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

Plateau” by R. Chen et al. (August 4, 2015)

Editor (August 4, 2015)

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: Thank you very much. These issues are put forward by the Referee #1.

We have answered and revised them in the following parts.

Comments from Referees (August 4, 2015):

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. I 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. The unclear

areas marked in the PDF file have been revised. The fitting method and the use of F-test are
described in detail in the revised paper. A few lines are added to compare the maintenance

requirements of the PIT and DFIR gauges.

Author’s changes in manuscript:

1. Reviewer #1 (August 4, 2015) : "more details related to the fitting method and the use of
F-test (chapter 2.2)"

New comments from the Editor (August 12, 2015): On August 12, Dr. Yang (editor)
advised the fitting equations should consider the case when wind speed was 0 m/s, the catch ratio
should be 100%. Thus, all the fitting equations and F-values should be revised. Therefore, we

now use the SPSS 19.0 software.



First revision: 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*Xa+c*Xu+e ' before using LINEST to

acquire its F-value.
Last Revision:

Page 7, Line 16-19 in the revised version: The equations were fitted using SPSS software
version 19.0 (IBM, 2010) and Microsoft Excel 2007 based on the mathematical least squares
method (Charnes et al., 1976). The significance of the equations was evaluated using the F-test
method (Snedecor and Cochran, 1989). If the significance level (o) of the F-test is below 0.05,
the fitted equation is significant. The lower the o value, the greater the significance.

Page 10, Line 21-26 in the revised version: As described in section 2.2, Eq.(10) was fitted
using the NONLINEAR function in SPSS software (Analyze\Regression\Nonlinear). The F-value
was then calculated using regression and the residual sum of squares from SPSS (Snedecor and
Cochran, 1989). Based on the F-value and the degrees of freedom (Df), the significance level (o)
was obtained using the FDIST function in Microsoft Excel. Other forms such as the exponential
expression were treated in a similar way.

2. Reviewer #1 (August 4, 2015) :"more details related to the derivation of the equations
(chapter 3.3 and 3.4, Table 4)."

First Revision. Some lines are added in Page 10 Line 17-20: As described in Chapter 2.2, to
calculate the F-value of this kind of equation using LINEST function in Microsoft Excel, the
W30 and W3y, should be converted into new variables X;= W30 and Xo= W2y firstly. Other
forms such as the power law and exponential expressions are treated in a similar way.

Page 10, Line 21-26 in the revised version: As described in section 2.2, Eq.(10) was fitted

using the NONLINEAR function in SPSS software (Analyze\Regression\Nonlinear). The F-value



was then calculated using regression and the residual sum of squares from SPSS (Snedecor and
Cochran, 1989). Based on the F-value and the degrees of freedom (Df), the significance level (o)
was obtained using the FDIST function in Microsoft Excel. Other forms such as the exponential
expression were treated in a similar way.

3. Reviewer #1 (August 4, 2015) "adding a few lines comparing the maintenance requirements
of the PIT and DFIR gauges (in chapter 4.2)"

First revision:

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 large and should keep away from the other
observations. In the mountains regions, the DFIR shield is difficult to move 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 with very low winds.

Least revision after Editor's comments on August 12, 2015:

The paper should be "major revision” before the review starts. Editor Dr. Yang advise the
coauthor Dr. E. Kang help to revise this paper. Dr. Kang has revised this paper thoroughly.
According to the requirements of the new revised version, this added lines and relevant sentences

are deleted.



DETAILED COMMENTS

Authors' response: The detailed comments are derived from the referee's marked PDF
document by authors. Most of these comments are language grammar issues because the
reviewer wants to help the authors to improve the English. Therefore, most of the authors'

response are simple except for some important issues.

1. Page 1 Line 15: - The CSPGyey and the CSP Gy cought{more/5.6% and 2.5% rainfull,

Authors’ response: It's true and need not to revise. The CSPGpr catches more rainfall than the
CSPGpgir.

Author's changes in manuscript: No revision.

g pel O A
2. Page 2 Line 14: Tts reference is a MK2 gauge elevated 1 m above the ground and equipped with

Authors' response: It is a British Meteorological Office standard gauge of Snowdon type (MKk2).
MKk2 is a type.

Author's changes in manuscript: The reference standard was a British Meteorological Office
gauge of the Snowdon type (Mk2) elevated 1 m above the ground and equipped with the Alter

wind shield,.....

oot aleer = Loch ol velegd Aafa
precipitation of CSPG were well quantified based on the huge observation data. Because there are not wind data at 2. 10, e

2. Page 3 Line 6-7:

the intercomparison site (Yang et al., 1991; Goodison ot al., 1998), for fhe wind-induced undercatch, the derived =% ™
Authors' response: Continuous wind speed measurements was not possible because of the power
and instrument problems at the intercomparison site. This part is majorly revised by Dr. E Kang.
He is very familiar with this experiments at the Tianshan site.

Author's changes in manuscript: For wind-induced undercatch, the derived CSPG catch ratio
equations were based on the 10 m height wind speed at the Daxigou Meteorological Station
(43.06°, 86.5°E, 3540 m) and at several other standard meteorological stations near the
measurement site (YYang, 1988; Yang et al., 1991). This intensive experimental field study created
a basis for later work on the correction of systematic bias in precipitation measurements in China.

(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: AL _ . o
Chlna,:‘aﬁ?they_u‘@he pit as reference shield. A total of 29,000 precipitation events had been observed.

Authors’ response: This sentence is revised largely.



Author's changes in manuscript: From 1992 to 1998, Ren and Li (2007) conducted an
intercomparison experiment at 30 sites (the altitude ranged from about 4.8 to 3837 m) using the

pit as a reference across China, and a total of 29, 276 precipitation events were observed.

1991y to correct the wind-induced etrors on- Tibetan Plateau. However, then precipitation gauges are Tretyakov,
R fe 4 z\mw e:rr:m(vf o ';

4. Page 3 Line 29:

Authors' response: Yes, they are. The gauge names are from Table 1 shown by Ma et al. (2014;
see below). They said that the instrumental details are derived from Sevruk and Klemm (1989).
We look for them in this literature, and find an error: Nepal2003 should be Nepal 203. To avoid

confusion, the 'Indian gauge' is revised as 'Indian standard'.
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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
| Bangladesh ~ U.S. 8" 70 324 1 Yang et al. (1998)
II China CSPG 70 314 152 Yang (1988) and Yang ef 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 et al. (1998)
v Kyrgyzstan Tretyakov 40 200 7 Goodison et 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)
VI Tajikistan Tretyakov 40 200 9 Goodison et al. (1998)
IX  Turkmenistan Tretyakov 40 200 2 Goodison ef al. (1998)
X Uzbekistan Tretyakov 40 200 15 Goodison er al. (1998)
From Sevruk and Klemm (1989):
No Code Areaof  Name  Couniry  Material ““Depth  Height Ay
orifice of Coof of -
Ap origin collector - gauge Ap
lem?] fem]. fem]
24 20-22-P 200 Indian India fibre glass 22 50 49
- - - —— . g pra —— e o
39 *  32-19-5 324 Nepal 203 Nepal steel 19 59 3.5



Author's changes in manuscript: However, the precipitation gauges used in the neighbouring
countries were the Tretyakov, MK2, Nepal203, Indian standard and US 8".

This field experiment focuses on two key aspects. One is comparisons among the CSPGny, CSPGss, CSPGprr
5. Page 5 Line 16: and CSPGD':Iag:nomer purpose is to establish adjustment equations for the CSPGyy and the CSPGsy by using the
Authors' response: The word 'gauges’ is added.
Author's changes in manuscript: One was a comparison of the CSPGyyn, CSPGsa, CSPGpir and

CSPGprr gauges.

i
precipitation. £, is the wetting loss, P, is the evaporation loss, P, is trace precipitation and Ppgye is DFTR-shielding v
- - 5
i a e
6 Pa e 5 Li ne 22 23_ precipitation. For the CSPG, P, is 0.23 mm for rainfall measurements, 0.30 mm for snow and 0.29 mm for mixed —22 ‘.

. = 2w - )
precipitation (Yang, 1988; Yang et al., 1991){&: o the jneasurements in the Tianshan valley site. Ren and o Ao L

Authors' response: They are for each observation.
Author's changes in manuscript: For loss by the CSPG per observation, P,, is 0.23 mm for
rainfall measurements, 0.30 mm for snow and 0.29 mm for mixed precipitation (snow with rain,

rain with snow), based on the measurements at the Tianshan site (Yang, 1988; Yang et al., 1991).

value of 0.1 mm, regardless of the number of trace observations per day. o ) NEa
B N ey cdime ol v.se s T

7. Page 6 Llne 2_3 In El"s(g,t‘i({jxic:!aj“?r,::glji(éSPGw CSPGga, CSPGpyr and CSPGppr héve same P, . and P, that-have:bgen -

well quantiﬁcd\,ﬁ’s described above. Thus the focus of the present study is the wind-induced error. Wind may be
Authors’ response: The 'different configuration of' and 'constant value' are added. The 'have' is
replaced by 'used the'. The relevant sentences are also revised.
Author's changes in manuscript: The present study focused on wind-induced bias
inprecipitation measurement by CSPGs, specifically in high mountain environments, therefore
the above mentioned P, P, and P; values were assumed to be constant in the computation

equations.

Y ®leane ‘c)L/R,/\,:M_ Al Codody Rotdal 7]
8. Page 6 Line 9: . K cares et
3) [

Authors' response: The catch ratio (CR=CSPGx/CSPGpgr, %; X denotes UN, SA or PIT.) is
defined in the end of the next paragraph, more suitable place.
Author's changes in manuscript: The catch ratio uses CSPGprr as the reference

(CR=CSPGx/CSPGpfir, %; X denotes UN, SA or PIT).



e “a

~
The CMA stations usually observe wind speeds at 10 m height, so @ang etal, 19913 ha&\gﬁen qs.(5)-(7) for
9. Page 6 Line 14-15: used y= T

CSPG catch ratios versus daily mean wind speed #, (m s™') at 107 16’_\LThese equations are based on the huge
Authors' response: This sentence is revised according to the above marks.
Author's changes in manuscript: .... As the CMA stations usually observe wind speed at a
height of 10m, Eqgs.(5)—(7) were used for the CSPG catch ratio versus the daily mean wind speed
Ws (ms™) at 10m (Yang et al., 1991).

Tew Geen thoutd be adeled velated o 1o [ (3 JaJio,;{

10. Page 6 Line 23; 2 emmwieny (1 )1 B St B Qe et

Authors' response: The fitting method and the use of F-test are added in the end of the fifth
paragraph in section 2.2. The least version after Editor's comments on August 12, 2015.

Author's changes in manuscript: The equations were fitted using SPSS software version 19.0
(1IBM, 2010) and Microsoft Excel 2007 based on the mathematical least squares method (Charnes
et al., 1976). The significance of the equations was evaluated using the F-test method (Snedecor
and Cochran, 1989). If the significance level (o) of the F-test is below 0.05, the fitted equation is

significant. The lower the o value, the greater the significance.

P25 W as

. 2 Where Z ¥ 0.7 m or [0 m. . )
11. Page 7 Line 2: K&m e, Mo arenons P ) T

foon -"}/p"% ak
Authors' response: Initially, the 'is' is replaced by the ‘denotes the anemometer installation
height at'. After Dr. Kang's revision, it is revised as follows.

Author's changes in manuscript: Where Z denotes the height referred to

- tlas ¢o {u‘ r.«:}-

ATy WAL ST T e

12. Page 8 Line 1: Jd se enoih iiof ': : S Gl &
Authors' response: The advice is very good This section is abbreviated as follows.
Author's changes in manuscript: The section 3.2 was revised as:

From September 2010 to April 2015, the CSPGpt caught 4.7% and 3.4% more rainfall than the
CSPGyn and the CSPGsa respectively ((CSPGpit-CSPGun)/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, CSPGpt and CSPGpjrr
caught 0.9%, 4.5% and 3.4% more rainfall, respectively, than the CSPGyy, and the CSPGp and
CSPGprr caught 3.6% and 2.5% more rainfall, respectively, than the CSPGsa. However, the
CSPGprir caught 1.0% less rainfall than the CSPGpr (Table 3, Fig.2). These comparative results
indicate that the CSPGp,r caught more rainfall and total precipitation compared to the CSPGprr
and other gauges at the experimental site (Table 3, Fig.2).

The first paragraph of section 3.3 is revised as section 3.2.3 snowfall:

From September 2012 to April 2015, the CSPGsa, CSPGpit and CSPGprr caught 11.1%, 16.0%
and 20.6% more snowfall, respectively, than the CSPGyy, and the CSPGpt and CSPGpgir caught
4.4% and 8.5% more snowfall, respectively, than the CSPGsa (Table 3).

Although the CSPGprr caught 3.9% more snowfall compared to the CSPGp 1 (Table 3), the
difference in total snowfall (43 events) between the CSPGprr and CSPGpr was only about 3.4
mm (Table 3). Their linear correlation was highly significant with an R* value of 0.994 (Fig.4f).
Blowing snow and thick snow cover have traditionally limited the pit’s use as a reference shield
for snowfall and mixed precipitation. At the experimental site, blowing snow was rarely observed
and the snow cover was usually shallow. This suggests that the CSPGpt could be used as a
reference gauge for snow precipitation events at the experimental site.

To sum up the comparisons of wind-induced bias, from most to least rainfall and mixed
precipitation measured, the instruments ranked as follows: CSPGpit> CSPGpgr> CSPGsa>

CSPGyn, while for snowfall their ranking was CSPGpgir> CSPGpi1> CSPGsa> CSPG.

Ao Copit vroe, d@croased,)
and mixed precipitation events are less than 3.0 mm. For this reasonySingle or daily snowfall and mixed

13. Page 9 Line 8-9: piecipitation greater than 1.0 mm was choscn to uscin-this-ehapter. Whorcas for the rainfall, precipitation greater

Authors' response: 'the limit was decreased' is added in the sentence.

Author's changes in manuscript: ... However, in the Hulu watershed, most snowfall and mixed
precipitation events were less than 3.0 mm, thus the limit was reduced and single or daily
snowfall and mixed precipitation events greater than 1.0 mm were selected, while rainfall events

greater than 3.0 mm were selected.



Fig.5 presenls scatler plols of the CRyyprr oF CRgyprme v8. wind speed. The CRs vary from 80% to 110%. With  Y.awr vani,

14. Page 9 Line 8-9:  iucressing wind specd, the CRs decreased slightly Tl1é-f.-é1:linjinr_1_gﬂtwo eqlla;icnf} 10) and (1) could be used o+ gltinal ¢
Authors' response: They are from fitting plots Fig.5 by using I\)i&:rosoft Excel.
Author's changes in manuscript: The text is revised as:

As described in section 2.2, Eq.(10) was fitted using the NONLINEAR function in SPSS
software (Analyze\Regression\Nonlinear). The F-value was then calculated using regression and
the residual sum of squares from SPSS (Snedecor and Cochran, 1989). Based on the F-value and
the degrees of freedom (Df), the significance level (o) was obtained using the FDIST function in

Microsoft Excel. Other forms such as the exponential expression were treated in a similar way.

On daily scale, the. Brest relationships hetweén rainfall CRs and wind speed at gauge height (W 7} are also the

15. Page 9 Line 29-30: 31 order, but they don't pss the T-test even :=0.25 (Table 4).

Authors' response: The 'best' is deleted. '3rd order" is replacea by the ‘cubic functions'.

Author's changes in manuscript: On the daily scale, the relationships between rainfall CR and
wind speed at gauge height (Ws ) are also cubic functions, but they do not pass the F-test with

o=0.25 (Table 4).

o Yoo wsan AL abe logunmach

() 5 ‘. o .
) 1f( A8, el edelan, 8 e o e b

16. Page 10 Line 1: O NP L O P

1 3.4.2 Mixed precipitation eatch yatio vs. wind speed

Authors’ response: As described in '10. Page 6 Line 23" The equations were fitted using SPSS
software version 19.0 (IBM, 2010) and Microsoft Excel 2007 based on the mathematical least
squares method (Charnes et al., 1976). The significance of the equations was evaluated using the
F-test method (Snedecor and Cochran, 1989). If the significance level (o) of the F-test is below
0.05, the fitted equation is significant. The lower the a value, the greater the significance.

Author's changes in manuscript: Some lines are added in Page 10 Line 21 in the revised paper:
As described in section 2.2, Eq.(10) was fitted using the NONLINEAR function in SPSS
software (Analyze\Regression\Nonlinear). The F-value was then calculated using regression and
the residual sum of squares from SPSS (Snedecor and Cochran, 1989). Based on the F-value and
the degrees of freedom (Df), the significance level (o) was obtained using the FDIST function in

Microsoft Excel. Other forms such as the exponential expression were treated in a similar way.



Y Al
- . 17 mixed precipitation were 1,162 {Fig.4b) and 1,082 (Fig.3b), respectively, Similar topographic features and
17. Page 11 Line 18:

/:'.‘; See s
~18 ) shading inducet}\({ower' wind speeds at both sites, which led to the similar catch ratios. For the Tianshan reference

Authors' response: The word 'similar' is added.
Author's changes in manuscript: ...... Similar topographic features and shading induced similar

lower wind speeds and led to similar catch ratios at both sites. ....

N
I
Hulu watershed sité. Clnsidering the CSPGerr's greater simplicity and practicality, it could be more convenient

- for researchers and observers 1o use the CSPGpr as the standard reference for snow and mixed precipitation in
18. Page 12 Line 10-14: p o
2 o :ﬁhcr locations. Precipitation collected by the CSPGyyr would be most affected when blowing or drifiing snow

aceurred, and induce a fanlty precipitation value (Goodisen et al., 1998; Ren and Li, 2007). Previous studies have

indicates, however, that for most of China maximum show depths in the past 30 years have been less than 20 em

(Li, 1999), and average snow depths were lcss than 3 cm (Li et al,, 2008; Che ct al, 2008). Fig.& shows annusi
Referee's comments: Add a sentence comparing the maintenance requirements for DFIR & PIT?
Authors' response: The following sentences are added in this paragraph. But it is deleted after
Dr. Kang's revision.

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 move 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 with very low winds.

14 rainfall, mixed frectpnalmn and lnhl pl'::clplhll{m than the CSPGppp. From most to the least rainfall and mixed
b

19 Page 13 L| ne 15_ 18 15 precipitation, I%ﬂﬁfﬂlé orderdihas- fol[om CSPGprr > CSPGprm > CSPGga > CSPGine. While in the snowy season,

16 it follows the mle ;l%t better wind-shield catch with more snow‘;and-thay--cnn- be-erdered: CSPGpp > CSPGpy > g ot
-7 v w

o FAR e
17 C8Plg, = CSPGyy. The wind-induced bias of CSPGg, and the CSPGyy are well tested, and the most adjusiment e ST
o —" — -

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

Authors' response: These sentences are revised according to the above marks. Then it is revised
largely.

Author's changes in manuscript: The present experimental field study focused on
wind-induced bias in precipitation measurements by CSPGs specifically in a high mountain
environment. The precipitation intercomparison experiment in the Hulu watershed of the Qilian

Mountains indicated that the CSPGp;r caught more rainfall, mixed precipitation and total



precipitation but less snowfall than the CSPGpgr. From most to least rainfall and mixed

precipitation measured, their ranking was CSPGp;1> CSPGprr> CSPGsa> CSPGyn, Whereas in

the snowy season, better wind shielding increased the snow catch, leading to CSPGprir> CSPGp 1>

CSPGsp> CSPGN.

20. Page 13 Line 21:

A 1
considering its highest catch ratio, simplicity and low cost. In north-gast China, northern Xinjiang province and

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

Authors' response: Ok.

reat

climate and enviromment to the Hulu watershed site, the CSPGpy could be uvsed as the reference gauge .

B
0
w et
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Author's changes in manuscript: ... the CSPGpr could be used as a reference gauge because of

its high catch ratio, simplicity and lower maintenance requirements.

B Table 2. The precipilation messaseenzat kterconsporivon expent

21. Page 17 Table 2: Format Better T

FIR sl oo 2 o.. 1998
™ aiom, 43
wad a 050

i
. |
a 1
w0 o ant.  farmad ‘

FORMAT

BETTER !!

C weur’

2000 wnd

Authors' response: The original Table 2 is shown as following. The three line table is required

by most of the Journals.

Author's changes in manuscript: ...

Size(¢ denotes orifice diameter and

Observation

Gauge Abbreviation h is observation height) Start date End date time
ore C‘f;i;‘:iec:gegdafgh;Qéf\}la:\f’ggdma) CSPGuy @=20cm, h=70cm Jun2009 | Apr, 2015 Og?OEr:I;anI
Single A';er[)zrr‘]i(fgjgg‘ge“ W) 1 cspes, =20cm, h=70cm Jun 2009 | Apr, 2015 ogootgigggal
A CSP%;%%E’itlg%%r”k and CSPGpir @=20cm, h=0cm Sep 2010 | Apr, 2015 Og?OEr:I;anI
DFIR Shie;féfﬁdogiéogpg al, 1998) | copGone @=20cm, h=3.0m Sep 2012 | Apr, 2015 ogootgigggal

22. Page 18 Table 2: Some lines thicker!

Authors' response: Ok. These lines are thicker. Whether it is suitable, it may be decided by the

Journal editors at last.

Author's changes in manuscript: ...




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

Total precipitation and catch ratio (CR, %) "

Datec | rase] | CSPGor] fosrG. . rosee. 1. rosee. CSPGee] (C8PG ¥, (CSPG, [ cseG, S
events| . CR+ 1 \Csm\: 4} 100\‘:51,5:2 4} \ Csm”::’] i CRA 100\ csm: 71] 100[\ csmm: —1J CSPGor (mm]| CRe 100\ Csmw: —1] CSPGrs (mm) CRe

Alle | 608¢ | 1986.84] 93 269 6.5¢ e 2038.1¢] 96.44 3.8 a 211514 | 1009 e E @ e

Sep 20104 ram<| 480¢ | 1700.7¢[ 855 13¢ 43¢ e 1723.4¢( 96.74 349 a 178144 | 100¢ e e @ o

Apr2013, mixed| 440 [ 13090202 6.1¢ 1210 o 14850 [ 94.7 5.6¢ o 15680 | 1000 e o @ o

mowe| 840 | 14627 826 1372 210° - 1662+ | 94.04 64+ - 17690 | 100+ 2 - 7 o

All [ 283+ | 1066.7+| 949 20¢ 6.0+ 53¢ 1088 44| 96.94 394 32¢ 11309+ 100.64 0.6+ 11237+ 1004,

Sep 20124 rame| 211¢| 9207¢ [96.7 08¢ 4.5¢ 349 92867 | 97.5 369 259 961.8¢ | 101.04 10¢ 9522¢ | 1004,

Apr2013 mixed| 200 | 71.1¢ [276 770 15.6¢ 1420 7660 | 943 730 6.00 8220 101.24 -114 8120 1004,

sowed| 430 [ 7480829 1110 16.0¢ 2069 2320 | 921 440 850 8690 | 962+ 390 9030 | 1004,

o

H

23. Page 27 Figure 8: .

19 Figures.

E oorin =)

Authors’ response: The figure appears errors when transferring word version into PDF file. In
this revised paper, the figure type is changed.

Author's changes in manuscript: ...
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Figure 8. (a) Annual snowfall (mm) and (b) annual snowfall to total precipitation ratio in China.



(2) Editor comments (August 12, 2015) with marked PDF:

Comments to the Author:

This manuscript has gone through two revisions. The authors have improved this work during
each revision. There are, however, still major issues in the revised paper. For example, the
regression equations for catch ratio vs wind speed do not include calm conditions, i.e. when wind
speed = 0 m/s. For WS = 0 m/s. the equations (presented) would show over or under catch, not
CR = 100%. This is not correct physically, as different gauges should measure same amount of
precipitation in the calm condition. This is an important test for the regression analyses and
results. | recommend the authors to carry out addition data analysis and to consider the condition
for zero wind speed.

Authors’ response: This is a very important issue, but we have neglected this problem before.
All the related equations, tables and figures have been revised according to the above rules.
Accordingly, the equations obtaining method is revised. As described in section 2.2 and 3.3:

Section 2.2: The equations were fitted using SPSS software version 19.0 (IBM, 2010) and
Microsoft Excel 2007 based on the mathematical least squares method (Charnes et al., 1976). The
significance of the equations was evaluated using the F-test method (Snedecor and Cochran,
1989). If the significance level (o) of the F-test is below 0.05, the fitted equation is significant.
The lower the a value, the greater the significance.

Section 3.3: As described in section 2.2, Eqg.(10) was fitted using the NONLINEAR function in
SPSS software (Analyze\Regression\Nonlinear). The F-value was then calculated using
regression and the residual sum of squares from SPSS (Snedecor and Cochran, 1989). Based on
the F-value and the degrees of freedom (Df), the significance level (o) was obtained using the
FDIST function in Microsoft Excel. Other forms such as the exponential expression were treated
in a similar way.

Author's changes in manuscript: See detail in the DATILED COMMENTS part.



Comments to the Author:
The quality of presentation also needs significant improvement. There are so many grammar
issues in the text. It is difficult to read the text, particularly the new additions from the revision.
The responses to reviews are not useful, with many Oks as the short answer. The authors need to
communicate their ideas much better than what they have done.
Authors’ response: Because most of the 'DETAILED COMMENTS' are grammar issues in the
marked PDF file provided by Reviewer #1, thus most of the answers are very simple. We have
completed these answers in the new response.

The UK English has been improved by the Armstrong-Hilton Limited during Sep. 22~24, 2015.
The revisions are shown in both marked and cleared versions.
Author's changes in manuscript: The Oks is revised in the 'Authors' response’. See detail above.
The English is improved according to the latest comments from Editor Dr. Yang and the

Armstrong-Hilton Limited. They are shown in the revised version with marks.

Comments to the Author:

I also have many specific comments and questions marked in the attached file. The authors will
need to address them in the revision.

Authors’ response: These specific comments and questions marked in the attached file are
revised.

Author's changes in manuscript: See detail in the following parts.

Comments to the Author:
Non-public comments to the Author:

This is a team work with many authors; some of them (including Dr. Kang) have published
many articles in the international journals. I strongly recommend to very carefully editing the text,
with the help and input from Dr. Kang. This is the only way to bring this work to the standard of
TC.

Please take the time necessary to work on this paper and make it a useful contribution to cold
region hydrology research. Please inform the editors if additional time is necessary to complete

the data analysis and revision.



Authors' response: Thank you very much. Dr. Kang has revised this paper before the paper is
sent to improve English by the Armstrong-Hilton Limited.
Author's changes in manuscript: Dr. Kang has revised the paper including title, abstract,
introduction, methods, results, discussion and conclusion sections.

1) TITLE: The paper title is revised as "Experimental wind-induced bias in precipitation

measurements in a mountain watershed on the north-eastern Tibetan Plateau ".

2) ABSTRACT is revised as:

An experimental field study of wind-induced bias in precipitation measurements was conducted from
September 2010 to April 2015 at a grassland site (99°52.9’, 38°16.1’, 2980 m) in the Hulu watershed in the
Qilian Mountains, on the north-eastern Tibetan Plateau, in China. The experiment included (1) an unshielded
Chinese standard precipitation gauge (CSPGyy; orifice diameter=20 cm, height=70 cm), (2) a single Alter
shield around a CSPG (CSPGsa), (3) a CSPG in a pit (CSPGpr) and (4) a Double-Fence International
Reference (DFIR) shield with a Tretyakov-shielded CSPG (CSPGprir). The catch ratio (CR) used the
CSPGprr as a reference (CR=CSPGx/CSPGprr, %; X denotes UN, SA or PIT). The results show that the
CSPGsp, CSPGpr and 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 (of all types), respectively, than the CSPGy from September 2012 to April 2015.
The CSPGpjt and CSPGprr caught 3.6% and 2.5% more 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, respectively, than the CSPGsa. However,
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. From most to least precipitation measured, the instruments ranked as follows:
for rain and mixed precipitation, CSPGp;r > CSPGprr > CSPGga > CSPGyy; for snowfall, CSPGprr >
CSPGpj1 > CSPGsa > CSPGyy. The CR vs. 10 m wind speed for the period of precipitation indicated that with
increasing wind speed from 0 to 8.0m/s, the CRynprir and CRsaprir for rainfall decreased slightly. For mixed
precipitation, the wind speed showed no significant effect on CRynprir and CRsaprir below 3.5m/s. For
snowfall, the CRynprir @and CRsaprir VS. Wind speed showed that CR decreased with increasing wind speed.
The precipitation measured by the shielded gauges increased linearly relative to that of the unshielded gauges
independently of the local environmental conditions. However, the increase in the ratio of the linear correlation
should depend on specific environmental conditions. A comparison of the wind-induced bias indicates that the
CSPGpt could be used as a reference gauge for rain, mixed and snow precipitation events at the experimental
site. As both the PIT and DFIR effectively prevented wind from influencing the catch of the precipitation gauge,
the CRpi1prir had no relationship with wind speed. Cubic polynomials and exponential functions were used to
simulate the relationship between catch ratio and wind speed. For snow, for both event and daily scales, the
CRuniporir and CRsaprir Were significantly related to wind speed; while for rain and mixed precipitation, only
the event scale showed a significant relationship.

3) INTRODUCTION
This section is major revised by Dr. Kang as follows.

1 Introduction

In western China, mountainous watersheds are the source areas of runoff generation and water resources, and
accurate precipitation measurements are extremely important for calculating the water balance and
understanding the water cycle processes in these high mountains. It is widely recognised that precipitation



gauge measurements contain systematic errors caused mainly by wetting, evaporation loss and wind-induced
undercatch, and that snowfall observation errors are very large under high wind (Sugiura et al., 2003). These
errors affect the evaluation of available water in a large number of economic and environmental applications
(Tian et al., 2007; Ye et al., 2012).

For decades, all knowledge of precipitation measurement errors has relied on field experiments. Back in
1955, the World Meteorological Organization (WMO) conducted the first precipitation measurement
intercomparisons (Rodda, 1973). The reference standard was a British Meteorological Office gauge of the
Snowdon type (Mk2) elevated 1 m above the ground and equipped with the Alter wind shield, which did not
accurately reflect the precipitation level (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. The gauge in the pit caught 6% more precipitation than the normally exposed gauge. In the
second WMO precipitation measurement intercomparison (Rain, 1972-1976), a pit with an 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 gauge 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 standardised adjustment
procedure (Lanza et al., 2005). Because automation of precipitation measurements was widespread, the WMO
Commission for Instruments and Methods of Observation (CIMO) organised 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 the automatic systems and operational
networks for precipitation observations. The experiments and investigations are ongoing, and the WMO-SPICE
project confirms the DFIR shield to be a part of the reference configurations.

The DFIR shield has been operated 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 first
compared using the DFIR shield as a reference configuration at the Tianshan site (43°7' N, 86°49' E, 3720 m),
during the third WMO precipitation measurement intercomparison experiment from 1985 to 1987 (Yang, 1988;
Yang et al., 1991). The wetting loss, evaporation loss, wind-induced undercatch and trace precipitation of the
CSPGs were well quantified based on the huge volume of observation data at the Tianshan site (Yang et al.,
1991). For wind-induced undercatch, the derived CSPG catch ratio equations were based on the 10 m height
wind speed at the Daxigou Meteorological Station (43.06°, 86.5°E, 3540 m) and at several other standard
meteorological stations near the measurement site (Yang, 1988; Yang et al., 1991). This intensive experimental
field study created a basis for later work on the correction of systematic bias in precipitation measurements in
China. From 1992 to 1998, Ren and Li (2007) conducted an intercomparison experiment at 30 sites (the altitude
ranged from about 4.8 to 3837 m) using the pit as a reference across China, and a total of 29, 276 precipitation
events were observed. Yang et al. (1999) emphasised that among all known systematic errors in precipitation
observation, wind-induced gauge undercatch was the greatest source of bias, particularly in cold regions, and
recommended testing for the application of adjustment techniques in regional observation networks. In the
mountainous watersheds of western China, the complex high mountain topography and underlying surfaces
with inhomogeneous glaciers, permafrost and alpine vegetation make the wind vector field in the lower
boundary layer extremely complex, causing equally complex wind field deformations over the gauge orifice. At
present, our investigation of wind-induced error in precipitation measurements is based on the horizontal
time-averaged wind speed. Thus it is reasonable to investigate the regional average characteristics of wind
fields and the interaction between wind fields and the precipitation gauges at our present research level. In
addition to Yang’s experimental field work on systematic error adjustments for precipitation measurements in



eastern Tianshan from 1985 to 1987 (Yang, 1988), it is very necessary to carry out field experiments on
precipitation measurement in the other mountainous regions of western China.

Adjustment procedures and reference measurements were developed during several WMO international
precipitation measurement intercomparisons (Goodison et al., 1998; Sevruk et al., 2009; Yang, 2014). The
application of all of these adjustment procedures and methods depends on both environmental factors and
precipitation features, and among the factors considered, wind speed and temperature have been found to have
the most important effect on gauge catch (Yang et al., 1999). Ye et al. (2004, 2007) developed a bias-error
adjustment method for CSPGs based on observation data from 1985 to 1997 at the Tianshan site (Yang et al.,
1991), and found a new precipitation trend in the adjusted precipitation data for the past 50 years in China
(Ding et al., 2007). The new precipitation adjustment has improved the precipitation estimation in water
balance computation for many basins in China (Ye et al., 2004; Tian et al., 2007; Ye et al., 2012). Ma et al.
(2014) used the adjusted equations from neighbouring countries in addition to the experimental results from
eastern Tianshan in China (Yang et al., 1991) to correct for wind-induced errors on the Tibetan Plateau.
However, the precipitation gauges used in the neighbouring countries were the Tretyakov, MK2, Nepal203,
Indian standard and US 8”. As the world’s third polar region, the Tibetan Plateau and its surrounding mountain
ranges are ecologically fragile and the source of several large rivers in China and neighbouring countries, and
accurate precipitation data are urgently needed for water resource exploitation and environmental protection.
The problem is how to apply and test the already established principal adjustment procedures and methods to
correct for precipitation measurement errors in the vast plateau and high mountains of western China, where
climatic and environmental conditions are highly complex and variable, both spatially and temporally. To
quantify and understand the specific influences of climatic and environmental factors on wind-induced bias in
precipitation measurements in a mountain watershed, and then test and parameterise the adjustment equations,
an intercomparison experiment was carried out for nearly five years on both unshielded and shielded CSPGs in
a watershed in the Qilian Mountains on the north-eastern Tibetan Plateau in China.

The CSPG is the standard manual precipitation gauge that has been used by the China Meteorological
Administration (CMA) in more than 700 stations since the 1950s. The present experiment is to investigate the
wind-induced bias of the CSPG in the high mountain environment. Therefore, a single Alter shield (SA)
(Struzer, 1971), a Double-Fence International Reference shield with a Tretyakov-shielded (DFIR) and a pit
were selected to shield the CSPGs, which were distributed by an unshielded CSPG. The SA shield is used by
the CMA to enhance the catch ratios of automatic gauges (Yang, 2014), and the DFIR was used to provide true
snowfall values for the WMO intercomparison project (Yang et al., 1999). This paper presents the
intercomparison experiments and their relevant data, introduces the adjustment methods, discusses
wind-induced bias inprecipitation measurements by CSPGs for different precipitation phases, analyses the
correlations between shielded and unshielded CSPGs and specifies the relationships between catch ratio and
wind speed. The results of the present study are also compared with other studies. In addition, the pit shield is
evaluated for solid precipitation under these climatic conditions. The limitations of the present study are then
discussed.

4) EXPERIMENTS AND METHODS

This part is revised by Dr. Kang, but it is minor.

5) RESULTS
A new section 3.1 LINEAR CORRELATION OF GAUGE PRECIPITATION is added.



The structure and description are also revised.

3.1 Linear correlation of gauge precipitation

At the 14 WMO intercomparison sites, a strong linear relationship was found between Alter-shielded and
unshielded Belfort gauges, Alter-shielded and unshielded NWS 8-inch gauges, and shielded and unshielded
Tretyakov gauges for all types of precipitation, with a higher correlation for rain than for snow (Yang et al.,
1999). In the present study in the Qilian Mountains, which experiences different environmental conditions
compared to the other 14 sites, the same strong linear correlation was found among the four CSPG instalments
for rainfall, mixed precipitation and snowfall, with a higher correlation for rain than for mixed precipitation,
successively more than for snow (Figures 2-4). It is therefore considered that in general the precipitation
measured by shielded gauges increases linearly with that of unshielded gauges, independently of local
environmental conditions. However, the relative increase in linear correlation should depend on the specific
environmental conditions. For solid precipitation, some non-linear factors interfered with the linear relationship
to reduce the correlation coefficient.

6) DISCUSSION

The paragraph is added in the end of section 4.1 Comparison with other studies

It is recognised that in western China, climatic and environmental conditions in the mountains vary both
spatially and temporally. To understand the similarities and differences in wind-induced bias in precipitation
measurements for different mountain watersheds, field experiments need to be carried out continuously.

7) CONCLUSION is revised as:

The present experimental field study focused on wind-induced bias in precipitation measurements by CSPGs
specifically in a high mountain environment. The precipitation intercomparison experiment in the Hulu
watershed of the Qilian Mountains indicated that the CSPGpjt caught more rainfall, mixed precipitation and
total precipitation but less snowfall than the CSPGprr. From most to least rainfall and mixed precipitation
measured, their ranking was CSPGpi1> CSPGprr> CSPGsa> CSPGyy, Whereas in the snowy season, better
wind shielding increased the snow catch, leading to CSPGprr> CSPGpit> CSPGsa> CSPGyn.

In regions with lower snowfall, such as the southern and central parts of China (Zhang and Zhong, 2014),
and in regions with a similar climate and environment to that of the Hulu watershed site, the CSPGp1 could be
used as a reference gauge because of its high catch ratio, simplicity and lower maintenance requirements. In
north-eastern China, northern Xinjiang province and the central and south-western Tibetan Plateau where
snowfalls often occur, the best choice of reference gauge would be the CSPGg,r for rainfall and the CSPGprr
for snowfall observations.

The measured daily precipitation by shielded gauges increases linearly with that of unshielded gauges and is
independent of local environmental conditions. However, an increase in the ratio of the linear correlation
should depend on specific environmental conditions. For solid precipitation, some non-linear factors interfere
with the linear relationship to reduce the linear correlation coefficient.

The catch ratio vs. wind speed relationship for different precipitation types is simulated by cubic polynomials
and exponential functions. The CRp1/prir does not have a significant relationship to wind speed, indicating that
both PIT and DFIR are effective in preventing wind from influencing the precipitation gauge catch. For daily
rain and mixed precipitation, the relationships are not statistically significant. Daily maximum and minimum
temperatures should reflect the atmospheric conditions of radiation and convection to some degree, and their
function in the CR vs. wind speed relationship needs further investigation in mountain environments. It is



recognised that in western China, the climatic and environmental conditions in the mountains vary both
spatially and temporally. To understand the similarities and differences among wind-induced biases in
precipitation measurements for the different mountain watersheds in western China, field experiments need to
be carried out continuously.

Please see the detail in the marked and clear versions.



DETAILED COMMENTS from Editor's comments on August 12, 2015

Authors' response: The detailed comments are derived from the Editor's marked PDF

document by authors.

1. Page 7 Line 25: 3.1 i’recipitation gauge intercomparison for rainfall - ¢yt this.
Authors' response: Good advice. After Dr. Kang's revision, it is revised as:

Author's changes in manuscript: 3.2.1 Rainfall

2. Page 8 Line 5:). Comparative studies i This study or other studies (with reference?)
Authors' response: This study.

Author's changes in manuscript: These comparative results indicate that .....

3. Page 8 Line 10: 3.2 Precipitation gauge intercomparison for mixed precipitation : cyt this.
Authors' response: Good advice. After Dr. Kang's revision, it is revised as:

Author's changes in manuscript: 3.2.2 Mixed precipitation

4. Page 8 Line 28: 3.3 fl‘ecipitation gauge intercomparison for suowaall * ddete.
Authors' response: Good advice. After Dr. Kang's revision, it is revised as:
Author's changes in manuscript: 3.2.3 Snowfall

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

5. Page 9 Line 10-11: S ——

Editor comments: the more the better? a simply logic that is not always true as other factors may
affect gauge catch, like blowing snow into the gauge....

Authors' response: This sentence does not mean the more the better. Firstly, there is a good
linear relationship between CSPGpir and CSPGper. Secondly, CSPGprr catches more snowfall.
Thirdly, the total difference is little (43 snowfall observation, total difference is about 3.4mm)
between these two gauges with different configuration. It means that the CSPGpr could be used
as the reference at the experiment site without high wind speed. However, a sentence should be

added about blowing snow and wind speed: Blowing snow and thick snow cover have



traditionally limited the pit’s use as a reference shield for snowfall and mixed precipitation. At
the experiment site, the blowing snow was rarely observed and the snow cover was usually
shallow.

Author's changes in manuscript: Blowing snow and thick snow cover have traditionally
limited the pit’s use as a reference shield for snowfall and mixed precipitation. At the
experimental site, blowing snow was rarely observed and the snow cover was usually shallow.
This suggests that the CSPGpr could be used as a reference gauge for snow precipitation events

at the experimental site.

6. Page 10 Line 5: 3.4.1 Rainfall catch ratio vs. wind speed : cut

Authors’ response: Good advice. This section is revised as follows after Dr. Kang's revision:

Author's changes in manuscript: 3.3 Catch ratio vs. wind speed

1 . ere CRUNDFIR Rain 211 S4/DFIR Rain'15 the ra: catch ratio (%) of the CS 77 and the CSPGsy. respectively,
7 Page 10 Llne 15 Where CR, d CR 15 the ramnfall h ratio (%) of the CSPGy d the CSPG: 1vel

Editor comments: what time scale here???
Authors’ response: Per observation.
Author's changes in manuscript: Where CRun/prirrain @Md CRsaprirrain 1S the rainfall catch

ratio (%) per observation of the CSPGyy and the CSPGsa, respectively,

8. Page 10Line 23: 3.4.2 Mixed precipitation catch ratio vs. wind speed : cut
Authors’ response: Good advice.

Author's changes in manuscript:

9.Page 10 Line 25;  twhen a<0.10.-  : not "when" but "at"
Authors’ response: Thank you. Total six "when" are replaced.
Author's changes in manuscript: Total six "when™ are replaced by "at". But after the English is

improved by the company, it is revised as "with".



(.R-' N DEIR Mived SS__]C)]'T':IIG_"O 0=y 7<2.9 {14)

10. Page 11 Line 14 and others: B — o
Editor comments: "

1) similar to equations below, you need to consider clam condition, i.e. w=0 m/s for the fit..

2) wind can be 0 m/s, then CR is not 100%, meaning over or under catch at calm condition....
this is not right?

3) Ws can be 0 m/s, what happen here if Ws = 0 for the equations here?

Authors' response:

1) Thank you. All the related equations are revised and all the F-value are recalculated. Related
tables, figures and equations are revised.

2) Because we should consider the calm conditions, sometimes we should use NONLIEST
function in SPSS 19.0. But it did not give the F-value and o value. In this case, we used the SPSS
outputs to calculate F-value, then use FDIST function in Microsoft Excel to calculate the o value.
Author's changes in manuscript:

Section 2.2: The equations were fitted using SPSS software version 19.0 (IBM, 2010) and
Microsoft Excel 2007 based on the mathematical least squares method (Charnes et al., 1976). The
significance of the equations was evaluated using the F-test method (Snedecor and Cochran,
1989). If the significance level (o) of the F-test is below 0.05, the fitted equation is significant.
The lower the a value, the greater the significance.

Section 3.3: As described in section 2.2, Eq.(10) was fitted using the NONLINEAR function in
SPSS software (Analyze\Regression\Nonlinear). The F-value was then calculated using
regression and the residual sum of squares from SPSS (Snedecor and Cochran, 1989). Based on
the F-value and the degrees of freedom (Df), the significance level (o) was obtained using the
FDIST function in Microsoft Excel. Other forms such as the exponential expression were treated
in a similar way.

3) Section 3.3:

a) Eq.(10) is deleted because it is not significant. Eq.(11) is revised as Eq.(10):

CRyuorir e = 0-188W.23, —0.719W2) +0.551W,,, +100 0<We10<7.4 (10)
Eq.(12) and Eq. (13) are revised as Eqs.(11) and (12):

CRuN DR Mices = 100g %% 0<W¢10<5.9 (11)
CRSA/D’:'R,Mixed = 1008_0'04\/‘/510



0<Wi10<5.9 (12)
Eq.(14) and Eq. (15) are revised as Eqs.(13) and (14):

_ 0.12W,;
CRun/orir mixes =100€ 0<W4y7<2.9 (13)

CRSA/DFIR,Mixed =100g ™01 0<Ws0.7<2.9 (14)

Eq.(18) and Eq. (19) are revised as Eqs.(17) and (18):
CRun/pFIR sow = 100g s 0<Ws10<4.8 a7

CRSA/DFIR,Snow =100g %% 0<Ws10<4.8 (18)

Eq.(20) and Eq. (21) are revised as Eqs.(19) and (20):

~0.11W,
CRUN/DFIR,Snow =100e o

0<Wy7<3.1 (19)
J— —0.03W, 0.7
CRsworirisnow = 10087 0<We0.7<3.1 (20)
b) Fig.5~Fig. 7 are redrawn:
c) Related tables and text is revised too.
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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 3.0 mm.
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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 1.0 mm.
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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.

d) Table 4 is revised:

Table 4. Catch ratio (CR) vs. wind speed relationships at the Hulu watershed intercomparison site,

2012-2015.
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shading induced similar lower wind speeds at both sites, which led to the similar catch ratios. For the Tianshan

reference site, wind speed (Wyp) on rainfall or snowfall days never exceeds 6 m s and 88% of the yearly total
11 Page 12 Line 10-15 precipitation took place with wind speeds below 3 m 5. 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

Editor comments: compare winds at 10 and 0.7 m, not right!
Authors' response: Thank you. This paragraph is rewritten. The daily mean wind speed at 10 m
is used to compare.

Author's changes in manuscript: Similar topographic features and shading induced similar
lower wind speeds and led to similar catch ratios at both sites. For the Tianshan reference site,
wind speed (Wsi0) on rainfall or snowfall days never exceeded 6 m s, and 88% of the total
annual precipitation took place with wind speeds below 3 m s™. At the Hulu watershed site, daily
mean wind speeds (Ws10) on precipitation days never exceeded 6.4 m s, and over 55.2% of the
precipitation events occurred with daily mean wind speeds below 3 m s™. During the periods of
precipitation, the largest wind speed at the 10m height was about 8.8 m s™*, and over 54.2% of the

precipitation events occurred with wind speeds below 3 m s™.

12. Page 12Line 24: the different wind regime.

Editor comments: discuss wind regimes then, like mean winds for the sites....

Authors' response: The daily mean wind speeds at 10 m height were analyzed on precipitation
days during the experimental period from 1992 to 1998.

Author's changes in manuscript: At the Gangcha station (100°08’, 37°20', 3015 m), which also
lies in the Qilian Mountains at a similar elevation about 200 km from the Hulu watershed site, the
CSPGpt caught 7.9% more rainfall and 16.8% more snowfall than the CSPGyy from 1992 to
1998. In our study, the CSPGpr captured 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 that reported by Ren et al. (2003) due
to differences in the wind regime. At the Gangcha station, daily mean wind speeds (Ws;o) on

precipitation days during the experimental period from 1992 to 1998 never exceeded 8.5 m s,



and over 35.1% of the precipitation events occurred with daily mean wind speeds below 3 m s™.
The average daily mean W1 was about 3.4 m s™ on precipitation days from 1992 to 1998 at the
Gangcha station, whereas at the Hulu watershed site from 2010 to 2015, the average value was
about 2.9 m s™ on precipitation days.

than 15% of the annual precipitation amount. Ren and Li (2007) has reported. among the 29276 precipitation

13. Page 13Line 17: events, there are only 784 blowing or drifting snow events accounting to about 2.7% at the 30 stations over China.
Editor comments: this is over entire China, no snow then no blowing snow, you need to look
into the cold regions WITH snow???

Authors' response: We looked into the original literature and found that the 784 blowing or
drifting snow events here was wrong, it should be 54 events (Ren et al., 2003). The value 784 is
total eliminated events including missing observation, blowing snow, etc. Thus, the blowing or
drifting snow events ratio is about 0.18% (54/29276). For snowfall, the total snowfall events is
2286, and the blowing or drifting snow events ratio is about 2.4%. There was no snowfall event
from 1992 to 1998 at the four stations among the 30 stations. Two references are replaced by the
two new papers. Thus, this sentence is revised as follows.

Author's changes in manuscript: Ren et al. (2003) reported, that among the 2286 snowfall
events, only 54 were blowing or drifting snow events accounting for about 2.4% for 26 stations
across China. Based on the regionalisation of snow drift in China, blowing or drifting snow
events occur mostly on the central and south-western Tibetan Plateau, in the northern Xinjiang
province and in north-eastern China (Wang and Zhang, 1999).

province and north-eastern China (Ren et al.. 2003). The applicable regions for the CSPGrrr and the CSPGprr as

14. Page 13 Line 20:

reference gauges are shown i Fig.9 based on CMA snowfall and snow depth data

Editor comments: you suggest, pit gauge for rain regions and DFIR for snow regions? make this
clear if you agree....

Authors' response: The DFIR is used in the regions with much blowing or drifting snow events,

while the pit, other regions.

Author's changes in manuscript: In these regions, the CSPGpgrr should be used as a
reference gauge. In other regions, the CSPGpir may be applicable. Based on the CMA snowfall
and snow depth data, and the regionalisation of snow drift in China, the applicable regions for the

CSPGpit and CSPGprr as reference gauges are shown in Fig.10.



conditions. During the precipitation period from September 2012 to Apnil 2015 Zp 1s about 0.06 m of the average

15. Page 14 Line 5:

but it varies from near zero to 0.67 m. As shown in Fig 10, about 68 9% and 95.1% of Zj 1s lower than 0.05 m
Editor comments: how was Z, determined here??? give more info....

Authors' response: Zy is calculated by using the Egs.(9).
Author's changes in manuscript: For the precipitation period from September 2012 to April

2015, the Zp was calculated using Eq. (9). The results showed the Z, to be about 0.06m on

average but it varied from nearly zero to 0.67m.

and 0.25 m. respectively. In the occasional cases that Zp 1s very large, the Z; is arbitranly assigned a value (1/2 of

16. Page 14 Line 7:

grass height at the site).

Editor comments: compare and cite other studies.....

Authors’ response: There are many statistical ways to deal with this issue. Here use a equation
provided by Lettau (1969): Z,=0.5hL.. h is the vegetation height and L. is vegetation coverage.
At the field site, the vegetation coverage is close to 100% in summer and autumn. The very large
Z, values also appear in the later August and early September (From most to the least, Z, appears
day: Sep 8, 2013 (0.67); Sepl16, 2014 (0.58); Sep 13, 2014 (0.51); Aug 29, 2014 (0.47); May 16,
2013 (0.47); Sep 7, 2014 (0.43), ......).

Author's changes in manuscript: As shown in Fig.11, in about 68.9% and 95.1% of instances,
the Zo was lower than 0.05 m and 0.25 m, respectively. In rare cases when the Z, was very large,
as shown in Fig.11, the Z, was arbitrarily assigned 1/2 of the grass height (h) at the site based on
the equation Z,=0.5hL, provided by Lettau (1969). The very large Z, values usually appeared in
late August and early September when the vegetation coverage (L) was close to 100% at the
Hulu watershed site.

The precipitation intercomparsion experiment in the Hulu watershed indicates that the CSPGprr catches more

17. Page 14 Line 12:

rainfall. mixed precipitation and total precipitation than the CSPGprr. From most to the least ramnfall and mixed

Editor comments: BUT LESS snow, that is the key, DFIR is for snowfall, not for rain......

Authors'’ response: It's true.



Author's changes in manuscript: The precipitation intercomparison experiment in the Hulu
watershed of the Qilian Mountains indicated that the CSPGpr caught more rainfall, mixed

precipitation and total precipitation but less snowfall than the CSPGpgr.

. | @
18. Page 14 Line 15: CSPGppg = CSPGprr = CSPGgy = CSPGay. The wis

Editor comments: Pit gauge is for rain, maybe ok for wet snow in summer.... do you look at the

winter snow data vs. summer wet snow?

Authors' response: The snowfall in winter at the experiment site is relatively few and less than
in other seasons. We would add a figure and talk it about in section "4.2 CSPGpr as a reference

for solid precipitation™.

Author's changes in manuscript: In section "4.2 CSPGpt as a reference for solid precipitation™:
The snowfall is wetter in autumn and spring than in winter, and wetter snowfall means less
blowing or drifting snow. Thus the CSPGp;r could serve as a reference for liquid and solid

precipitation in environments similar to that of the Hulu watershed site.
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Figure 8. Seasonal snowfall and its percent from September 2010 to April 2015 at the Hulu

watershed site.



19. Page 14Line 18: 1n the regions with little snowfall such as the south and central part of China,

Authors" response: Snowfall does occur in the most regions of China except for very few
province such as the Hainan province. It appears even in Fujian, Guangdong province, etc. See
the figure below (Zhang and Zhong, 2014) and Fig.9.
Author's changes in manuscript: In regions with lower snowfall, such as the southern and
central parts of China (Zhang and Zhong, 2014), and in regions with a similar climate and
environment to that of the Hulu watershed site, the CSPGpr could be used as a reference gauge
because of its high catch ratio, simplicity and lower maintenance requirements.
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(Zhang and Zhong, 2014. Journal of Glaciology and Geocryology, 36, 481-490)

20. Page 19Table 1: W a;n;m\mwﬂm”mm@j 06 065 071 085 081 066 061 08 06 05 063 065 068
1.3 g

Editor comments: very low winds......
Authors’ response: We have looked into the observation data and computer program. It is a
statistical error. It was wrongly divided by 3. The computer program has selected all the data by

day and month time and then obtained their mean values. It need not divide them by 3 years again.



The air temperature is also wrongly calculated. They use and in a same computer program. Other

variables such as precipitation and potential evaporation are correct and need not revise. We are

very sorry and thank you very much.

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

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 (mm) 35 25 11.0 8.8 67.7 69.6 871 1116 577 240 27 1.0 447.2
Monthly mean air temperature (°C) -124 7.7 -4.4 2.2 7.0 11.2 125 12.1 8.0 14 56 -11.3 11
Monthly mean daily maximum air

-4.0 0.7 35 10.3 14.3 18.2 19.5 19.7 154 102 3.6 -1.9 9.1
temperature (°C)
Monthly mean daily minimum air

-190 -148 -116 5.2 0.6 4.9 6.8 5.8 1.8 -55 -127 -18.2 -5.6
temperature (°C)
Monthly mean wind speed at the 1.5m
. B 179 196 230 255 242 1.98 1.82 1.81 193 181 208 196 2.03
height (ms™)
Monthly mean wind speed at the 2.5m
. N 179 202 243 277 2.65 2.16 2.04 2.02 216 199 219 201 2.18
height (ms™)
Monthly potential evaporation (mm) 316 470 794 1244 1409 1550 1417 127.0 1016 752 473 310 11022

21. Page 26 Fig.5:

Editor comments: for a) and b), no data for winds 8-10m/s, that part (ratio going up) is very

uncertain? need to think of other models for the fit?

Authors' response: All the related figures, tables and equations are revised because the calm

condition when Ws=0 is not considered before.

Author's changes in manuscript: See the detail above.
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Experimental wind-induced bias in precipitation measurements in a mountain

watershed on the north-eastern 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: An experimental field study of wind-induced bias in precipitation measurements was conducted from

September 2010 to April 2015 at agrassland site (99°52.9', 38°16.1', 2980 m) in the Hulu watershed in the Qilian

Mountains, on the north-eastern Tibetan Plateau, in China. —Systematic-errors-Hr-gadge-measured-precipitation

nertheastern—TFibetPlatead. Precipitation—gauges—tnetudedThe experiment included (1) an unshielded Chinese

standard precipitation gaugeSSPG (CSPGyy;_orifice diameter=20 cm, height=70 cm), (2) a single Alter shield

around a CSPG (CSPGsa), (3) aCSPG in apit (CSPGpit) and (4) a Double-Fence International Reference (DFIR)

shield with a Tretyakov-shielded CSPG (CSPGpgr). The caich ratio (CR) uses CSPGprr as a reference

(CR=CSPGx/CSPGpfr, % X denotes UN, SA or PIT). Fheintercomparison-experiments-The results show that

the CSPGga, CSPGp1+—_and 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 (of al types)_, respectively, than the CSPGyy from September 2012 to April 2015;
respectively. The CSPGpt and the-CSPGpgr caught mere-3.6% and 2.5% more 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, respectively, than

the CSPGgsa;—respectively. Whereas—However, 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+espectively. From most to

least precipitation measured, the instruments ranked as follows: for rain and mixed precipitation, CSPGpr >

"Corresponding author. E-mail address: crs2008@lzb.ac.cn (R. Chen)
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CSPGprr > CSPGgp > CSPGyy; for snowfall, CSPGprr > CSPGpr > CSPGsa > CSPGyy. Frem-est-te-teast

For-the- snowfall -t follows-as- CSPGy > CSPGp > CSPG > CSPGn—The- CSPG  p-s Used-as reference to
caledlate-the-eatch-ratios{CRs)-of the CSPG - CSPGep-and-CSPGpr—The CR vs. 10m wind speed during-for
the period of precipitation Hdieates-indicated that with increasing wind speed from 0 to 8.0m/s, the rairfal

CRynprr e-and CRspprr for rainfall decreased dlightly. For-the mixed precipitation, wind speed has-showed no
Slgnlflcant effect on CRuniDEIR eFmCRSA/DFIR below 3.5m/s. For the-snowfall, the CRuniDEIR eFmCRSA/DFIR VS.

wind speed shews-showed that CR deereases-decreased with increasing wind speed. The precipitation measured

by shielded gauges increased linearly relative to that unshielded gauges independently of the local environmental

conditions. However, the increase in the ratio of the linear correlation should depend on specific environmental

conditions. A comparison of the wind-induced bias indicates that CSPGp 1 could be used as a reference gauge for

rain, mixed and snow precipitation events at the experimental site. As both the PIT and DFIR effectively

prevented wind from influencing the catch of the precipitation gauge, the CRp1/prr had no relationship with wind

speed. Cubic polynomials and exponential functions were used to simulate the relationship between catch ratio

and wind speed. For snow, for both event and daily scales, the CRunprir @and CRsaprir Were significantly related

to wind speed; while for rain and mixed precipitation, only the event scale showed a significant relationship.

Keywords: Precipitation, Gauge catch ratio, Wind-induced undercatch, Field observation, Fibetan-PrateadQilian

Mountains

1 Introduction

In western China, mountainous watersheds are the source areas of runoff generation and water resources, and

accurate precipitation measurements are extremely important for calculating the water balance and understanding

the water cycle processes in these high mountains. Aecedrate—precipitation—data—are—necessary—for—better

uhderstanding-of-the-water—eyele: It is widely recognisedi—has-been-widehy—recogrized that gauge-measured
2
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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 a., 2007; Ye et
al., 2012).

For decades, al knowledge of precipitation measurement errors has relied on field experiments. Back in 1955,

the World Meteorological Organization (WMO) conducted the first precipitation measurement intercomparisons

(Rodda, 1973). Hs-The reference standard iwas a British Meteorological Office gauge of the Snowdon type

(Mk2)Mk2-gauge elevated 1 m above the ground and equipped with the Alter wind shield,—But-thisreference

which dees-did not accurately show-the-correct-ameunt-ofreflect the precipitation level—TFhis-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. Fhis-The gauge in a-the pit caught 6% more precipitation than the normally exposed gauge. In
the second WM O precipitation measurement intercomparison (Rain, 1972—1976), the-a pit with an anti-splash grid
was designated the reference standard shield for rain gauges (Sevruk and Hamon,1984). In the third WMO
preci pitation 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-standardised adjustment procedure
(Lanzaet al., 2005). Because automation of precipitation measurements are-is widespread, the WMO Commission
for Instruments and Methods of Observation (CIMO) organized the WMO Solid Precipitation Intercomparison
Experiment (WMO-SPICE; Wolff et a., 2014) to define and validate automatic field instruments as references for
gauge intercomparison, and to assess the automatic systems and the-operational networks for precipitation

observations. The experiments and investigations are ongoing, and the WMO-SPICE project stil—selected
confirms the DFIR shield to be a part of the reference configurations. Fhe-WMO-SPICEproject-stiH-selected
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 the DFIR shield as a reference configurations in-at_the valey

Tianshan site-efFianshan (43°7' N, 86°49' E, 3720 m), during the third WMO precipitation measurement
3
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intercomparison experiment from 1985 to 1987 (Yang, 1988; Yang et al., 1991). The wetting loss, evaporation

losses, wind-induced undercatch and trace precipitation of the CSPGs were well quantified based on the huge

volume of observation data at the Tianshan site (Yang et al., 1991). Because-there-are-not-wind-data—-at-the

Forthe wind-induced undercatch, the derived

CSPG catch ratio equations were based on the 10 m height wind speed at the epen-Daxigou Meteorological

Station (43.06°, 86.5°E, 3540 nt-) and at several other standard meteorological stations near the measurement site

{1991) forthe CSPG. This intensive experimental field study created a basis for later work on the correction of

systematic bias in precipitation measurements in China. During the period from 1992 to 1998, Ren and Li (2007)

had-conducted an intercomparison experiment at 30 sites (the altitude variesranged from about 4.8+ to 3837 m)

using the pit as a reference acrossever China, and Aa total of 29,000276 precipitation events had-beenwere

observed. Yang et a. (1999) emphasised that among all known systematic errors in precipitation observation,

wind-induced gauge undercatch was the greatest source of bias, particularly in cold regions, and recommended

testing for the application of adjustment techniques in regional observation networks. In the mountainous

watersheds of western China, the complex high mountain topography and underlying surfaces with

inhomogeneous glaciers, permafrost and alpine vegetation make the wind vector field in the lower boundary layer

extremely complex, causing equally complex wind field deformations over the gauge orifice. At present, our

investigation of wind-induced error in precipitation measurements is based on the horizontal time-averaged wind

speed. Thus it is reasonable to investigate the regional average characteristics of wind fields and the interaction

between wind fields and the precipitation gauges at our present research level. In addition to Y ang's experimental

field work on systematic error adjustments for precipitation measurements in eastern Tianshan from 1985 to 1987

(Yang, 1988), it is very important to carry out field experiments on precipitation measurement in the other

mountainous regions of western China.
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Altheugh—aAdjustment procedures and reference measurements were developed in—during several WMO

international precipitation measurement intercomparisons (Goodison et al., 1998; Sevruk et al., 2009; Y ang, 2014).

The application of al of these adjustment procedures and methods depends on both environmental factors and

precipitation features, and among the factors considered, wind speed and temperature have been found to have the

most important effect on gauge catch (Yang et al., 1999). Ye et al. (2004, 2007) developed abias-error adjustment

method for CSPGs based on observation data from 1985 to 1997 at the Tianshan site (Yang et a., 1991), and

found a new precipitation trend in the adjusted precipitation datafor the past 50 yearsin China (Ding €t al., 2007).

The new precipitation adjustment has improved the precipitation estimation in water balance computation for

many basinsin China(Yeet al., 2004; Tian et al., 2007; Ye et a., 2012).the wind-induced-error-of CSPG-had-not

_Ma et a. (2014) used the

adjusted equations from neighbouring countries except-forin addition to the experimental results from the eastern

Tianshan Fianshanin China (Yang et al., 1991) to correct_for the wind-induced errors on Tibetan Plateau.

However, their precipitation gauges used in the neighbouring countries were the are- Tretyakov, MK2, Nepal 2003,

Indian_standard and U.S. 8"-ir-the-nelghbering-countries. As the world's third polear region--the-werld, the

Tibetan Plateau and its surrounding mountain ranges are is-an ecologically fragile regien-and the source of severa

large rivers in China and neighbouring countries, and accurate precipitation data are urgently needed for water

resource exploitation and environmental protection. The problem is how to apply and test the already established

principal adjustment procedures and methods to correct for precipitation measurement errors in the vast plateau

and high mountains of western China, where climatic and environmental conditions are highly complex and

variable, both spatially and temporally. To quantify and understand the specific influences of climatic and

environmental factors on wind-induced bias in precipitation measurements in a mountain watershed, and then test

and parameterise the adjustment equations, an intercomparison experiment was carried out for nearly five years on

both unshielded and shielded CSPGs in a watershed in the Qilian Mountains on the north-eastern Tibetan Plateau

in China
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The CSPG is the standard manual precipitation gauge that has been used by the China Meteorologica

Administration (CMA) at-in more than 700 stations since the 1950s. The present experiment is to investigate the

wind-induced bias of the CSPG in the high mountain environment. Fhese precipitation-data-sets-have been-used
—Therefore, Fhe-a Singlesingle Alter shield (SA) (Struzer,

shield with a Tretyakov-shielded (DFIR) and a pit were selected to shield the CSPGs, which were distributed by

an unshielded CSPG. The SA shield is used by the CMA to enhance the catch ratios of automatic gauges (Y ang,

2014), and the DFIR was used to provide true snowfall values for the WMO intercomparison project (Yang et al.,

1999). This paper presents the intercomparison experiments and their relevant data, introduces the adjustment

methods, discusses wind-induced bias inprecipitation measurements by CSPGs for different precipitation phases,

analyses the correlations between shielded and unshielded CSPGs and specifies the relationships between catch

ratio and wind speed. The results of the present study are also compared with other studies. In addition, the pit

shield is evaluated for solid precipitation under these climatic conditions. The limitations of the present study are

then discussed.

2 Experiments and methodsBata-and-Methods

2.1 Intercomparisons experiments-and relevant-data
Precipitation intercomparison experiments (Fig.1, Table 1) were conducted at a grassland site- (99°52.9',

38°16.1', 2980 m) in the Hulu watershed in the Qilian mountains, on the north-eastern edge of the Tibetan Plateau,

in China-{99°52.9',-38°16.1".-2980-m). A meteorological cryosphere-hydrology observation system (Chen et a.,
20144) has-beenwas established siree-in 2008 in the Hulu watershed. The Mean Aannua precipitation is-was
abeut-447.2 mm during 2010-2012 and is-was concentrated during the warm season from May to September—at
thissite. The annual mean temperature is-was approximately-0-41.1 °C, with a July mean (Tyean) Of 4:212.5 °C and

a January mean of -4-212.4°C over the years (Table 1). The annual potential evaporation abiHity{Eg} iswas abeut

1102 mm (Table 1).
The intercomparativetntercomparison experiments included (1) an unshielded CSPG (CSPGyy; orifice

diameter=20 cm, height=70 cm), (2) a single Alter shield around a CSPG (CSPGga), (3) a CSPG in a pit
6
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(CSPGpi1), and (4) a DFIR shield with a Tretyakov-shielded CSPG (CSPGprr) (Fig.1, Table 2). The CSPGyy,
CSPGgy and CSPGpr were installed before September 2010, whereas the CSPGprr Was installed in September
2012 (Table 2). In the cold season (October to April), snowfalls deminated-dominated the precipitation events, and
in the warm season (May to September), rainfall was dominated. The precipitation ameunt{(P}-+s-was measured
manually twice a day at 08:00 and 20:00 LFlocal time (Beijing time) according to the CMA's eriterien-criteria

(CMA, 20073). In the warm season, P-precipitation is-was measured by volume. tr-Whereas in the cold season,

the funnel and glass bottle are-were removed from the CSPG and precipitation is-was weighed under a windproof
box-te-aveid-wind-effects. |f-theretsAny frost on the outside surface of the collector;-t-wit-be- was wiped up-by

offusing a dry hand towel. In rare cases where snow had accumulated on the rim of the collector, this was

removed before weighing.

The precipitation phases (snow, rain and mixed) is-were distinguished using diseriminated—by—observer

aceording-to the CMA's eriterion-criteria(CMA, 2007b). Fhis-methed-has-been-used-since-the-1950s-at-the-more

Meteorological elements, including maximum air temperature T, and minimum T, have been measured

conforming to the meteorological observation manual Releval

mAHAUMT ac-ane-Toyn)-have been-ebserved-manually at the site since June, 2009. A meteorological tower iswas

used to measure wind speed (Lisa/Rita, SG GmbH; W) ane-, air temperature (HMP45D, Vaisala) and relative

humidity (HMP45D, Vaisala) at 1.5m and 2.5m heights in association with relative-humidity-(HMPA5D\aisala)

and-precipitation measurement (Chen et al., 2014). The time step of observation of the tower wasFhey—are

observed-every 30 seconds and are-saved-asthe —half-hourly values {sum-errmearjwere obtained. 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 foeuses-focused on two key aspects. One is-was a comparisons ameng-of the CSPGyy,

7
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CSPGgp, CSPGpr and CSPGprr _gauges. The other was the establishment of Arether—purpese-ts-to-establish

adjustment equations for the CSPGyy and the-CSPGgy bBy-using the CSPGprr as_a reference. To adjust-the

gauge-measured precipitation, Sevruk and Hamon (1984) have-providedgiven the general formula as:

P.=KP,+ AP, +AP,+ AP, = P, + AP, + AP, + AP, (D
Where-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 Ppgr is_the

DFIR-shielding—shielded precipitation. For loss by the CSPG_per observation, P, is 0.23 mm for rainfal

measurements, 0.30 mm for snow and 0.29 mm for mixed precipitation (snow with rain, rain with snow)-(¥-ang;

1988:Y-anget-al- 1991}, aceordingtobased on the measurements ir-at the Tianshan valtey-site (Y ang, 1988; Yang

et a., 1991). Ren and Li (2007) reported the-a mean P,, was-of 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, Pe is aready small (0.10-0.20 mm/day) according to the
results in-from Finland (Aaltonen et al., 1993) and Mongolia (Zhang et al., 2004). To prevent evaporation loss in
Chinese operational observations on seme-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-ameunt-of precipitation (Py). Ye et
al. (2004) recommended assigning avalue of 0.1 mm, regardless of the number of trace observations per day. The

present study focused on wind-induced bias inprecipitation measurement by CSPGs, specificaly in high mountain

environments, therefore the above mentioned P,,, P-and P; values were assumed to be constant in the computation

equations.
—Inthistield-experiment, the CSPGyy, CSPGep; CSPGp1-and CSPG g s have same P, P and-Py-that-have been

WMO proposed Egs.(2)-(4) to compute the catch ratio of unshielded over shielded Tretyakov gauges on adaily

time step for three precipitation types, and the independent variables were wind speed (W, m s™) at the gauge

height and the daily maximum and minimum temperatures (T ay, Trin, °C)FheWMO-has-given-Egs{2)-(4)-for-the

FkRbAs e et ey e e datb e ctep o varionsareshsenen—ases (Yang et al., 1995;

Goodison et al., 1998). These equations ean-beare used over a great range of environmental conditions (Goodison

et al., 1998).
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CR,,, =103.1—8.6M, +0.3T,_, 2
CR,, =96.99—4.46N, +0.88T _ +0.22T . €)
CR, =100.0— 4.7 °% (4)

Where CRgow (%0), CRyix (%0); and CR, 4, (%) are catch ratios for snow, mixed precipitation; and rain, respectively;
W iswind-speed-at-gauge hei ght(m-S ) TF e aRE-Fo-are-daily-maximum-and-minirum-airtemperatures {°C).
AsFthe CMA stations usually observe wind speeds at a height of 10 m-height, so-Yang-et-a-{1991)-have given
Eqgs.(5)-(7) were used for the CSPG catch ratios versus the daily mean wind speed W; (m s™) at 10 m height(Yang
et a., 1991). These equations are based on the huge volume of 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(—0.04W,,) (O<W,<7.3 (6)
CRnix = CRsnow - (CRmow o CRrain)(Tmean + 2) 14 (7)

where Tean iS the daily mean air temperature (°C).

Referring to EQs.(2)-(7), r-this-paper—two types of equations are-were usedestablished. One is for easy

application by-using the 10m-_height wind speed during the period of precipitation in China. They are similar to
and-a revisiensrevised version of the-Eqs.(5)-(7). Anether-The other type is similar to Egs.(2)-(4), which use the
daily mean wind speed at gauge height. For the CSPGs, the gauge height is-was 70 cm (Table 2)._The catch ratio

uses CSPGpgr as the reference (CR=CSPGx/CSPGprr, %; X denotes UN, SA or PIT). The eguations were fitted

using SPSS software version 19.0 (IBM, 2010) and Microsoft Excel 2007 based on the mathematical |east squares

method (Charnes et al., 1976). The significance of the equations was evaluated using the F-test method (Snedecor

and Cochran, 1989). If the significance level (o) of the F-test is below 0.05, the fitted equation is significant. The

lower the o value, the greater the significance.

Wind speeds at gauge height (W 7) and at the 10 m height (W) were calculated by-using half-hourly wind
speed data at 1.5 m (W 5) and 2.5 m heights-(Wg5); according to the Monin-Obukhov theory and the gradient

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

_InZ-InZ,

= 8
< Inl5-Inz, *° ©

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

s2.5 s1.5

InZ,

9)

Where-where Z denotes the height referred to is0-7m-or10-m.
9
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3 Results

From September 2010 to April 2015, a total of 608 precipitation events were recorded at the intercomparison
site for CSPGyy, CSPGsa and CSPGp1, respectively (Table 3). Snow occurred 84 times, mixed precipitation
occurred-44 times; and rain eceurred-480 times during this period. From September 2012 to April 2015, a subset
of 283 precipitation events were-was recorded for the CSPGyy, CSPGsa, CSPGpit, and CSPGprr gauges,
respectively (Table 3). During this period, snow occurred 43 times, mixed precipitation eceurred-29 times; and

rainfall eceurred-211times.

Table 3 about here

3.1 Linear correlation of gauge precipitation

At the 14 WMO intercomparison sites, a strong linear relationship was found between Alter-shielded and

unshielded Belfort gauges, Alter-shielded and unshielded NWS 8-inch gauges, and shielded and unshielded

Tretyakov gauges for al types of precipitation, with a higher correlation for rain than for snow (Yang et al., 1999).

In the present study in the Qilian Mountains, which experiences different environmental conditions compared to

the other 14 sites, the same strong linear correlation was found among the four CSPG instalments for rainfall,

mixed precipitation and snowfall, with a higher correlation for rain than for mixed precipitation, successively

more than for snow (Figures 2—4). It is therefore considered that in genera the precipitation measured by shielded

gauges increases linearly with that of unshielded gauges, independently of local environmental conditions.

However, the relative increase in linear correlation should depend on the specific environmenta conditions. For

solid precipitation, some non-linear factors interfered with the linear relationship to reduce the correlation

coefficient.

Fig.2 about here

Fig.3 about here

Fig.4 about here

3.2 Comparison of the wind-induced bias

3.12.1 Preeisinton-gangentereomparisenoranal-Raintall

—From September 2010 to April
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2015, the CSPGpr caught 4.7% and 3.4% more rainfal than the CSPGyy and the CSPGss respectively
((CSPGp1-CSPGyN)/CSPGun*100; similarly hereinafter). The CSPGea caught 1.3% more rainfal than the
CSPGyy (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, respectively, than the CSPGyy, and the CSPGp 1 and CSPGppr caught more 3.6% and 2.5%
rainfall, respectively, than the CSPGga;+espectively. Whereas-However the CSPGprr caught 1.0% less rainfall

than the CSPGp 1 (Table 3, Fig.2). These Scomparative studiesresults indicate that CSPGpt catches more rainfall

and total precipitationP compared to the CSPGpgr and other gauges at the experimental sitethan-the- CSPGpgr-6F

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

3.2.2 Precipitation-gauge-intercomparisen-formixed-Mixed precipitation

From September 2012 to April 2015, atotal of 29 mixed precipitation events were observed. As shown in Table

3, the CSPGp1_caught the most mixed precipitation among the gauges, capturing 82.2 mm of mixed precipitation

in 29 events, but only 1.1 mm more than the CSPGprr. The linear relationship between the CSPGpir_and

CSPGppr is statistically significant with an R* value of about 0.98 (Fig.3f). Thus for mixed precipitation, in

addition to the CSPGpgr, the CSPGp 1 could also be selected as a reference gauge for the CSPGyy_and CSPGsa at

the experimental site.

3.2.3 Precipitation-gauge intercomparison-for sSnowfall

1



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

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

CSPGpt and CSPGper caught 11.1%, 16.0% and 20.6% more snowfall, respectively, than the CSPGyy;

respectively—F and the CSPGpt and the-CSPGprr caught more 4.4% and 8.5% snowfall , respectively, than the

CSPGgp;+espectively (Table 3).

I rom I '|9-41, tl ere .IS = ”“ea GGHeIat.IGH eX.ISEEd betwee“ tl e GSI GPII a“d tl e GSI GDFI—R
(%PGDHR%GZQ%PGM,—R%GQQQ.—AHhough the-CSPGprRr caught 3.9% more snowfall than-compared to the
CSPGp 1 (Table 3), the difference ef-in total snowfall (43 events) between the CSPGprr and the-CSPGpt was

only about 3.4 mm (Table 3). Their linear correlation was very significant with a R* value of 0.994 (Fig.4f).

Blowing snow and thick snow cover have traditionally limited the pit’s use as a reference shield for snowfall and

mixed precipitation. At the experimental site, blowing snow was rarely observed and the snow cover was usually

shallow. This suggests that the CSPGp 1 could be used as-the a reference gauge for snow precipitation events at

the experimental site.

Fig-4-about here

To sum up the comparisons of wind-induced bias, from most to least rainfall and mixed precipitation measured,

the instruments ranked as follows. CSPGp 1> CSPGprr> CSPGsa> CSPGyn, While for snowfall their ranking was

CSPGpgr> CSPGpir> CSPGsa> CSPGyy.

3.3-3:4 Catch ratio vs. wind speed
Previous studies shewed-have shown that wind speed during the precipitation period is the most significant
variable affecting gauge catch efficiency (Metcalfe and Goodison, 1993; Yang et a., 1995; Goodison et al., 1998).

—Because the CMA

stations observe wind speeds at the 10 m height, sa-the CSPGyy and the CSPGsa adjustment equations for asingle
precipitation event are-were established-obtained with—for 10 m height wind speeds—during—the—period—of
precipitation. On the daily scale, the adjustment equations similar to Egs.(2)-(4) are-were al so-established obtained,

based on the daily mean wind speed converted to thedata-at gauge height (0.7m for the CSPGsferthe CSPG-tis

O#m:) and air temperature-data.

12
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To minimize ratio scatter effor ameng-the 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). However, }in the Hulu

watershed, most snowfall and mixed precipitation events are-were |less than 3.0 mm,: For-thisreasonthus the limit
was reduced and; single or daily snowfall and mixed precipitation greater than 1.0 mm waswere ehesen-te-use-tn
this-chapter selected.,-Whereaswhile for-the-rainfall,-precipitation-events greater than 3.0 mm was-were selected.

The numbers of the-chesen—selected precipitation events are shown in Table 4. The CR vs. wind speed

relationships for different precipitation types were simulated using cubic polynomias and exponential functions

and wereThe _summarized in Table 4-tceo.

The CRuniprr and CRsaprr VS. wind speed are statisticaly significant,  but the As-shown-in-Table 4,-all-the

CRpi1/oRIR VS. Wy.7 Or Wy relationships do not pass the F-test whenwith o=0.10. This phenomenon indicates that

both PIT and DFIR are effective in preventing wind from influencing the gauge catch of precipitation, therefore

the CRpi1prir 1S Not related to wind speed. Fherefere—onty-CRunprr-ane-CRepprr-VS-Wind-speed-relations-are
. i the follow .

Table 4 about here

Fig.5 presents scatter plots ef-for the CRynprir OF CRsaprir VS. Wind speed for rainfall. The CRs vary from 80%

to 110%. With increasing wind speed, the CRs decreased dlightly. Only Fhe-feHowingtwe-equations-Eq. (10) and

£35-shown in Fig.5 and Table 4 could be used to adjust the rainfall event data from the ESPGy-are-CSPGga;

respectively. Fhey-beth-passthe F-test-when-e<0-1{Table4)-It is significant at 0.03 level (Table 4). As described

in  section 2.2, the Eqg.(10) was fitted wusing NONLINEAR function in SPSS software

(Analyze\Regression\Nonlinear). The F-value was then calculated by using regression and residual sum of squares

from SPSS (Snedecor and Cochran, 1989). Based on the F-value and degree of freedom (Df), the significant level

(o) was obtained by using the FDIST function in Microsoft Excel. —Other forms such as the exponentia

expression were treated in asimilar way.

CRsuprir ain = 0.1880, — 0.719W2, + 0.551W,, +100 0<Wy<7.4 (10)
CRuyomm e = 0.188W3) — 2.027W2) + 5550 ) +94.27  0<We<74 ay

Where-where ERun/prir rain8R6-CRsapbriR rain 1S the rainfall catch ratio (%) per observation of-the CSPGy-and the
13
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CSPGgaa-respectively: and Way is the wind speed at 10m height-during the rainfall period-ef rainfat-(m s™).

Fig.5 about here

On the daily scale, the best-relationships between rainfall CRs and wind speed at gauge height (Wy7) are aso
the-3rd-erdercubic functions, but they dert-do not pass the F-test even-with a.=0.25 (Table 4).—_
3. 4.9 Mixed S o v wind

For the mixed precipitation events, the CRunprrMixed2RE-CRsynrRMixed VS Weo Felations-relationships are

exponential (Table 4, Fig.6). The CRs vary largehy—greatly from about 60% to 120%. For the CSPGyy, the
exponential relationship Eq. (3211) passes the F-test whenwith a<6-20=0.07, whereas for the CSPGsa, the

Eq.(3312) deesr'tpassbut-hasa-a value of-is about 0.16 (Table 4).

Fig.6 about here

—0.06W,;,
CRnprirMives =100€ 0<W;10<5.9 (2211
CRouprir mixes = 100870 0<W10<5.9 (3312)
On the daily scale, the best-relationships between mixed precipitation CR and wind speed at gauge height (Wg.7)

are also exponential pewertaw-expressions (Table 4, Fig.6). Similarly, for the CSPGyy, EQ. (3413) passes the

F-test whenwith a<0.10, whereas the Eq.(2514) with an o, value of about 0.22-18 doesn't (Table 4).
CRJN/DFIR,Mixed = 100e—0-12Wso_7 0<We7<2.9 (3413)

CRawpriR Mived = 100 7o 0<Weo7<2.9 (2514)

From Eq. (3), air temperature may also affect the mixed precipitation CRs on the daily scale. Egs. (2615)-(176)
are established-obtained as follows. However, these two new equations dent-do not pass the F-test whenwith

e=0<0.20.

CRvorrmired = 138305 +1.25T,  —0.88T,, +62.21 0=020  (1615)

CRuyvormmie = 10.7ANGS™ +0.85T  —0.18T,, +76.20  a=0.29 (1716)

Where-where Tra and Tpin is-are the daily maximum and minimum air temperature (°C), respectively.
For the snowfall events, the CRynprirsnow 8Nd the CRsyprirshow VS. Wi relationships are evident-significant

(Table 4, Fig.7). For the CSPGyy, the exponential relationship Eq.(3817) passes the F-test whenwith a<0.001.

14
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Fhe-Eq.(3817) is similar with-to the-Eq.(5) suggested by Yang et al. (1991). For the CSPGag,, its exponential

expression in Eq.(18)the pewertaw-expression-Eg-(19) passes the F-test when with-a<8-:05=0.07 (Table 4).
Fig.7 about here
CRn/oFIR sow = 100e %" 0<W0<4.8 (3817)

CRsworir show = 100g %o 0<Wg10<4.8 (2918)

On daily scale, the relationships between snowfall CRs and wind speed at gauge height (Wy7) are also

exponential expressions (Table 4, Fig.7). fFor the CSPGyy and the CSPGga, the Eqs. (2019) and-Eg:- (2120) pass

the F-test whenwith a<0.001 and a<6-10=0.14, respectively (Table 4). Egs. (4817) - (2119) could_therefore be
directly used to calibrate the wind-induced snowfall measurement errors for CSPGyy and-the CSPGga.

CRJN/DFlR,smw =100g s O0<Wg7<3.1 (2019)

CRSA/DFIR Sow 100g 7 0<We7<3.1 (2021)

Air temperature may also affect the snowfall CRs on the daily scale as shown in Eq.(2). Egs. (2221)—(2322)
are the new equations asseetating—associated with daily maximum air temperature. However, these two new

equations are not better than Egs. (2019)-(2120) according to their e~vatueof-F-test o values.

CR /eI snow = 4220 -* —1.06T, ,,, +55.91 0=4.2E-5 (2221)

CRyyprir sow = —9-46IN(W,,,) — 0.31T _, +98.76 a=0.17 (2322)

From the above mentioned rel ationships of CRuniorir and CRsaprir VS. Wind speed, the following points can be

drawn for our understanding. For daily rain and mixed precipitation, the relationships are not statistically

significant. Daily maximum and mini mum temperatures should reflect the atmospheric conditions of radiation and

convection to some degree, and their function in the CR vs. wind speed relationship needs further investigation in

amountain environment.

4 Discussion

4.1 Comparison with other studies

Yang et al. (1991) carried out a precipitation intercomparison experiment from 1985 to 1987 in-at the valey
Tianshan sitee-of Tanshan. Their results indicated that the raties-ef CSPGprr/CSPGyy ratios for snowfall and

mixed precipitation were 1.222 and 1.160, respectively. In the Hulu watershed, these ratios 6f-CSPGprrIESPGuN

for—snewtal-and-mixed-precipitation-were 1.165 (Fig.4c) and 1.072 (Fig.3c), and-thewhile those raties-offor
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CSPGp1/CSPGyy fer—snowtfal—and-mixed-precipitation were 1.162 (Fig.4b) and 1.082 (Fig.3b), respectively.

Similar topographic features and shading induced similar lower wind speeds and led to similar catch ratios at both

sites—which-led-to-the-simiar—cateh—+ratios. For the Tianshan reference site, wind speed (Wso) on rainfall or
snowfall days never exceeds 6 m s* and 88% of the yearhy-total annual precipitation took place with wind speeds
below 3 m s, For-At the Hulu watershed site, daily mean wind speeds (Wso710) ON precipitation days never
exceeded 3.56.4 m s*, and over 98.955.2% of the precipitation events occurred when-with daily mean wind
speeds werebelow 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-with wind speeds werebelow 3m s™.

As Ren et al. (2003) reported, across 30 comparison stations in China, the CSPGpt caught 3.2% (1.1~7.9%)
more rainfall and 11.0% (2.2~24.8%) more snowfall compared to the CSPGyy. Large wind-induced differences
were often observed at the mountainous western stations and in north-eastern China. At the Gangcha station
(100°08’, 37°20', 3015 m), which aso lies in the Qilian Mountains at a similar elevation about 200 km from the
Hulu watershed site, the CSPGp 1 caught 7.9% more rainfall and 16.8% more snowfall than the CSPGyy from
1992 to 1998. In our study, the CSPGpt captured 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 that reported by Ren et al. (2003) due to differences in the wind regime. At
the Gangcha station, daily mean wind speeds (Ws) on precipitation days during the experimental period from
1992 to 1998 never exceeded 8.5 m s™, and over 35.1% of the precipitation events occurred with daily mean wind
speeds below 3 m s™. The average daily mean Wy, was about 3.4 m s* on precipitation days from 1992 to 1998 at
the Gangcha station, whereas at the Hulu watershed site from 2010 to 2015, the average value was about 2.9 m st
on precipitation days.

As Ren et al. (2003) reported, acrossameng 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—compared to the CSPGyy. Large
wind-induced differences are-were often observed at the western—mountainous western stations and in the
Nertheastern-north-eastern China. At the Gangcha station (100°08', 37°20, 3015 m) , which aso liesin the Qilian
Mountains with-at a 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 CSPGyy from 1992 to 1998. In our study, the
CSPGp 1 get-—captured 4.7% more rainfall, 21.0% more snowfall; and 12.1% more mixed precipitation than the
CSPGyn from September 2010 to April 2015 (Table 3). The outcome presented in this study is somewhat different

from that reported by the Ren et a. (2003) presented-reported due to differences in the wind regimedue-te-the
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different-windreghme. At the Gangcha station, daily mean wind speeds (Ws0) On precipitation days during the

experimental period from 1992 to 1998 never exceeded 8.5 m s*, and over 35.1% of the precipitation events

occurred with daily mean wind speeds below 3 m s, The average daily mean Wy, was about 3.4 m s* on

precipitation days from 1992 to 1998 at the Gangcha station, whereas at the Hulu watershed site from 2010 to

2015, the average value was about 2.9 m s* on precipitation days.

It is recognised that in western China, climatic and environmental conditions in the mountains vary both

spatially and temporally. To understand the similarities and differences in wind-induced bias in precipitation

measurements for different mountain watersheds, field experiments need to be carried out continuously.

4.2 CSPGp 1 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 measurements (Sevruk et al., 2009). In this study, the CSPGpt
measdres-measured more rainfall and mixed precipitation than the CSPGpgr. For the snowfall, the catch ratio for
the CSPGpt is-was 0.96, close to thethat of the-CSPGprr cateh—+ratiomeasurement. The difference ef-in total
snowfall (43 events) between the CSPGpr and the-CSPGppr ts-was only about 3.4 mm from September 2012 to

April 2015 at the Hulu watershed site. The snowfall for autumn and spring was greater than for winter during the

observation period at the intercomparison site (Fig.8). The snowfall is wetter in autumn and spring than in winter,

and wetter snowfall means less blowing or drifting snow. Thus the CSPGp it could serve as a reference for liquid

and solid precipitation in the-environments similar to that of the Hulu watershed site. Precipitation collected by the

CSPGg 1 would be most affected when blowing or drifting snow occurred, and induced a faulty precipitation value
(Goodison et a., 1998; Ren and Li, 2007). Previous studies have indicatesindicated, however, that for most of
China the maximum snow depths in the past 30 years have-has been less than 20 cm (Li, 1999), and-with average
snow depths were-tessthanbelow 3 cm (Li et al., 2008; Che et al., 2008). Fig.8-9 shows annua 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-middle and south-western Tibetan Plateau, northern

Xinjiang province and north-eastern China. Statistical analysis indicates that for more than 94% of stations, solid

precipitation comprisesis less than 15% of the annual precipitation-ameunt. Ren and-Liet al. (20072003)-has

reported, that among the 29276-2286 precipitation-snowfall events, there-are-only 784-54 were blowing or drifting

snow events accounting te—for about 272.4% at—thefor 30-26 stations ever—across China. Based on the

regionalization of snow drift in China, Fhese-blowing or drifting snow events occur mostly eeeur-in-on the central

and south-westernseuth-eastern—_ Tibetan Plateau, in the northern Xinjiang province and in north-eastern China
17
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(Renet-al—2003Wang and Zhang, 1999). In these regions, the CSPGpgr should be used as a reference gauge. In

other regions, the CSPGpr_may be applicable. Based on the CMA snowfall and snow depth data, and the

regionalisation of snow drift in China, the applicable regions for the CSPGpr and CSPGprr as reference gauges

are shown in Fig.10.Fhe-applicableregionsfor-the CSPGp r-and-the- CSPGpr r-asreference-gatiges-are-shewn-H

Fig.8 about here

Fig.9 about here

Fig.10 about here

4.3 YUneertainties-Limitations of the-this experiment

Although the measurements procedure is-were based on the CMA's eriterioncriteria, the-manual observation has
lewfregueneywere infrequent, and as a result, some precipitation events are-were summarized as ere-single
events, especially in the evenings. The automatic meteorological tower ean-could observe precipitation and wind

speeds half-hourly precipitation—and-wind-speeds-during the precipitation period, but the CSPGyn, CSPGaa,

CSPGp 1 and CSPGprr are-were observed only twice per day. In this field experiment, the precipitation phase is

were also discriminated by the observers. This method is somewhat reugh-imprecise although it-this has been

remaned the standare-traditional way-method since the 1950s at the CMA stations (CMA, 2007b).

The-used wind speeds at gauge height and at-the 10 m height are-were not observed directly; but they
arerather calculated from the observed data at 1.5 m and 2.5m heights according to the Monin-Obukhov theory
and the gradient method (Egs._(98)). Although this method is widely used, it is effective only under neutral

atmospheric conditions. Buring-For the precipitation period from September 2012 to April 2015, the Z, iswas

calculated using Eq. (9). The results showed the Z, to be about 0.06 m ef-theon average but it variesvaried from

near zero to 0.67 m. As shown in Fig.20611, in about 68.9% and 95.1% of instances, the Z, iswas lower than 0.05

m and 0.25 m, respectively. In rare cases when the Z, was very large, as shown in Fig.11, the Z, was arbitrarily

assigned 1/2 of the grass height (h) at the site based on the equation Z,=0.5hL¢ provided by L ettau (1969). The

very large Z, values usually appeared in late August and early September when the vegetation coverage (Lg) was

close to 100% at the Hulu watershed site.—tr-the-oecasional-cases-that-Zg-is-very-targe—the-Zo-is-arbitrariy

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Fig. 16-11 about here
5 Conclusions

The present experimental field study focused on wind-induced bias in precipitation measurements by CSPGs

specifically in a high mountain _environment. —The precipitation intercomparsion experiment in the Hulu

watershed of the Qilian Mountains indicates-indicated that the CSPGpr eatehes-caught more rainfall, mixed

precipitation and total precipitation but less snowfall than the CSPGprr. From most to the-least rainfall and mixed
precipitation_measured, H—ean—be-ordered—asfolowstheir ranking :was CSPGpr > CSPGprr > CSPGga >
CSPGyn—, White-whereas in the snowy season,-it-foHews-the-rule-that—_better wind-_shielding increased-eateh

with-mere the  snow_caich,-and-they-can-be-erdered: —leading to CSPGprr > CSPGptr > CSPGgs > CSPGyn.

In the regions with—_Httlelower snowfall, such as the south and central part of China (Zhang and Zhong, 2014),

and thein regions with asimilar climate and environment to that of the Hulu watershed site, the CSPGp 1 could be
used as the-a reference gauge eensidering-because of its highest catch ratio, simplicity-and-tew-eest and lower

maintenance requirements. In north-eastern China, northern Xinjiang province and seutheastern—central and

south-western Tibetan Plateau where snowfall often occurs, the best choice fer-of reference gauge would be the
CSPGpt for rainfall and CSPGpgr for snowfall observations.

The measured daily precipitation by shielded gauges increases linearly with that of unshielded gauges and is

independent of local environmental conditions. However, an increase in the ratio of the linear correlation should

depend on specific environmental conditions. For solid precipitation, some non-linear factors interfere with the

linear relationship to reduce the linear correlation coefficient.

The catch ratio vs. wind speed relationship for different precipitation types is simulated by cubic polynomials

and exponentia functions. The CRp1/pmr does not have a significant relationship to wind speed, indicating that

both PIT and DFIR are effective in preventing wind from influencing the precipitation gauge catch. For daily rain

and mixed precipitation, the relationships are not statistically significant. Dailly maximum and minimum

temperatures should reflect the atmospheric conditions of radiation and convection to some degree, and their

function in the CR vs. wind speed relationship needs further investigation in mountain environments. It is

recognised that in western China, the climatic and environmenta conditions in the mountains vary both spatially

and temporally. To understand the similarities and differences among wind-induced biases in precipitation

measurements for the different mountain watersheds in western China, field experiments need to be carried out
19
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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 Yearly
Monthly precipitation (mm) 35 25 11.0 8.8 67.7 69.6 871 1116 577 240 2.7 1.0 447.2
Monthly mean air temperature (°C) -124 77 -4.4 22 7.0 11.2 125 121 8.0 14 56 -11.3 11
Monthly mean daily maximum _air

40 07 35 103 143 182 195 197 154 102 36 19 91
temperature (°C)
Monthly mean daily minimum _air

-19.0 -148 -116 5.2 0.6 4.9 6.8 58 18 -55 -127 -182 -5.6
temperature (°C)
Monthly mean wind speed at the 1.5m

179 19 230 25 242 198 182 181 193 181 208 19 203
height (ms™)
Monthly mean wind speed at the 2.5m

179 202 243 277 265 216 204 202 216 199 219 201 218
height (m s™)
Monthly potential evaporation (mm) 316 470 794 1244 1409 1550 1417 1270 1016 752 473 31.0 1102.2
Element Jan Feb  Mar  Apr May Jun Jut Aug Sep Oct  Nov Dec Yearly
Meonthly-mean-air-temperatre Tre(°C) 41 -26 -5 07 23 3.7 42 4.0 27 0.5 -9 -38 04
FractC)
Imn‘(e)

Table 2. The precipitation measurement intercomparison experiment in the Qilian meuntainsM ountains.

Size( ¢ stane-fordenotes orifice Messure
Gauge Abbreviation diameter and h foris observation Startdate | Enddate | Observation
height) time
20:00 and
AnuUnshielded China standard 08:00,
L CSPGyy @=20cm, h=70cm Jun 2009 | Apr, 2015
precipitation gauge (CMA, 2007a) EFLoca
time
20:00 and
Single Alter shield (Struzer, 1971) 08:00,
CSPGgp @=20cm, h=70cm Jun 2009 | Apr, 2015
around a CSPG EFLoca
time
. ! 20:00 and
A CSPG in aPit (Sevruk and
CSPGpt ¢=20cm, h=0cm Sep 2010 | Apr, 2015 08:00,
Hamon, 1984)
EFLoca
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time

DFIR shield(Goodison et al., 1998)
around a CSPG

CSPGD FIR

¢=20cm, h=3.0m

Sep 2012

Apr, 2015

20:00 and
08:00,
LTLoca

time
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Table 3. Summary of precipitation observations at the Hulu watershed intercomparison site, 2010-2015.
Total precipitation and catch ratio (CR, %)
i No. of =5 =G
pae events (mm:N CR 100[5%3: —1] 100[23'.5‘?6(5:: —1] 100[%0:—1] (mm)SA CR 100(%:—1] 100[%[’::*—1] CSPGpir (Mm)| CR 100[%?:—% CSPGprr (MM)| CR
Al | 608 | 19868 |939 26 65 20381 |96.4 38 2115.1 100
Sep2010-| rain | 480 [ 17007 [955 13 47 17234 | 967 34 17814 100
Apr2015 [ mixed | 44 | 1399 |892 6.1 121 1485 | 947 56 156.8 100
snow | 84 | 1462 [826 137 210 166.2 | 94.0 6.4 176.9 100
Al | 283 | 10667 |949 20 6.0 53 10834 | 969 39 32 11309 | 1006 -0.6 11237 | 100
Sep2012-| rain | 211 | 9207 [967 09 45 34 9286 |975 36 25 961.8 1010 -10 952.2 100
Apr2015 | mixed | 29 711 [876 7.7 156 142 766 | 943 7.3 6.0 822 101.2 12 812 100
sow | 43 749 | 829 111 16.0 206 832 |921 44 85 869 9.2 39 903 100
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Table 4. Catch ratio (CR) vs. wind speed relationships at the Hulu watershed intercomparison site, 2012-2015.

| Tesrzpa)‘%ral Phase | Gauges Best¢Catch ratio (CR) vs. wind speed rel ationships* (um) ’(;Ivoen(t); F-test
cpGy, | CRwomRmn = 0.18IW3, — 0.256\2, — 0.795W,,, +100 20,0673
R?=0.070042 —
_ 3 2
Rain | CSPGar CRuyprim pain = 01880 — 0.7, + 0.55M, +100 | o | 10 0=0.6103
R?=0.099083
CSPGyt CRuir/orirpan = 0- 15005, — 0.425W5, +1.119W,,, +100 4=0.5083
R?=0.023008 o
—0.06W 2_ —
Precipitation CSPGyn CRJNIDFIR,Mixed =100e 0 R°=0198194 a=0.07
event Mixed | CSPGga CRuvorrmired =100e %0 R?=0.162100 P>10| 24 0=0.16
CSPGpir CRur/orirmied = 100€75 M0 R%=0.023000 0=0-47no data
CSPGyy CR N /pFRSow = 100e 20 R?2=0.420412 a=4.76.4E-05
—-0.02 2_,
Snow | CSPGsa CRavorir gow = 100Wg, ™ R™=0.222090 P>1.0 | 3234 a=0.6407
_ —0.01W,;
CSPGPH— CRPIT/DFIF;,S‘IOW - 100e a:0_393_5
R?=0.110024
PGy, | CRrRAan = ~1A00NG, + 2,987, — 6.116M,,, +100 20,2637
R?=0.045032 —
_ 3 2
Rein | CSPGe, | CRovormeun = ~0-92W, + 1158, ~3.338W,,, +100 | o | o 0204355
R?=0.031021
CSPGur CRuir/orir pan = —0-9520 , — L.503W ; + 2.237AW,,, +100 4=0.68n0 dta
R?=0.017-0.00 -
Daily CSPGun CRn/DFIR Mixed =100e *#"%7  R’=0.169144 =0.096
precipitation | \jixed | CSPGe, CRyyorirmixed = 100672707 R?=0.122004 P>10| 21 0=0.1218
CSPGeyr CRurorirmined = 10087007 R?=0,017003 =0-60n0 data
CSPGyy CRn/oriR smow = 1006 %107 RP=0.577477 0=5.71.8E-604
—0.03W, 2_ —
Snow CSPGsp CRSA/DFlR,Snow =100e *" R=0.111087 P>1.0 27 0=0.0914
— ~0.0W;07
CSPGa1 CRerr/oriR sy = 1008 =0.33n0 data

R?=0.1234-0.00

*: 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 meuntairsM ountains, Tibetan Plateau.
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Figure 2. Intercomparison plots among CSPGyn, CSPGsa, CSPGpr and CSPGprr for the rainfall events from

September 2010 (a, b and d) er-and September 2012 (c, e and f) to April 2015.
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Figure 3. Intercomparison plots among CSPGyn, CSPGsa, CSPGpr and CSPGpgr for the mixed precipitation

events from September 2010 (a, b and d) er-and September 2012 (c, e and f) to April 2015.
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Figure 4. Intercomparison plots anong CSPGyy, CSPGsa, CSPGpr and CSPGprr for the snowfall events from

September 2010 (a, b and d) er-and September 2012 (c, e and f) to April 2015.
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Figure 5. Catch ratios (CRs) vs. wind speed for therainfall events (a and b) and the-daily rainfall (c and d) greater

than 3.0 mm.
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Figure 6. Catch ratios (CRs) vs. wind speed for the-mixed precipitation events (a and b) and the-daily mixed

precipitation (¢ and d) greater than 1.0 mm.
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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.
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Figure 8. Seasonal snowfall and its percentage from September 2010 to April 2015 at the Hulu watershed site.
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Figure 1811. FhesSurface roughness during the precipitation period from September 2012 to April 2015.
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