Evaluating structural biases in the RAPID array: a perfect model study ¥R
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1 _ Introd uction The RAPID streamfunction proxy, ,,, is derived from 2 Mean Stl"eamfu nCtion bias

Previous modeling and observational studies have established that it is possible to measurements as follows: T S T S o . .
accurately monitor the Atlantic Meridional Overturning Circulation (AMOC) at 26.5°N 0 ol " IE : As shown by Sinha et al., 2018, the difference between the proxy, ¥, and the true streamfunction,
using a coast-to-coast array of instrumented moorings supplemented by direct  ¥p :j Tgs+TwBw +TEK +Tp + TaAaBW +C dZ' w1 .e. the bias, ¥, — 1 is given by
transport measurements in key boundary regions (the RAPID/MOCHA/WBTS “ i 0 B
Array). Here a unified framework for identifying and quantifying structural errors  Where Tpg and Typw are transports through V v Yp — P =f (Tp=Te) + TEk—Ta@ + Taapw—Taapw —Ta) + Cdz’
associated with the RAPID array-based AMOC estimates is established using a 1/12  Florida Strait and the Western Boundary Wedge¢__ : = T I = = z o , _ _
degree ocean general circulation model, which simulates the ocean state between  (See Figure 1b), Tg is the Ekman transport derived ® ... . == = There are four contributions to jche error: the dlfferencg between the e_stlmated and true geostrophic
1978-2010. from the surface windstress | |1 Efel || ‘s flow, Tp—T; due to the assumption of a level of no motion, ageostrophic transport other than Ekman,

Tp is the geostrophic transport (referenced 1o 480(; .. Tpgk—Tpc » transport which is missed because it is in regions unsampled by the

P 4500 : 7 r : : 7 i : — .

dbar in the observations, 4320 dbar in the model) == | I B e array, T 4apw—T 4aBw — Ta, and the mass compensation term, C.

between the WBW and the eastern boundary *°/*™ =~ ~- R - - - i

(between positions x, and x5 in Fig 1b), Taagw isan ™ Wi’ ™ ™ g " = ongiude ool

estimate of the mean northward Antarctic Bottom 0ol S AV (S 2SN ;

Water transport below the reference level and Cis a ol eatonts o e ot oo (i ek vortianl € ol | yobro 19902004 based on model prognostc velocites.

compensation transport to ensure zero net flow lines). Florida Strait (FS) and Western Boundary Wedge g (g}, e i [RAFID Eiey M (SEE) e 9Essel e

o _ (WBW) regions are labelled. Grey areas are the solid earth S 4000 - v | absolute geostrophic velocities excluding unsampled regions
through the meridional section. and horizontal stripes indicate ocean areas which are Yp (red)
unsampled by the array. 5000 - Vg ||
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The true streamfunction has a maximum of 15.2Sv at a depth of ~857m (green). The

3 Error statistics mean proxy streamfunction (black) displays a realistic shape, including a maximum
. 4_ Decom pOS|t|on Of b|as value at the correct depth, however it underestimates the true streamfunction at virtually

all depths, in particular at the depth of the maximum the mean value of the proxy
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0 ran BT _ o5 The mean bias is decomposed into: reference level streamfunction is 13.6 Sv, so there is a mean bias of -1.6 Sv.
o 5 o ' n e correction; ageostrophic term; transport in unsampled
P . o o i oo R regions; and mass compensation.
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2 df‘f”‘a_””“a'mea” 10 ejzj““‘_’”"“a'"‘ea” 0 f)“f’“'f‘”””a'"‘e"‘” (e). (). The timeseries are detrended g | ?ff_‘%'gs 1/ N | 8 S || w000l ? " | The reference Ieve! bias can_ be decomposedllnto terr_ns c;orrespon&ng to the velocity along
18| Ams o3 o AMS 061 2| Aws ioss P oysis, ong and - correiation % ™ 4000 | g . _ the base of each pair of moorings. Below the Mid Atlantic Ridge (MAR) (3000—4300 m), the net
16| dope. 5119/ ol dope 5114 | sope 038 O compensation r [ % | € = > 83 bias is composed of terms corresponding to the western and eastern basins (solid red and
e = / = D08 006 004 002 0 o002 ooa 0 5 0 5 el s | S L 7% | blue). above the MAR two further terms contribute: negative velocities (solid green) at the top
o/ g o E Tt e per e (107 1) Teor : £ U 1 of the MAR and positive velocities (cyan) at the eastern boundary which together increase the
ol ] e oiat _Nﬁfthb'atién eforome ple(;vlejzlmtb?aesh(r(esd\;/,m)ur(12|aarcr;:|(o)l’e§ncjrelésioﬁ(s)m?grr;zrsmt)s, 2000r ¥ 8 . . ) 53'3 . 1 overall bias at depths of 2000-3000 m. Of the remaining terms only that associated with the
v v v ?gggfgggg'_CL;fg:ﬁ]‘;fsm?oinzdorf‘Odng;f;‘,Sgggpp;rgng;?ég?ggggfn over years 6000, 3 P E o 1 > shallowest eastern boundary mooring contributes significantly between 2000m and the surface
Transport per unit depth (10° Svm™ ) (daShed green)_
For 5 day means the proxy method achieves a squared correlation In the top 100 m the dominant term is ageostrophic 0 . . — e , . _ _ _ _ _
coetficient of 0.9 for 0-900 m volume transport, The bias is (Ekman) (blue). Between 200-2500 m the dominant L I T T O VO S A N The direct impact of the unsampled regions (green) is decomposed acco@ng to depth. In the
approximately —1.5. Sv and the RMS error of the correlation is 1.2 terms are the reference level and mass ol | | | lower Ievelns. between 2500 and 4500 m the degp eastern boundary. t.rlangle cpntr_lbutes a
Sv. At interannual timescales the variance explained is similar and compensation (red, cyan). The ageostrophic term is ESOOO_ N | Eastomn Boundary (0-662m) | strong positive t_ranSPOrt, t_)U_t the eastern MAR trlangl.e m.akes a negligible Contrlbuthn. The
the RMS error is much lower (0.29 Sv). At deeper depths the errors significant between 200 and 1000 m, but is small g, | "'% ﬁ Eastor Boundary (1208-1723m) | western MAR triangle exhibits a reversal in current direction at about 3400 m, reducing the
become bigger, and the correlations become weaker. below 1000 m. Between 3000 and 4320 m, the ~ — - Eastorn Boundary (2668-4250m) ppsmve bias abqve 3400 m but increasing it below this depth. Since at these depth§ there is
. | | dominant term is unsampled regions west of the 5000 - ‘ |7 o o Mid Atantic East i bias compensation between the reference level term and the unsampled region term,
g&lggzzgia&c;?i 1?:;{ il;?grzilg}i Eﬁﬁ;ﬁ;ﬁg@fﬁﬁ; iﬂ)iﬁgeés, MAR an d_ at the eastern boundary since the 6000 0 > T y | 5 j g - 10 12 .« correcting either one of these biases without correcting the other would increase the bias in the
. compensation and reference level terms cancel ransport per unit depth (10" Svm ) proxy streamfunction.
accurate to better than OSSV on annual tlme.:scales. Thus observed . each other. Below 4320 m mass COmpensatiOn IS Fig. 7. (a) Decomposition of reference level bias in transport per unit depth (Sv/m) between mooring pairs averaged over years 1990-2004. Net bias due to reference
features such as the decline in the AMOC since ~2005 and the major level assumption (black), western basin (solid red), eastern basin (blue), Mid Atlantic Ridge (solid green), eastern boundary (cyan), eastern boundary (black dashed),

the only contributing term.

eastern boundary (red dashed), eastern boundary (green dashed). (b) Contributions of individual unsampled regions to the net bias. Net bias due to unsampled

I'edllCthIlS m 2009 and 2010 are comfortably above the structural regions (black), east of MAR (black dashed), west of MAR (green dashed), eastern boundary between 2688 and 4290 m (red dashed), eastern boundary between

error 1723 and 2688 m (cyan), eastern boundary between 1208 and 1723 m (blue), eastern boundary between 662 and 1208 m (green), eastern boundary between 0 and

662 m (red).

6. Summary Given the importance of the RAPID array and the development of
We have performed a thorough analysis of the possible biases arising in The model predicts that the RAPID AMOC estimate is likely to be too low by basin-wide monitoring arrays at other locations (Lozier et al., 2017;
estimates of basin-wide volume transport using mooring arrays such as O(1-2 Sv). However our results also show that the standard deviation of the Ansorge et al., 2014) the community needs a framework for
RAPID. Three main sources of error are identified: those due to an bias at this depth is small, O (0.3 Sv) on annual and longer timescales, modeling structural biases in these arrays based measurements —
assumed fixed reference level or level of no motion, those due to compared to variability in the AMOC of O(2Sv), showing that the RAPID array this is the underlying philosophy of this study. In this way advanced
ageostrophic flows and those due to unsampled regions. is well suited to the studies so far conducted (e.g. Smeed et al., 2014 ocean models can be integrated into the design and redesign of
McCarthy et al., 2012; Duchez et al., 2016; Moat et al., 2016). observational arrays.
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