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Abstract A physically consistent atmospheric objective analysis model based on the
constrained variational analysis (CVVA) method was applied to the Tibetan Plateau for
large-scale atmospheric structure analysis. This objective analysis model can deal with

multi-source measurements with different spatial and temporal resolutions, and satisfy




the conservation of column-integrated mass, heat, moisture, and momentum by using
surface precipitation and flux data at the surface and top of the atmosphere to constrain
the sounding measurements. An experiment during August 2014 around Naqu in the
Tibetan Plateau shows that those state variables generated by the model can retain
observational characteristics. The analyzed large-scale derivatives such as vertical
velocity, divergence, temperature and water vapor advection, apparent heat source and
apparent moisture sink by the objective analysis model can reasonably demonstrate
dynamic, thermal, and moisture structures during the analysis period, which is
conducive to the precipitation process studies. It shows that the layer of 350~400hPa is
an important change center of dynamics, heat, and water vapor in the analysis region
during August 2014. In this model, different sources of measurements have different
impact on the final analysis fields. Sounding measurement has a significant impact on
the upper-level wind. However, the amplitude of this impact is small within 1 m/s.
Precipitation and flux measurements mainly affect the large-scale derivatives such as
vertical velocity, in which precipitation mainly affects the upward movement during
precipitation periods, and flux data mainly affect the downward movement during
light/no rain periods. In general, the physically consistent atmospheric variational
objective analysis model has high stability and strong validity.

Keywords Physically consistent atmospheric variational objective analysis model;
Constrained variational analysis; Tibetan Plateau-Naqu analysis region; Multi-source

measurements; Evaluation

bt RO BE AT I AN E g, LU BRI R SOBOR B . SR, AN AU
T GEARL 2 8] T WL v #4 ) 22 57 AT BEAAAE AN PR AR 1), AR 2 X & i 9
L, IR EARMI ;AN 52 IR TS R 22 . MR 2SR R, A & B



Bt E R R EEATAE AR S W2 Bl . IR/ RS 0V AR B A
BRI ELEOL, BB IER E KK RE RN (O'Brien, 1970; Lin
and Johnson, 1996). HFl, Fo#rBteEANE], 25 A] b g e 1) 5okt
FES R TR 2 N AEFR 2 BRI T BRI AR AT [R5 2%,
B P B R 2 A 7 S i P B A AR 3R 22 2 3t — 2 2 i B R A v A 1
(Xieetal., 2003; Morrison and Pinto, 2004), SEUAS[EF 54T BORE [H]
—HIX A P ZE S, B R R M SURHEA R X B R Bt A R A
[7] (Baoand Zhang, 2012; Wangand Zeng, 2012; Youetal., 2014). It4h, 4
16 5E X ez ] AT AR N B AT AT T I, R Rt — A odia R E &
by IR 32 7 X3 A AN AR SRR B S R AL, X AN R IE ) — R T
AR BT Jhi it 1) DA S T EL B2 A5, Hmi B HR i s R T4 K%
H S HAIRE R A B TR RSN T — K, J9 1 S I MR aC A AUL 1 75
bRz ) By iR 22, e A U A B i B 9 3 (Lord, 1982
Daviesjones, 1993; Wangand Randall, 1996; Xieetal., 2004). [, fnf[754)>
A R ] 2 RPN BTRE, A8 B2 BOREZ TR] 08 60 5 DR 45 B3R UL AR ALE
& HTILI BRME L G A7 0 I 56 A # — T0UE R A

BRI W T3 R AN T BUE A S — R B 70 b 7732, Jm#Td Panofsky
(1949) R, DMELEA PR X3k Py — A 2 BRI A 12 X80 0L H 4l
Cressman (1959) A Fanmun (1963) 45 “Z Mo Hr” KA 734 (3 5 52
BHEE 2R B A% fL L, AT A BUE TR IR B IG s . AR 7k 2
AITER R R, B REE AT IR, B T RE T sk (RIg e
%, 2013). Zhang and Lin (1997) $&H—fh R T KA RAE 29 AR 7> B W45
#1771% (Constrained Variational Analysis, DL R fEiFR CVA), X757k ae0% F) H Hh
T B 7K AT o ORI 30 B S I B bR 29 3L i B R LI UL A
W3, WTRFERSARIRE. BeE. AKRMBIEWCT T, R&RE—EiHe
AIIL BB EME RS B B AR . HETVIE, CVA 5k EEZ A E brib g
KEARFRE AR 2N, W ARM (Atmospheric Radiation Measurement)
(Zhang et al., 2001a; Zhang et al., 2016), TRMM (Tropical Rainfall Measuring
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Mission)(Schumacher et al., 2007 ), SCSMEX(South China Sea Monsoon Experiment)

(Schumacher et al., 2007), TWP-ICE (Tropical Warm Pool-International Cloud
Experiment) (Xieetal., 2010), MC3E (Midlatitude Continental Convective Clouds
Experiment)(Xie etal., 2014 ), GoAmazon2014/5(Green Ocean Amazon experiment)
(Tang et al., 2016), TIPEX-III (Third Tibetan Plateau Atmospheric Scientific
Experiment) (ZZIE¥, 2016; PE4E5E%%, 2019) 44,

Waliser etal. (2002) F&iF | CVA JRiEMARNE, KIIZITE £ R4
AT B 115 22 BH 2 /N AN 5 R o = <P AL AR R W 43 Bk« Zhang et al. (2001a)
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77 Rossby ¥ 5 R4 B in iz R & 45 %) (Wang and Zhang, 2015), 1Ffh =2
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Rl 3, CVA J7 5 ARM I H A0k FH I EAS W A Ji a4 1) 22 FOUL il Bt R HAZ 7
B S 248 (Zhangetal., 2016).
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Fig. 1 Physical conceptions based on traditional objective analysis method with only mass constraint

(left) and the constrained variational analysis (CVA) method (right)
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3. Wk
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JE 1 DX Py RO, AL E T DU IR sl Ay oty AR08 200km 1 [ A TR
X3k (P 2D, BB PP R IR I I 8 TIPEX-NN (IR 46 I #H——2014 4£ 8 .
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RS B A 1 v S WL B R A R GRS AR B L P BR T
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LIRS, 2016; PR, 2020). AT SR, EESMER
FORITRE I X GRXPRE, 2018) . BEAYIGEHL 1 S il A & i e DY AR 25 3k 4 0
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RIZLEE ML 5 84, HBlA%L . PR, i, 8. M. ih. g0k
RERNEE DR, WA A0 0N 0.5 /NI o FEATSTH, R BT 380 6 1 e e )
SR N B A A I
3.4 CERES P E %k

= 5 ERSE 5t it B 245 (Clouds and the Earth’s Radiant Energy System, CERES)
ERFEEEF TR FHERM N 524 (NASA’s Earth Observing System, EOS)
(1) B B A 4 (Wielickietal., 1996), H il E Ak T EOS Terra, Aqua 1 S-
NPP =ANTAE . R TR EREE IS, Al A K= 10t 22 2% 1) K BR
Ut Re M ER AR AR S . AN, CERES BT LU LR 7S B R
Bt o A SCRE TS P A 5 5B R I T CERES SYN1deg 7= 4k, LR T Al A
TR R A S AN R, UROOHREARE . MRS s B E I A K
S, WFRIERCN LN, 2SN 1010,
3.5 BRGHE

YRR R RIS EENIR. R B KR, 8 E N s e, o
AR B, AT DR T W T 53 PORE AT DABR AN 23 S5 S Brou il B
TN B FEM BRI AN e AR, BEAUR Y 2014 4F 8 H R M s
A FH 1 53 BORE 9 Moo Hh R < P4k Rty (European Centre for Medium-
Range Weather Forecasts, ECMWF) &8 &4 i ERAS B #r &5kl (Hersbach et
al., 2020). ZEURIA] LASR M 1950 4F LK AP0t SR, ALHE i AR SUZ T
HEB R R ZERmTERLE, i@ s EZRZYILE 37 %, M 1000 hPa £
1 hPa. %% F AR SR U 2 R IR . R RRGE, B[R] 23 3 R
L/, S[R3 HE26 0 0.25°%0.25° 0 SR AT M SEILK-PHRME, 8 5e3A 1 25 [R5
EEAREAHTIX R, JEFEA 28.75N~34.25N. 89.00E~95.25F (& 2).
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Table 1 The information of input data for the physically consistent atmospheric variational

objective analysis during August 2014 in the Tibetan Plateau-Naqu analysis region
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Fig. 2 The data network of the Tibetan Plateau-Naqu analysis region: “+” represents the ERA5
background grid points with a spatial resolution of 0.250.25< “° ” represents the 121 surface
meteorological automatic stations, in which the yellow ones denote only 78 stations could give the
measurements of other state variables besides precipitation; “0” represents the sounding stations,
“x” represents the CERES grid points with a spatial resolution of 1°x 1°, “0” represents the
boundary-layer stations, and “*” represents the artificial analysis points (FO~F12) which form the
air column boundary and the center of the analysis region

4. AR

4.1 B

AL H B A X PP JE I B R 2 J A i, WLAR 20 B2 —
FRANTCIE H I () 2 L B R o B L BUE . R EOKICTER . MR 0
IKIRIEER, FEFE T WL IN AR 2 29 SRR B 5 1 KA Mg b — B RAT AR I, R w]
H kAR 3R 7 i (Xieetal., 2003, 2006b), 5 a] DAAE Ay ia 7 k5] s
MR (Xuetal.,, 2002; Xieetal., 2004), iFf5HSH LT R (Xieetal.,
2002), BT z=-FEKE BT RSB J1. #0008 R R ) 254
FRAESMTASE (JE4E5E4%, 2019; Zhang et al., 2021a, 2021b). A&7 A4 (K] 2014
8 H I AR AR I I ) 23 9 9 1 /i, 3 B AR 25 hPa.
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Table 2 The variables derived by the physically consistent atmospheric variational objective

analysis

FFs  ZEA L: ¥ A Fs ZEA L:¥A

BEZRE

1 Bk % mm/hour 14 KA KBRS Wim?

2 b 1 7 B W/m? 15 KA KEE cm

3 by T R AR W/m? 16 SR Z KRN mm/hour

4 PR R TH ST hPa 17 SR Z KR mm/hour

5 oh O 5 b T S hPa 18 b 1T 25 mm/hour

6 i T Ut °C 19 SHERERERL W/m?

7 M THTAH X 9 5 % 20 AR ERGEER W/m?

8 T BL m/s 21 EvEREL ) W/m?

9 Hi TH1 245 17 XL m/s 22 AR A W/m?

10 TEZYEPE m/s 23 b T T LA hPa/hour

11 I )RR AR ST Wim? 24 2m KIIR A g/kg

12 HuTi g ) _EACBRSS Wim? 25 2m T /1 he K

13 KA NRBERS  Wim? 26 KA K& cm

2R

1 1 K 10 HEH KRR g/kg/hour

2 KIEIRA T a/kg 11 e K

3 #him K m/s 12 KPR EEE R K/hour

4 Zm K m/s 13 T B AREE PR K/hour

5 EEREYE S hPa/hour 14 P R K/hour

6 IR SRR L 1/s 15 IR AR A A K/hour

7 VIS i K/hour 16 IKIRAR g/kg/hour

8 IR TR K/hour 17 PR K/hour

9 IR g/kgthour 18 KR K/hour
4.2 BHETHE

SRR R I R T I SOOI AR R 2 SRR AR A, A T SR XA

H P RTEARS W, HCAH RS RRES . #1Eis ki &,

H L 73 Wi TR Je i 56 it G eI« 155 18 5077 R 25 B RE IR 22,
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TENRARESSA ) —FIEIT . AR SOR B I LA AL W5 ERAS FE 44T 5k
ZhEOL, SRAG IO AR (1 A RN A o bl AR A I R A R T VR FE O
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Fig. 3 Residuals of (a, b) mass (g/m?/s), (c, d) moisture (mm/day), and (e, f) heat (KW/m?) before
(left) and after (right) the CVA procedure in the physically consistent atmospheric variational

objective analysis
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Fig. 4 (a) Time series of the domain-averaged surface pressure (hPa) derived from the physically
consistent atmospheric variational objective analysis (solid line) and ERAS reanalysis (dash line),
and frequency (%) of the surface pressure from (b) automatic stations and (c) ERA5 reanalysis in

the analysis region
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Fig. 5 The upper-level zonal wind (m/s) (left) and meridional wind (m/s) (right) during August
2014: (a, b) the Naqu sounding station with a temporal resolution of 12 h, and the white blank in
the figures represents missing data; (c, d) the physically consistent atmospheric variational objective
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Fig. 6 The domain-averaged (a, b) vertical velocity (hPa/h) and(c, d) divergence (10st) derived

from the physically consistent atmospheric variational objective analysis (left) and the ERA5S
reanalysis (right) from 13 to 22 August 2014. The black line represents the surface rainfall rate

(mm/day)
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Fig.7 Time series of the domain-averaged surface rainfall rate (mm/day) during August 2014 in

the Tibetan Plateau-Naqu analysis region
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Fig.8 The profiles of vertical velocity (m/s, positive values mean upward motion) for monthly
average (solid line), strong rainfall (> 5 mm/day, dash line), weak rainfall (1 — 5 mm/day, dot line),
and no rainfall (< 1 mm/day, dash-dot line) during August 2014 in the Tibetan Plateau-Naqu analysis

region
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Fig. 9 The profiles of (a) horizontal heat advection (K/h), (b) vertical heat advection (K/h), (c)
horizontal moisture advection (g/kg/h), and (d) vertical moisture advection (g/kg/h) for monthly
average (solid line), strong rainfall (> 5 mm/day, dash line), weak rainfall (1 — 5 mm/day, dot line),
and no rainfall (< 1 mm/day, dash-dot line) during August 2014 in the Tibetan Plateau-Naqu analysis

region
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Fig.10 The profiles of (a) apparent heat source Q1 (K/h) and (b) apparent moisture sink Q2 (K/h)
for monthly average (solid line), strong rainfall (> 5 mm/day, dash line), weak rainfall (1 — 5 mm/day;,
dot line), and no rainfall (< 1 mm/day, dash-dot line) during August 2014 in the Tibetan Plateau-

Naqu analysis region
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Table 3 Sensitivity tests for examining the effect of different sources of the input data on the

physically consistent atmospheric variational objective analysis
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Fig.11 The data network of the physically consistent atmospheric variational objective analysis,

only with inputs from ERA-Interim reanalysis (“*” represents artificial analysis points,

represents fictitious sounding stations, and “+” represents background grid points)
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Fig.12 The profiles of the time-averaged (a) zonal wind (m/s), (b) meridional wind (m/s), (c)

temperature (°C), and (d) water vapor mixing ratio (g/kg) during August 2014 in the Tibetan Plateau-

Naqu analysis region, produced by two sensitivity tests, EQ (blue line) and E1 (green line)
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Fig.13 The domain-averaged vertical velocity (hPa/h) during August 2014 in the Tibetan Plateau -
Naqu analysis region, produced by two sensitivity tests, (a) EO and (b) E1. The black line represents

the surface rainfall rate (mm/day)
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Tibetan Plateau-Naqu analysis region
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Fig.15 The differences of the time-averaged (a) zonal wind (m/s), (b) meridional wind (m/s), (c)
temperature (°C), and (d) water vapor mixing ratio (g/kg) between E2 and E1 (pink line) and

between E3 and E1 (orange line), during August 2014 in the Tibetan Plateau-Naqu analysis region
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Fig.16 The domain-averaged vertical velocity (hPa/h) during August 2014 in the Tibetan Plateau-
Naqu analysis region, produced by two sensitivity tests, (a) E2 and (b) E3. The black line represents
the surface rainfall rate (mm/day). And (c) profiles of time-averaged vertical velocity (hPa/h) from

E2 and E3 from 14 to 17 and from 20 to 22 August 2014, respectively
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Fig.17 Time series of the domain-averaged heat fluxes during August 2014 in the Tibetan Plateau-
Naqu analysis region: (a) surface latent heat flux and (b) surface sensible heat flux from boundary-
layer station, in which the solid lines mean observation; and (c) surface net upward radiative flux
and (d) top-of-atmosphere net downward radiative flux, in which the solid lines mean CERES-

produced results. The dash lines mean ERA-Interim reanalysis
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Fig.18 The profiles of the time-averaged (a) zonal wind (m/s), (b) meridional wind (m/s), (c)

temperature (°C), and (d) water vapor mixing ratio (g/kg) during August 2014 in the Tibetan Plateau-
Naqu analysis region, produced by three sensitivity tests, EO (blue line), E2 (pink line), and E4 (red

line)
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