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Abstract Based on comparison with observational and reanalysis data, we assess the performances of two versions of
the TAP/LASG Flexible Global Ocean—Atmosphere-Land System (FGOALS), FGOALS-g2 and FGOALS-s2, in
simulating the climatology and interannual variability of South Asian summer monsoon (SASM). Moisture budget
analysis is applied to explain the precipitation biases. FGOALS-g2 and FGOALS-s2 both underestimate precipitation
over the continental monsoon trough but overestimate precipitation over the adjacent ocean. The northward seasonal
migration of continental convergence zone is weaker than observation. The east-west sea surface temperature (SST)
biases in the equatorial Indian Ocean (IO0) simulated by FGOALS-g2 lead to weak southern intertropical convergence
zone (ITCZ) over the eastern equatorial 10, while the south-north SST biases over the IO simulated by FGOALS-s2
result in southwestward shift of the ITCZ. Moisture budget analysis shows that precipitation biases in the FGOALS
models are mainly attributed to the convergence of vertically integrated moisture flux biases, especially biases in the
vertical dynamic moisture transport term. On the one hand, cold SST biases in the Arabian Sea and the Bay of Bengal
along with warm SST biases in the tropical western IO reduce moisture flux over the Indian subcontinent in both models.
On the other hand, cold biases of tropospheric temperature in the FGOALS models are most prominent in the upper
troposphere over northern India. The FGOALS models also simulate weak longwave cloud radiative effects over the
monsoon trough region due to their negative biases of cloud fraction over South Asia. The subsiding branches linked with
the reduced meridional tropospheric temperature gradient and strengthened gross moist stability decrease climatological
precipitation in the continental monsoon trough region. The FGOALS models cannot reasonably simulate the
ENSO-SASM relationship at interannual time scale. The descending branch of the anomalous Walker circulation and
corresponding negative precipitation anomalies are shifted to the tropical central-western 10 to the south of the equator.
The heating anomalies asymmetric about the equator enhance the northward cross-equatorial monsoon circulation and
further cause erroneous positive precipitation anomalies over southern India. The shifts of the anomalous Walker
circulation and negative precipitation anomalies are associated with the model biases in simulating climatological
precipitation over the southern tropical 10. Our results show that reducing IO SST biases, tropospheric temperature biases
and cloud biases is necessary for better simulation of mean state SASM by climate system models. On interannual time
scale, the reasonable simulation of ENSO-monsoon relationship relies on successful simulation of climatological
precipitation over the tropical IO and ENSO related circulation anomalies.

Keywords South Asian summer monsoon, Model bias, Climatology and interannnual variability, FGOALS model
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Fig. 1 Annual cycle climatology for rainfall (shaded, units: mm d') averaged between 70°E-90°E from (a) GPCP data, (b) CMAP data, (c) FGOALS-g2
model and (d) FGOALS-s2 model. Numbers in the upper-right corner of (b—d) are pattern correlations with GPCP over 10°S-30°N in May—September (the

dashed region in Figs. b, ¢, d)
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Fig. 2 Climatology of JJAS (June—July—August-September) seasonal-mean South Asian summer monsoon (SASM) precipitation (color shaded, units: mm
d™") and 850 hPa winds (vectors, units: m s ') from (a) GPCP/JRAS5, (¢) FGOALS-g2, (¢) FGOALS-s2. Biases of precipitation with respect to GPCP and
biases of 850 hPa wind with respect to JRASS: (b) CMAP/NCEP, (d) FGOALS-g2, (f) FGOALS-s2. Numbers in the upper-right corner of (a, c, ¢) are the
pattern correlations of precipitation and 850 hPa winds, respectively, between CMAP/NCEP, FGOALS-g2, FGOALS-s2 with GPCP/JRASS in (20°S—40°N,
40°E-100°E)
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Fig. 3 Climatology of JJAS moisture budget components from JRASS (first line), FGOALS-g2 (second line), and FGOALS-s2 (third line): (a, b, c)

Evaporation (E; units: mm d™'); (d, e, f) vertically integrated moisture fluxes (V-q; vectors, units: m mm d ') and their divergence (—V - (V -q) ; color shaded,

units: mm d’l); (g, h, i) vertical moisture advection ( —(wapq) ; units: mm d’]); (, k, 1) horizontal moisture advection (—V - V(@) ; units: mm d’l); (m, n, o) the

residual term (res; units: mm d ). (p) Quantitative moisture budget analysis of All Indian Rainfall (AIR) from observations

and reanalysis data in red,

FGOALS-g2 model in blue, FGOALS-s2 model in green, units: mm d”'. Climatology is the average over 1979-2005. AIR indicates precipitation over the land

points within the purple square in each panel (7°N-30°N, 65°E-95°E)
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(a) AP & ANV g FGOALS-g2 (b) AP & AV g FGOALS-s2
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Fig. 4 Biases of climatological (a, b) precipitation ( AP ; color shaded, units: mm d ') and vertically integrated moisture fluxes ( A(V - Q) ; vectors, units: m
mm d"), (c, d) vertical moisture advection term ( —A{@3,0) ; units: mm d ™), (e, f) vertical dynamic component (—<A@0,0) ; units: mm d ™), (g, h) vertical
thermodynamic component ( <@®AJ,d) ; units: mm d™") between simulations of FGOALS-g2 (left)/ FGOALS-s2 (right) and GPCP/JRAS5 data
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Fig. 5 Biases of simulated climatological JJAS SST relative to HadISST (ASST, color shaded, units: K ) and 850 hPa winds relative to JRA55 (AUV850,
vectors, units: m s '): (a) FGOALS-g2; (b) FGOALS-s2. Biases of climatological JTJAS tropospheric temperature (Ata, color shaded, units: K) and meridional
circulation [Av-wap, vectors, units: Pa s~', Omega is multiplied by (—150)] averaged over (60°E—100°E) relative to JRA55: (a) FGOALS-g2; (b) FGOALS-s2.
Biases of climatological JJAS total cloud fraction relative to ISCCP (ACF): (e) FGOALS-g2; (f) FGOALS-s2. Biases of climatological JJAS longwave cloud
radiative flux (ALWCRE) at the top of the atmosphere (TOA) relative to CERES-EBAF (units: W m™2): (g) FGOALS-g2; (h) FGOALS-s2
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Fig. 6 JJAS seasonal-mean precipitation anomalies (color shaded, units: mm d ') and 850 hPa winds anomalies (vectors, units: m s ') regressed onto
standardized Nino3.4 index: (a) GPCP precipitation, JRASS5 winds; (b) FGOALS-g2; (c) FGOALS-s2. (d) Moisture budget analysis of biases in ENSO-related
precipitation anomalies ( ASE') between models and JRAS5 data in region (7°-30°N, 65°-95°E) (blue: FGOALS-g2, green: FGOALS-s2). Biases in

ENSO-related precipitation anomalies are contributed by biases in ENSO-related evaporation anomalies ( ASE"), vertical ( AS —(w'«?pa) ) and horizontal

(AS—(V'-VQ)) dynamic terms anomalies, vertical (AS 7(Zﬁpq’>) and horizontal (A5 —(V -Vq’)) thermodynamic terms anomalies, residual term
anomalies ( Adres ). Observed Nifio3.4 index is calculated from HadISST monthly SST data. Numbers in the upper-right corner of (b, c¢) are the pattern
correlations of anomalous precipitation and 850 hPa circulation between FGOALS-g2 or FGOALS-s2 simulations and GPCP/JRAS55 data in region (0°-30°N,
60°E—100°E). Dot regions pass the test at a confidence level of >90%. Blue (red) rectangle: AIR precipitation (WYT winds) region
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Table 1 Correlation coefficients of the South Asian
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with Nifio 3.4 index from observations (OBS) and models in
1979-2005, along with the ENSO related Walker circulation
index from observations and models
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