Wind speed relations are discussed in the following text.

Table 4 about here

3.4.1 Rainfall catch ratio vs. wind speed
Fig.5 presents scatter plots of the CRynprir OF CRsyprir VS. Wind speed. The CRs vary from 80% to 110%. With
increasing wind speed, the CRs decreased dlightly. The following two equations (10) and (11) shown in Fig.5

could be used to adjust the rainfall event data from the CSPGyy and CSPGgy, respectively. Fhey-both-pass-the

F-test-when-e<0-1-(Fable-4)-They are significant at 0.06 and 0.01 level, respectively (Table 4). As described in

Chapter 2.2, to calculate the F-value of this kind of equation using LINEST function in Microsoft Excel, the WPy,

and W2y, should be converted into new variables X,;= WPyo and X,= WPy firstly. Other forms such as the power

law and exponential expressions are treated in asimilar way.

CR)\ /DFIR Rain = O.lSN\/jO - 2.028\/\/;O +5.983W, +92.24 0<Wp10<7.4 (10)
CRyyorir rain = 0-188W5, — 2.027W.5, + 5.554W,; + 94.27 0<Wg0<7.4 (11)
Where CRynpFIR rain 8Nd CReaprirRain 1S the rainfall catch ratio (%) of the CSPGyy and the CSPGsa, respectively,

Wiy is the wind speed at 10m height during the period of rainfall (m s™).

Fig.5 about here

On daily scale, the best-relationships between rainfall CRs and wind speed at gauge height (Wy ;) are aso the
3re-erdercubic functions, but they don't pass the F-test even 0.=0.25 (Table 4).—_
3.4.2 Mixed precipitation catch ratio vs. wind speed

For the mixed precipitation events, the CRynprirmixed 80 CRsayprirMixed VS. Weio relations are exponential
(Table 4, Fig.6). The CRs vary largely from about 60% to 120%. For the CSPGy, the exponential relationship Eq.

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

0.16 (Table 4).
Fig.6 about here
0.07W,,,
CRniprirmixed =102.9€ 0<Wg0<5.9 (12)
CRovoriR Mixed = 102.4¢ %Mo 0<We10<5.9 (13)
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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).

CRn/or R.Mixed — 88-49\/\/3597'20 0<Wg7<2.9 (14)

CRoyorirmines = 93-6MWo7 0Weo7<2.9 (15)
From Eqg. (3), air temperature may aso 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.

CRnorrmired = 138305 +1.25T  —0.88T,, +6221 a=020  (16)

CRyvorr it = 10.7ANA +0.85T,  —0.18T,, +76.20  0=0.29 (17)

Where Ta and Tin is the daily maximum and minimum air temperature (°C), respectively.
3.4.3 Snowfall catch ratio vs. wind speed

For the snowfall events, the CRyniprir snow @8Nd the CRsaprir snow VS Wigo 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 CSPGgya, the power law expression Eq.(19) passes the F-test

when 0.<0.05 (Table 4).
Fig.7 about here
CRJN/DFlR,smw =103.5e %o 0<Wi0<4.8 (18)
CRoyorir sow = 97-3500% 0<Wi10<4.8 (19)

On daily scale, for the CSPGyy and the CSPGsa, the Eq. (20) and Eg. (21) pass the F-test when 0.<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 the CSPGga.

CRn/oFIRsow = 96-28\/\/56(.)%32 0<Wg7<3.1 (20)

CRaorir gow = ~8.01IN(W,, ;) +97.61 0<Wep7<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.
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CR /eI snow = 42,20 -* —1.06T, ,, +55.91 a=4.2E-5 (22)

CRuvoriR snow = -9.46In(W,,,) — 0.31T, , +98.76 a=0.17 (23)
4 Discussion
4.1 Comparison with other studies

Yang et al. (1991) carried out a precipitation intercomparison experiment from 1987 to 1992 in the valley site
of Tianshan. Their results indicated that the ratios of CSPGprr/CSPGyn for snowfall and mixed precipitation
were 1.222 and 1.160, respectively. In the Hulu watershed, the ratios of CSPGprr/CSPGyy for snowfal 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. Similar topographic features and
shading induced similar lower wind speeds at both sites, which led to the similar catch ratios. For the Tianshan
reference site, wind speed (W) on rainfall or snowfall days never exceeds 6 m s* and 88% of the yearly total
precipitation took place with wind speeds below 3 m s™*. For the Hulu watershed site, daily mean wind speeds
(W) on precipitation days never exceeded 3.5 m s™, and over 98.9% of the precipitation events occurred when
daily mean wind speeds were below 3 m s™*. During the period of precipitation, the largest wind speed at 10 m
height is about 8.8 m s™, and over 54.2% of the precipitation events occurred when wind speeds were below 3 m
st

As Ren et a. (2003) reported, among 30 comparison stations in China, the CSPGpr caught 3.2% (1.1~7.9%)
more rainfall and 11.0% (2.2~24.8%) more snowfall than the CSPGy. 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 aso lies in the Qilian Mountains with similar elevations with and about 200 km far from
the Hulu watershed site, the CSPGp 1 caught 7.9% more rainfall and 16.8% more snowfall than the CSPGy from
1992 to 1998. In our study, the CSPGpt 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 due to the different wind regime.
4.2 Possibility of the CSPGp 1 asareferencefor solid precipitation

The pit shield is the WMO reference configuration for liquid precipitation measurements and the DFIR is the
reference configuration for solid precipitation measurements (Sevruk et al., 2009). In this study, the CSPGpt

measures more rainfall and mixed precipitation than the CSPGprr. For the snowfal, the catch ratio for the
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CSPGpt is 0.96, close to the CSPGprr catch ratio. The difference of total snowfall (43 events) between the
CSPGp 1 and the CSPGpgr is only about 3.4 mm from September 2012 to April 2015 at the Hulu watershed site.
Thus the CSPGg 1 could serve as a reference for liquid and solid precipitation in the environment similar to the

Hulu watershed site. The pit shield is easy to transit, install, observe and maintain. It occupies only a small place

and could be installed in the CMA'S standard meteorological fields, but the DFIR shield is larger and should keep

away from the other observations. In the mountains regions, the DFIR shield is difficult to carry and install. In

addition, the pit shield is only about 150 USD, 6000 USD cheaper than the DFIR shield in China. Therefore,

Censidering-the-CSPGp -s-greater-simplicity—and-practicality; it could be more convenient for researchers and

observers to use the CSPGpt as the standard reference for snow and mixed precipitation in other locations.

Precipitation collected by the CSPGpt 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 20 cm (Li, 1999),
and average snow depths were less than 3 cm (Li et al., 2008; Che et a., 2008). Fig.8 shows annua snowfall
amounts and annual snowfall proportion distributions for 644 meteorological stations in Chinafrom 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. 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 CSPGpr and the CSPGpgr as

reference gauges are shown in Fig.9 based on CMA snowfall and snow depth data.
Fig.8 about here
Fig.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
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, CSPGpt and CSPGprr 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
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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 (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 casesthat Z, isvery 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 CSPGpt catches more
rainfall, mixed precipitation and total precipitation than the CSPGpgr. From most to the least rainfall and mixed
precipitation, it-can-be-ordered-asfollowsthe order is. CSPGpit > CSPGprr > CSPGsa > CSPGyn. While in the
snowy season, it follows the rule that-of better wind-shield catch with more snow;—and-they-can-be-ordered:
CSPGppgr > CSPGpr > CSPGga > CSPGyy. The wind-induced bias of CSPGgs and the CSPGyy are well tested,
and the-mesttheir adjustment equations could be used. They would help to improve the precipitation accuracy in
China

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 CSPGpt could be used as the reference gauge

considering its highest catch ratio, simplicity-ane-, low cost_and less maintenance requirements. 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 it for rainfall and CSPGpgr for snowfall observations.
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Table 1. Monthly climate values at the experimental site (2010-2012).

Element Jan Feb Ma  Apr May Jun Jul Aug Sep Oct Nov Dec VYealy
Monthly precipitation P (mm) 35 25 110 88 677 696 871 1116 577 240 27 10 4472
Monthly mean air temperature Tiean (°C) 41 26 -15 0.7 23 3.7 42 40 27 05 -19 -38 04
Monthly mean daily maximum air temperature
-13 02 12 34 48 6.1 6.5 6.6 51 34 12 -06 3.0
Trex (°C)
Monthly mean daily minimum air temperature
-63 -49 -39 -1.7 0.2 1.6 23 19 0.6 -18 42 61 -1.9
Tm'n (OC)
Monthly mean wind speed at the 1.5m height
060 065 077 0.85 0.81 0.66 0.61 0.60 064 060 069 065 0.68
W31_5 (m S_l)
Monthly mean wind speed at the 2.5m height
060 067 081 092 08 072 068 067 072 066 073 067 073
Wsz_s (m S_l)
Monthly evaporation ability Ey (mm) 316 470 794 1244 1409 1550 1417 1270 1016 752 473 310 11022
Table 2. The precipitation measurement intercomparison experiment in Qilian mountains.
o Size( g stand for orifice diameter and Measure
Gauge Abbreviation ] ] Start date | End date )
h for observation height) time
AnuUnshielded China standard 20:00 and
L CSPGyy @=20cm, h=70cm Jun 2009 | Apr, 2015
precipitation gauge (CMA, 2007a) 08:00, LT
Single Alter shield (Struzer, 1971) 20:00 and
CSPGsp @=20cm, h=70cm Jun 2009 | Apr, 2015
around a CSPG 08:00, LT
A CSPG in aPit (Sevruk and 20:00 and
CSPGpt @=20cm, h=0cm Sep 2010 | Apr, 2015
Hamon, 1984) 08:00, LT
DFIR shield(Goodison et al., 1998) c 20 he3.0 Sep2012 | Apr, 2015 20:00 and
SPG cm, h=3.0m r,
around a CSPG OFR - P 08:00, LT
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Table 3. Summary of precipitation observations at the Hulu watershed intercomparison site, 2010-2015.

Total precipitation and catch ratio (CR, %)

No. of
PN s Cﬁ) o | 10o S 1] | s ) 0] T C::)S“ R | 100 S0 3] a0 SFComy fogpesr () R | 100 SE00me 1 Jospees ) R
All 608 1986.8 | 93.9 26 6.5 2038.1 | 96.4 3.8 21151 100
Sep 2010- | rain 480 1700.7 | 95.5 13 4.7 17234 | 96.7 3.4 1781.4 100
Apr 2015 | mixed 44 1399 | 892 6.1 121 1485 | 947 5.6 156.8 100
snow 84 1462 | 826 137 210 166.2 | 94.0 6.4 176.9 100
All 283 1066.7 | 94.9 20 6.0 53 1088.4 | 96.9 3.9 32 1130.9 100.6 -0.6 11237 100
Sep 2012-| rain 211 920.7 | 96.7 0.9 45 34 9286 | 975 3.6 25 961.8 101.0 -1.0 952.2 100
Apr 2015 | mixed 29 71.1 87.6 7.7 156 142 76.6 94.3 73 6.0 82.2 101.2 -1.2 81.2 100
snow 43 749 | 829 1.1 16.0 20.6 832 |921 44 85 86.9 96.2 3.9 90.3 100
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Table 4. Catch ratio (CR) vs. wind speed relations at the Hulu watershed intercomparison site, 2012-2015.

Tesrzpa)‘(;ral Phase | Gauges Best catch ratio (CR) vs. wind speed relation* (mF;) 2‘\/(;1?; F-test
CSPGyy CRn/orir rain = 0- 18I ; 2.028W2, +5.983\,, + 92.24 0=0.06

R“=0.070

_ 3 _ 2

Ran | CSPGg, | CToworirman = 0'188W51°R2 26%2979\/\/510 *555M +9427 | bso| 108 | =001
cspG, | CRomormsan =0 15002, —1.748W2, + 6.183W,,, + 94.20 420,50

R*=0.023

~0.07W, _ _

Precipitation CSPGuy CRJN/DFIR,Mixed =102.9e © R?=0.198 a=0.07
event Mixed | CSPGgs CRswpriR Mixed = 102.4e %0 R*=0.102 P>10| 24 0=0.16
CSPGpit CRPIT/DFIR,Mixed = —5.81In(VV310) +106.4 R°=0.023 a=0.47
CSPGyy CRn/oriR snow = 103.56 %0 R?=0.420 0=4.7E-5
Snow | CSPGsa CRoyorir snow = 97.30W0®  R?=0.122 p>10 | 32 0=0.04
CSPGorr CRuyr /o1 smow = 0- 16005, ;L 0.956W2, — 9.754W,, +109.9 4=0.30

R°=0.110
cspay, | CRwormsan = 1400, 9,403, ~18.22W,,, +106.8 42026

R*=0.045

o 3 2 _

Rain | CSPGe CRuy bR Rain = 0.924\Nsoi; 2+ (6).(?3215NSQ7 13.4M\W,,, +105.7 P>3.0 90 0=0.43
CSPGorr CRy1/0rR Rain = —0.952WS?J_72+ 6.370W2 , —12.62W,, , +108.4 4=0.68

R“=0.017

-0.20 2_

Daily CSPGuy CRJN/DFIR,Mixed = 88.49W,, ; R*=0.169 a=0.06
precipitation | \jived | CSPGg, CRuvorir mired = 93.64W %% R?=0.122 P>10| 21 0=0.12
CSPGpir CRPIT/DFIR,Mixed = 101-6/\/56?%05 R*=0.017 a=0.60
CSPGyy CRuorR sow = 96.280 72 R?=0.577 0=5.7E-6
Snow | CSPGsa CRsy bR sow = —8.01IN(W,, ;) +97.61 R?=0.111 P>10 | 27 =0.09
CSPGorr CRuir/orir smow = —D- 7600, ; + 41.64IW2 , — 93.05,,, +160.5 4=0.33

R?=0.134

*: Wxo-Wind speed during period of precipitation at 10 m height; Wy, -Daily mean wind speed at gauge height (0.7 m for CSPG).
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Figure 1. Precipitation gauge intercomparison experiment in the Qilian mountains, Tibetan Plateau.
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Figure 2. Intercomparison plots among CSPGy, CSPGsa, CSPGpr and CSPGpr i 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.

24




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

CSPGg, (Mm)

CSPGp;r (mm)

10 - 10 -
a b
g - y =1.102x 8 y =1.162x
. R2=0.982 - R2=0.957
£ N=84 = N=84
E 6 E 6
& =
O V)
a 4 a 4
3 3
2 2
0 0 T 1
0 2 4 6 8 10 0 2 4 6 8 10
CSPGy (mm) CSPGy (mm)
10 -
d
g - y = 1.056x
= _ R2=0.980
£ N=84
é E 6
g % 4
3 3
2
! 0 T 1
0 2 4 6 8 10 0 2 4 6 8 10
CSPGyy (mm) CSPGg, (Mm)
10 - 10 -
e f
8 | y=1.087x 8 - y = 1.029x
—_ R2 = 0.989 — R2=0.994
£ oy E N=43
E 5 N=43 E 6.
@ x
S i °
3 3
2 2
0 0 T T 1
0 2 4 6 8 10 0 2 4 6 8 10

Figure 4. Intercomparison plots among CSPGyn, CSPGsa, CSPGpr and CSPGprr 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 6. Catch ratios (CRs) vs. wind speed for the mixed precipitation event (a and b) and the daily mixed
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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 1.0 mm.

28




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

@ Stations

Annual snowfall(mm)
o -5

Em6 - 15
16 - 20

21 - 30

31 - 40

41 - 50

Ems1 - 70

71 - 105

0 250500 1,000 Kilometers

@ Stations
Snowfall/Precipitation(%)

0 250 500 1,000 Kilometers
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total precipitation ratio in China.
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Figure 9. Applicable regions for the CSPGp+ and the CSPGppr as reference gauges in China.
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Figure 10. The surface roughness during the precipitation period from September 2012 to April 2015.
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